Ly49Q is nonmally expressed at low levels on this cell type.
Collecrively, these data demonstrate that the open reading
frame of Ly4%, was disrupred successfully.

The cffect of introducing PGK-neo or a loxP site in Ly49q,
on neighbonng gene expression was assessed by flow cytometry
on both resting and IL-2—cultured NK cells with mAb recog-
nizing proteins encoded by genes 5' (Ly49g, Lyd9r, and Ly49¢ /)
and 3" (Nkg2a/c/e and Nke2d) of Ly493,. Both the dismriburion
and lmean fluorescence intensity (MFI) of these receptors were
the same on Ly49¢“™, Ly49¢™™ and Ly49¢"" NK cells
(unpublished data). This indicates that the targeted insertion
had no secondary effect on other genes located within the
natural killer gene complex., Furthermore, Ly49Q-null pDC
H-2K* and H-2D* surface levels were identical to those of
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Ly49Q-WT pDCs (unpublished dara), As Ly4%;, and g, are
likely pseudogenes, Ly49g, will be referred 1o as Ly49q hereal-
ter. Unless otherwise stated, all expeniments were performed
with Ly49¢"™ (WT) or Ly49¢"™" (Ly49Q-null) littermates
in the high [FN-producing 129 background.

Hematopoiesis and pDC development in Ly49Q-null mice

Fresh splenic pDCs are round cells with eccentric kidney-
shaped nuclei, as visualized by Giemsa stain (Fig. 3 A). After
activation with CpG-ODN, pDCs were larger and displayed a
higher cytoplasmic to nucleus content, and the cytoplasm also
appeared more vacuolated. The size and morphology of rest-
ing or activated pDCs from Ly49Q-W'T and -null mice were
similar. To determine whether, the localization of Ly49Q-null
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Figure 2. Generation of Ly490-null mice. (A Ly43q, gene disruption strategy. A 10-kb segment encompassing exons 1-4 was clened by recom-
oineering from BAC DNA, and a floxed PGK-Neo' (neo) cassette was inserted into exon 2. After electroparation and selection, an ES clone possessing the
predicted Kpnl [K] fragment, as verified by Southern blotting, was electroporated with CMV-Cre plasmid, and the deletion of PGK-Neo® was confirmed by
PCR. Both Ly49g,™ and Ly49g,™ mice were created. PCR primers are shown by arrowheads. Boxes denote exons, and the location of the Southern probe
is underlined. [B) Southern blot analysis. Genomic tail DNA of pups from Ly49q,™* parent mice was digested with Kpnl and analyzed by Southern blot-
ting with the probe depicted in A Note that the probe detects identical fragments from Ly49q,, . and g; genes. [C) PCR analysis of tail DNA from mice
in B To eliminate confusion caused by Ly489q, and g, genes, Ly489qg ~specific primers were designed These primers were used to analyze tail DNA by PCR
and to differentiate between Ly49¢," and Ly499,™ alleles (D) PCR analysis of pups from Ly49g,"* parent mice. Tail ONA was PCR amplified with prim-
15 flanking exan 2 to differentiate Ly49g,* and Ly49g, alleles. [E] Lack of Ly48Q protrin on DCs derived from Ly490-null mice. Ly49Q-null and -WT
splenacytes weres stained with a combination of mAb to CO11¢/B220 [top] or Siglec~-H/BSTZ (bottom), and Ly490-specific mAb NS-34 or an isotype con
trol Ly48Q mAb staining intensity relative to isotype control mAb on gated cells is shown
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pDCs is normal, three~color immunofluorescent staining us
ing mPDCA-1, CD3, and CD19 mAbs was performed on
splenic sections from untreated and CpG-ODN—treated ani
mals. In the spleens of untreated ammals, pDCs were mainly
localized within the T cell zones and in lower numbers within
margmal zone and red pulp (Fig. 3 B). In CpG-ODN-treated
animals, the number of pDCs was increased and they tended
to form clusters (Fig. 3 B). The majonty of CpG-activated
pDCs were found within the marginal zone and red pulp, as
previously reported (23). Thus, no sgnificant differences were
observed in the locahzation of pDCs in WT and Ly49Q-null
muce before or after CpG-ODN treamment

The potennal effect of Ly49Q absence on pDC frequency
and dismmbution of cells in pnimary and secondary lymphoid or
gans was investigated in the Ly49Q-null inice. The pDC popu-
lation as defined by CD11¢Siglec-H™ showed no significant
difference in the proportion and total number of pDCs in the
spleen, mesentenc lymph nodes, or bone marrow of young
mice (6 wk old; Fig. 3 C and not depicted). However, in alder
mice (>9 mo old) there was approximately a twofold increase
in the proportion and total number of pDCs in these organs
(Fig. 3 C and not depicted). Myeloid lineage cells in vanous or-
gans have been reported to express Ly49(QQ. There were no ug
nificant differences i the percentage and rotal number of
CD11b*Gr-1* cells in the bone marrow, spleen, or |\1|1i||1
nodes in either young or old mice (unpublished data). Simularly,
blood neutrophil numbers and proportion in W mice and
Ly49Q-null licermates were not significantly ditferent (unpub-
lished data). In fact, no signmficant ditference for any lineage
tested was observed, including the B, NK, NKT, CD4" T, or
CD8* T cells, or mDC subsets in either young or old mice
{unpublished data). Therefore, T y490Q deficiency appears 1o se
lecavely affect pDC development and homeostasss, albeit only
modestly. Young mice (5-8 wk old) were chosen for all fun

nomnal experunenls

Severe defect in TLR9-induced IFN-« production

by Ly49Q-null pDCs

I'o determunte the effect of Ly49Q deficiency on pDC activa-
uon and subsequent cytokine production, the response of
Ly49Q-null pDCs o TLRY agonists was evaluared. Splenic
pDCs were isolated from WT and Ly42Q-nul

TIales us

ing mPDCA-I-—conjugated
might in various concentrations of CpG-ODN, and the

agnenc beads, coltured over-

supematant was assayed for IFN-o. Remarkably, Ly49Q-null
pDC supematants yielded approxamately fivefold lower levels
of IFN-a relative ro supematants from idenncally treated W'l
pDCs (Fig 4 A). This finding is consistent with the earlier ob-

servation that Ly49Q) binding to H-2K" is necessary for TLR9

mediated IFN-a secretion (Fig. 1 A). In pamallel, Ly49Q
deficient pDCs showed a @ 12 secrenon

in response to CpG-ODN compared with WT pDCs (Fig, 4

B). The IL-12 defect was not as pronounced as thar observed
for [FN-a but is consistent wirth the decrease in 1L-12 produc
ade of Ly490Q-H

I'NF-« and IL-6

tion observed upon mAb-mediated bl

2K" mteracnons (Fig 1 B). In contrast,
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TEM

production were nor componused in Ly49Q-deficient pDCs  tently 5-10-fold less than those of WT littermates (Fig. 4 E).
(Fig. 4, Cand D). Thus, Ly49Q-deficient pDCs possessan in-  On the other hand. the sera of both cohorts showed similar
tnnsic defect in IFN-a production after stimulation with  levels of IL-12 (unpublished data). The normal serum IL-12
TLR9 agonists in vitro. levels detected in Ly49Q-null mice after CpG injection
Injection of mice with CpG-ODN leads 1o a rapid ele-  were most likely caused by TLR9-mediated IL-12 produc-
vation of serum IFN-a peaking at 6 h after treatment that s tion by cell types other than pDCs (24). A tme-course ex
mediated by pDCs (23). To determine whether the in vitro  periment monitoring serum [FN-a levels conlirmed thar
cytokine defect of Ly49Q-null pDCs had in vivo conse-  although maximal IFN-a levels occur 4-6 h after injection
quences, mice were mnjected with CpG-ODN, and serum in WT mice, Ly49Q-null mice failed to attain a similar mag-
IFN-a levels were evaluated after 6 h. Importantly, IFN-a  nitude of IFN-a levels ar any time point assayed (Fig. 4 F).
serum levels in CpG-injected Ly49Q-null mice were consis- Thus, Ly49Q-null mice display an inherent defect in IFN-u
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Figure 4. Ly48Q-null pDCs display an IFN-a production defect in response to CpG-ODN. (A-0] IFN-a production by isolated pDCs after CpG-
0DN stimulation. pDCs were isolated with mPDCA-1 microbeads from Ly49Q-null and -WT mice and cultured ovemight in the presence of the indicated
concentrations of CpG-0DN. Culture supernatants were assayed by ELISA for IFN-a (A), IL-12p70 (B), TNF-a (C), or IL-6 (D). |E] Induction of serum cyto-
kines by CpG-0DN injection. Ly49Q-null and -WT littermates were injected with CpG-0DN + DOTAP, and blood samples were taken after 6 h for IFN-a
ELISA. Uninjected mice served as controls. Each symbol represents a single mouse. (F) Setum IFN-a time course after CpG-0DN stimulation. Ly49Q-null
and -WT littermates were injected with CpG-ODN + DOTAP, and blood was callected periodically over 36 h. Serum IFN-a levels were deduced by ELISA
from three mice of each genotype for each time point. Data are representative of experiments daone at |east three times independently (error bars = SD)
[G) pDCs were isolated from H-2K20%-null or -WT (B8) mice and treated as in A Horizontal bars represent means
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production in vivo, and IFN-u and IL-12 responses to CpG-
ODN can be uncoupled in these mice. Although the ab-
sence of the recepror leads to clear defects in cytokine
producton, the etfect of loss of the ligand is unknown.
Thus, pDCs were isolated from H-2K"D"—null mice and were
stimulated for [FN-a production by CpG-ODN. H-2KPD"-
null pDCs showed ~50% reduction in IFN-a secretion
compared with WT pDCs (Fig. 4 G). These results are con-
sistent with the hypothesis that Ly49Q-MHC interactions
are necessary for cytokine producton in pDCs, whereas the
inhibition of IFN-a secretion was not as pronounced as for
Ly49Q-null pDCs. Possible reasons for this difference may
include the mouse strain background or that Ly49Q may
have other ligands in addition to H-2K"

To address the question of whether Ly49Q/MHC inter-
actin cis or trans to regulate pDC function, Ly49Q-null mice
were crossed to H-2K*D'-null mice, and the resulting F1
mice were intercrossed 1o generate the four possible null
phenotypes. pDCs from WT mice stain positively with salu-
ble H-2K*/OVA tetramer, and this binding is caused by
Ly49Q, as shown by the complete absence of binding in
Ly49Q-null mice and by previous blocking expeniments with
ant-Ly49Q mAb (Fig. 5 A, compare the rop rwo dotplors)
(21). In the absence of H-2K" expression, binding of the
H-2K" tetramer is much stronger but still Ly49Q dependent
(Fig. 5 A, compare the bottom two dotplots). Differential
tetramer binding was not caused by differences in Ly49Q ex-
pression between WT and H-2KPDP-null mice, as pDCs
from both mouse strains expressed similar levels of Ly49Q
(Fig. 5 B). These results suggest that in WT pDCs, cis iter-
actions between Ly49Q and endogenous H-2K" are inhibit-
ing binding of soluble H-2K" tetramer to Ly49Q.

Normal TLRS expression and pDC activation

in Ly4gQ-deficient mice

Although the in vitro mAb-mediated blocking expenments are
consistent with the phenotype of Ly49Q-null pDCs in vitro
and in vivo, the defect in TLR9-1nduced cytokine production
might be the result of factors other than the absence of Ly49Q).
First, Ly49Q deficiency may have caused down-regulation of
TLRY. To exclude this possibility, TLR9 expression was de-
termined by RT-PCR and intracellular flow cyrometry given
the localization of TLRY in endosomes. TLR? levels were
measured and found to be similar in both Ly49Q-WT and
-null pDCs (Fig. 6 A and not depicted), suggesting that Ly49Q)-
null pDCs have an equal potenrial to bind CpG-ODN. Second,
the almost complete lack of IFN-a secretion by Ly49Q-null
pDCs may be caused by an inability of the cells to become fully
activated. Downstream activation events in pDCs both in vivo
(Fig. 6 B) and mn viro (Fig. 6 C) after CpG-ODN challenge
were assessed by flow cytometry analysis of CD86 and class 11
MHC surface expression, and were found to be normmal. The
percentage of pDCs expressing CDB86 and the level of CD86
on pDCs were similar between WT and Ly49Q-null pDCs after
CpG treatment, even over an extended range of doses (Fig. 6,
B and C). Similar observations were made for class 11 MHC
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(unpublished dara), Collectively, these data suggest that the sig-
naling pathways downstream of TLR9 that induce expression
of CD&6/dass IT MHC are different from those that lead 10
IFN-ut production such that Ly49Q) signaling modulates only
the larter responses in pDCs.

TLR7-mediated cytokine secretion is defective

in Ly49Q-null mice

To further characterize the extent of the defect in Ly49Q-
null pDC cytokine responses, a distinct TLR. pathway was
evaluated. In addition to high levels of TLR9, pDCs also ex-
press TLR7, which can recognize single-stranded RNA mo-
ufs represented by such wviruses as influenza and vesicular
stomatitis virus, Similar to CpG-ODN stimulation, infection
of isolated pDDCs with influenza virus resulted in high levels
of secreted IFN-a, as previously reported (6). Ly49Q-null
pDCs produced fivefold less IFN-a and threefold less 1L-12
than WT pDCs in response o mfAuenza (Fig. 7, A and B).
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Figure 5. Ly49Q binds to H-2K" in cis. (A) pDCs were isolated from the
spleens of mice with the indicated genatypes with mPDCA-1 microbeads.
Isalated pDCs were stained with PE-H-2K*/OVA tetramer and allophytocyz-
nir-anti-BST2 mAb and were analyzed by flow cytometry. Cells are gated
on pDCs. The percentage of cells positively staining with PE-H-2K%OVA is
shown. (Bl Ly29Q levels on MHC-deficient pDCs. Splenocytes from the indi-
cated strains (WT is BB) were stained for BST2, Siglec-H, and Ly490 (NS34)
The level of Ly49Q expression on BST2*Siglec-H* cells is shown (shaded
histogram). The open histogram represents the secondary reagent alone
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Active and inactivated influenza virus trearments gave similar
results (unpublished data). In contrast, CD86 and class [l
MHC up-regulation of isolated pDCs in response to a TLR7
agonist was normal in Ly49Q-null pDCs (Fig. 7 C and not
depicted). Therefore, TLR7-induced cytokine secretion is
also artenuated in Ly49Q-null pDCs.

Ly49Q-deficient mice exhibit diminished protection

to mouse CMV (MCMV) infection

T'he defect in IFN-a production seen in Ly49Q-null mice
after TLRY stmulation may have deleterious consequences
during immune responses against pathogens that are de-
tected through TLRY. Previous studies have reported that
I'LRY dehciency promotes increased suscepubility to
MCMYV infection, as manifested by higher viral loads and
defective production of multiple cytokines, including type
I IFN (24, 25), As such, the defect in TLR9-dependent

WT

'S

MFI=104

Cell number

IFN-o production observed in Ly49Q-null mice may also
lead to diminished pDC responses and altered innate im-
munity to DNA viruses like MCMV. In keeping with this,
purified Ly49Q-null pDCs produce approximately three-
fold less IFN-a than WT pDCs in response to overnight
MCMV infection in vitro (Fig. 8 A). The MCMV/pDC
co-culture experiment conhrms, independently of CpG-
ODN, that pDCs from Ly49Q-null mice display defective
IFN-a production when triggered through TLRY.

To confirm these findings in vivo, Ly49Q-null mice
were infected with MCMV. As shown in Fig. 8 B, splenic
viral titers were consistently higher in Ly49Q-null mice ver-
sus WT control animals. Although not all experiments
showed a staastically significant diference between the two
cohorts (e.g., day 3, 6,000 PFU; Fig. 8 B), the detection of
impaired viral immunity may be complicated by the suscep
tible Ly49H™ 129 background of these mice (26). Because
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Figure 6. Normal TLRS and CDB6 expression by Ly49Q-null pDCs. (A} Splenocytes fram Ly490-null and -WT mice were stained for Siglec-H and
BST2, and were then permeabilized and stained for intraceflular TLRD or with an isotype control mAb. TLR9 (shaded histogram) or control [open histo-
gram) expression on Siglec-H*BST2* cells is shown, (B) In vivo activation af pDCs by CpG-0DN. Ly48Q-null and -WT littermates were injected with CpG-
ODN + DOTAP. Uninjected mice served as controls After 6 h, the splenocytes were isolated and stained for Siglec-H, BST2, and CD8B, and were analyzed
oy flow cytometry. The percentage of CDBE* pDCs after 6 h is shown lerror bars = 5D, (C) In vitro activation of pDCs by CpG-ODN, pDCs from Ly49Q-null
and -WT mice were isolated with mPDCA-1 microbeads and cultured overnight in the presence of the indicated concentrations of CpG-0DN. The follow-
ing day, the CD11¢*B220" cells were analyzed by flow cytomeltry for CDBE surface expression. MF (left] and the percentage of pasitive cells (right] are
shown as the means of triplicate cultures 4 SD. Data are representative of at least three independent experiments
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the Ly4%h gene confernng resistance to MCMV in B6 mice
27, 28) is <300 kb away from the targeted Ly49¢ allele,
these experiments could not be repeated on the MCMV-
resistant B6 background at this time. Notwithstanding this,
the majonity of experiments did reveal 4 stanstcally signifi-
cant increase in Ly49Q-null MCMV dters when performed
using either an carly nme point (1.5 d after infection) or a
low imitial MCMV moculum (600 PFU), or both (Fig. 8 B).
In agreement with our findings, TLR9-null mice on a sus-
ceprible background (Ly49H™ BALB/c) display a simularly
small but sigmficant increase in splenic viral riters after
MCMV infection (24), Serum IFN-o and 1L-12 levels peak
at 36 h after MCMV infection. At this time point, Ly49Q-
null mice display normal levels of IFN-a (Fig. 8 C) and
slightly decreased IL-12p70 levels (Fig. 8 D). This suggests
that in addition to pDCs, other cell types can contribute to
serum [FN-a/IL-12 levels by 36 h after infection. Collec-
nvely, these experiments demonstrare that Ly49Q-null pDCs
exhibit 4 funcdonal deficiency in IFN-a production in re-
sponse (o MCMYV infection in vitro, and this translates into
an enhanced susceptibility of Ly49Q-null mice to MCMV
infection in vivo.

DISCUSSION
Ly49q is a highly conserved Ly4¥ found in all mouse strains
characterized to date (16). Ly49Q is also unique in being ex-
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Figure 7. TLR7-induced cytokine production is defective in
Ly49Q-null pDCs. (A and B In vitro activation of pDCs by influenza vi-
rus. pDCs from Ly49Q-null and -WT mice were isolated using mPDCA-1
microbeads and cultured overnight in the presence or absence of 20 hem
agglutimin units of influenza virus. Culture supernatants were assayed by
ELISA for IFN-a [A] or IL-12p70 (B). Each symbol represents a single
mouse. Horizontal bars represent means. (C) In vitro activation of pDCs by
imiguimod. pOCs from Ly#9Q-null and ~WT mice were isolated using mP-
DCA- 1 microbeads and cultured overnight with the indicated concentra-
tions of imiquimod. The following day, CD11c*B220" cells were stained
with FITC-anti-CD86 ard analyzed by fiow cytometry for CO86 surface
expression. MF) (left] and the percentage of positive cells {right) are
shown as the means of triplicate cultures & 5D. Data are representative of
at least three independent experiments
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pressed on pDCs, m contrast to all other Ly4%. We have
previously shown, using the BWZ lacZ-based reporter cell
assay, that H-2K" is 3 high affinity ligand for Ly49Q) (21). In
this study, we confirm the specificity of Ly49Q for H-2K"
a functional assay (IFN-a secretion) using fresh ex-vivo
pDCs. Remarkably, Ly49Q-H-2K" interactions appear to
be required for optimal TLR7- and TLR9-dependent stum-
ulation of cytokine producnon by pDCs, as indicated by the
drastic reducnon in CpG-mediated IFN-a and 1L-12 secre-
tion upon mAb-mediated blockade of either Ly49Q) recep-
tor or its cognate ligand, H-2K". In further support of this
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Figure 8. Reduced anti-MCMV responses by Ly49Q-null mice.

(A) Decreased MCMV-induced |FN-a secretion by pDCs in vitro, Splenic pDCs
were isolated with mPDCA-1 microbeads and cultured overright in the
presence of 200 PFU/m| of MCMV, Supernatants were harvested the fallow-
ing day. Supermatants were assayed for IFN-a levels by ELSA (8] Greater
MCMV proliferation in Ly480-null mice Lyd80-null and -WT mice were
challenged with BOO or 6,000 PRU MCMV. After 1.5 or 2 d, spleens were
harvested and viral titer was determined using SALB/c mouse embryo fibro-
blasts. Each symbol represents a single mouse. Data are representative of at
least three independent experiments. Horizontal bars represent means

(C and D) Littermates of the indicated genotypes were infected with 6,000 PFU
MCMV ip., and serum samples were taken at the indicated time points after
infection IFN-e {C) or IL-12p70 (D) levels were determined by ELISA (n= 4
per time point). The means of individual mice + 5D are shown,
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hypothesis, purified pDCs cultured in the presence of low
concentrations of CpG-ODN produced high levels of IFN-u
when stimulated on immobilized Ly49Q mAb or H-2K"/Ig
fusion protein but not in the presence of CpG-ODN alone.
Collectively, these ndings demonstrate that Ly49Q—class |
MHC interactions positively regulate TLR signals and subse-
quent cytokine production in pDCs.

In confirmation of the in vitro mAb blocking experi-
ments, Ly49Q-null mice show a severe defect in systemic
IFN-a levels (75-100% reduction) upon challenge with
CpG-ODN. This defect is likely caused by the hyporespon-
siveness of Ly49Q-null pDCs, as purilied pDCs from these
mice exhibit similarly decreased IFN-a responses upon CpG-
mediated stimulation in isolation. Ly49Q-null pDCs also
show a defect in the production of IFN-a after ovemight
culture with MCMV, Both CpG-ODN and MCMV sumu-
late IFN-a production by pDCs in a TLR9-dependent man-
ner (24). However, TLR9 mRINA and protein expression
levels in Ly49Q-null pDCs are normal, as deduced by semi-
quanntative RT-PCR and ntracellular staining, respectively.
The Ly49Q-null defect sumilarly affects TLR7, as TLR7-
dependent stimulation of isolated Ly49Q-null pDCs results in
highly decreased levels of [FN-a relative to WT pDCs. No-
tably, in addition to IFN-a levels, Ly49Q-null pDCs also ex-
hibit decreased IL-12p70 levels in response to CpG-ODN or
wHuenza stimulation. Thus, Ly49Q-null pDCs possess an in-
tnnsic cytokine production defect in response to TLR7 and
TLR9 agonists. Interestingly, however, the activation status
of Ly49QQ-null pDCs seems normal over a wide range of CpG-
ODN concentrations, at least with respect to up-regulation
of CD86 and class I MHC surface expression, TNF-a and
IL-6 production, morphological change, and migration
within the spleen, This suggests that TLR9 stimulation results
in multiple signaling pathways leading to pDC activation, but
that Ly49Q regulates only the signal transduction pathway
leading to IFN-a secretion.

The phenorype of pDCs from Ly49Q-null mice is similar
to that observed for Ly49Q-negative pDCs from WT bone
marrow, Omatsu et al. found that Ly49Q-negative pDCs pro-
duced significantly less TFN-a/f than their Ly49Q-positive
counterparts when cultred in the presence of CpG-ODN or
Sendai virus (19). In contrast, Kamogawa-Schifter et al. ob-
served comparable IFN-a production levels from the rwo
pDC subserts in vitro after sumulation with CpG-ODN (11).
It is not immediately clear why there 15 a discrepancy in IFN-a
production among Ly49Q-positive versus -negative pDCs in
these two studies, as similar isolation procedures and the same
mouse strain (BALB/c) were used, The data presented in this
paper agree with the former study, in that the ability of pDCs
to produce large amounts of [FN-« appears to depend on
Ly49QQ expression and function.

The positive regulation of TLR9 signaling by Ly49Q) 15 at
fist counterintuitive, given that the ITIM-bearing Ly49Q
receptor has the characteristics of an inhibitory Ly49 family
member. Similar Ly49 receptors expressed by NK cells un-
dergo tyrosine phosphorylanon of their cytoplasmic ITIM n

98

response (o receptor engagement, resulting in the recruinment
of SHP-1/2 (29). Ly49-associated SHP-1/2 are then thought
to antagonize stimulatory signals initiated through ITAM-
bearing adaptor molecules such as DAP12. For example, the
ITIM-bearing Ly49G receptor has been demonstrated to
suppress DAP12-dependent Ly49D-mediated cytotoxicity
and cytokine producnon (30). Notably, the ability of the
Ly49Q ITIM to associate with SHP-1/2 is intact, at least in
reconstitution experiments using transfected cell lines (10).
Thus, if Ly49Q is an inhibitory receptor, how does it func-
tion to relay TLR7/9-induced signals or amplify TLR7/9-
mediated signal transducton? Interestingly, there are clues
from experiments performed using DAP12-null mice that
may offer a possible mechanism_ Specifically, DAP12-null
pDCs were reported to produce significantly more IFN-w af-
ter CpG-ODN stimulation (31), as opposed to the decreased
response of Ly49Q-null mice. The resulting conclusion was
that DAP12 may negatively regulate TLR7/9 signal trans-
duction and, in tum, that DAP12-coupled receptors on pDDCs
may inhibit IFN-a secrenon upon cross-linking. In support
of this hypothesis, the pDC-expressed and DAP12-associared
surface proreins Nkp44 and Siglec-H do indeed inhibit CpG-
induced IFN-a secrenion upon mAb-mediated ligation (12,
22), In this respect, macrophages and pDCs are functionally
similar, as macrophages from DAP12-null mice produce
more cytokines after TLR engagement (32). Furthermore,
the DAP12—coupled TREM2 surface receptor appears to de-
liver constitutive inhibitory signals in macrophages (33).

The apparent stimulatory role of Ly49Q) in pDCs could
be caused by antagonism of inhibitory DAP12 signal trans-
duction by SHP-1/2 recruited as a result of Ly49Q-MHC
interaction. In this model, DAP12 signaling would be consti-
wtive like TREM2 function in macrophages (33). Although
the convergence point between the DAP12 and TLRY sig-
naling pathways is unclear, another possibility is that down-
stream Ly49(QQ signaling molecules may directly regulate the
TLR9 signaling cascade independently of DAP12 function.
A third mechanism behind Ly49Q function may include an
alternative signaling pathway found in pDCs, one which is
distinct from canonical inhibitory Ly49 signaling in NK cells
and does not involve the recruitment of tyrosine phospha-
tases. Evidence for this possibility includes Ly49Q-transfected
macrophage cell lines, which show an increase in ryrosine-
phosphorylated proteins in whole-cell lysates after mAb-me-
diated cross-linking of Ly49Q (10).

The mechanistic link berween Ly49Q) function and IFN-«
secretion is unknown. However, an interesting parallel may
exist berween NK cells and pDCs in this regard. Two reports
have suggested that mature splenic NK cells lacking all self-
specific MHC-binding inhibitory receptors (NKG2A and
Ly49C/I in B6 mice) are hyporesponsive with respect to the
killing of target cells and the preduction of IFN-y (34, 35),
Thus, B6 strain NK cells expressing NKG2A and/or Ly49C/1
have been referred to as being “licensed” or “armed.” It is
tempting to speculate that pDCs like NK cells may also re-
quire the expression of at least one self=specific MHC-binding
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inhibitory receptor to become fully functional IFN-a pro-
ducers. This hypothesis is consistent with the hyporespon-
siveness observed for immature Ly49Q-negatve pDCs (19).
Because Ly49Q binds with high affinity o H-2K®, a self-
specific determinant expressed in 129 stain Ly49Q-null
mice, the lack of a self-MHC—specific inhibitory signal dur-
ing pDC development in Ly49Q-null mice may render these
cells anergic. However, the recapitulated phenotype using
WT pDCs in mAb blocking experiments (Fig. 1) argues against
Ly49Q-null pDCs being anergic.

Type I IFN is indispensable for resistance to a wide range
of viruses, as shown by studies using IFN-a/BR-null mice
(36). Ly49Q-null mice, which are on the Ly49H™ 129 back-
ground, also display a severe IFN production defect, as well
as a consistent and statistically significant increase in suscepti-
bility to MCMV. However, the susceptibility of Ly49Q-null
mice to virus infection is not as profound as that observed in
IFN-a/BR-null mice. There are several possible reasons for
this observation. First, although the magnitude of the IFN-a
response to CpG-ODN challenge in WT mice far exceeds
that of Ly49Q-null mice, the latter still yield up 1o 15-25%
of WT serum IFN-a levels. This lower yet detectable IFN-a
production may be sufficient to mount resistance o viral in-
fection. This hypothesis is consistent with the phenotype of
Ly49H"* B6 mice, which produce low levels of IFN-a (6) but
are nonetheless sufficient for protection against MCMV and
other viruses. In agreement with our study, TLR9-null mice
on a BALB/c (MCMV susceptible; Ly49H™) background
also only show a small increase in susceptibility (24), as would
be expected if Ly49Q does indeed regulate TLR. signaling.
Furthermore, normal systemic [FN-ue levels were observed
in Ly49Q-null mice 36 h after MCMYV infection despite their
defective IFN-a responses to synthetic CpG-ODN. There-
fore, although pDC cytokine production 15 compromised in
Ly49Q-deficient mice and does confer limired susceptibility
to viral infection, the residual capacity of these mice to pro-
duce anuviral cytokines probably affords sufficient protec-
tion. Whether these residual cytokines are made by Ly490Q)-
null pDCs or other cell types is not clear.

Based on the data generated from mAb-mediated block-
ing assays and funcuonal analyses of Ly49Q-null pDCs in vi-
tro, as well as in vivo anmalyses of Ly49Q-null mice, we
conclude that pDC funcdon, in particular IFN-a secretion,
15 regulated by class | MHC, The ability of pDCs to recog-
nize class | MHC molecules is imparted by the lectin-like
Ly49Q receptor, which in tum potentiates the capacity of
pDCs to produce cytokines in response to TLR7 and TLRY
agonists. Loss of this self-recognition mechanism results in
severe defects in IFN-a and IL-12 production by pDCs.
Thus, Ly49Q-MHC interactions positively regulate pDC
cytokine production triggered through TLR. Therefore, the
down-regulation of class | MHC by certain viruses like
MCMYV could also result in the attenuanon of pDC antiviral
defense mechanisms in additien to evasion of CD8" T cell
responses. [nterestingly, despite beaning a consensus I'TIM
sequence, the function of Ly49Q on pDCs appears to be
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stimulatory in nature. Although this is somewhar paradoxi-
cal, it is nonetheless consistent with the reported counterreg-
ulatory funcuon of DAP12-coupled receptors in pDCs,
which appear to be inhibitory.

MATERIALS AND METHODS

Mice. 12951 and B6 mice were purchaed from the Jackson Laboratory
H-260"H. 200" (K¥D*-KO) mice on a B6 background were purchased from
Taconic. Mice were maintained and bred in the Clinical Research lmtioute
of Montreal (TRCM) specibic pathogen-free animal Beilitier. All mampula-
tom performed on anirmals were in accordance with IRCM guidelines and
were approved by the IRCM Animal Ethics Commioee. Unles otherwise
mentioned, all mice wed for experment were 5-8 wk of age.

Generation of Ly49Q-null mice. We previnuly wdentified 12956 bacte-
nial artificial chromosome (BAC) clones comamming Ly4%g, (15). A 10-kb
swegment centered on exon 2 was retrieved from BAC o6 into the pMCIT-
KpANhe vector by lambda red-mediated recombineering m EL3S0 celks,
o previowly dewribed (37). To complete the crpeong construct, 4 floxed
PGK-necomyrin casette from PLAK) was imsereed into 3 unique Stul site in
exon 2. The complete targeting ¢ q was confi ‘RIE.S
cells (1295 x 1295v-CP) were electrop i with Not-linearized

vector DINA and were then selected in G418, Homologow r:l:nmbu.ul’.lm
in ES cell was assessed by Southern bl g Al 1

efficiency of 1% was observed (6 out of (d'l'l} The thlmr competency of
these clanes was ¢ i by i founder mice, which
were then bred to achicve !.y-l')Q"““"" hnmonfputy An ES clone camry-

ing 3 properly rargeted Lyd 9%, allele was elecoroporaed with a CMV-Cre
vector (2 gift from D. Lohnes, Univendty of Otawa, Orawa, Canada) and
screened for neomycin deletion by PCR. Ly4%q,™ and Ly49," founder
mice were generated by the IRCM Microlnjection Service. Founder mice
thar could transmit the argeted Ly4%g, allele to the genmline were bred w©
12951 frmales to wmamtm a 129 background, which wa confirmed for the
Ly49 locus by 4E5 versus 12A8 staining of NK cells, as previously described
(38). The resultung heterveygous mice were bred, and homozrygouws WT
and Ly49Q-null littermates were used in all experimenn unlew otherwive
indicared. Southem blot analysis for the Ly4%™ allcle was performed s
i an intron 4 probe doned into pCR2Z1TOPO (Invitrogen), prepared by
amplifying BAC Mofi DNA with 5'-TATGACTTCTTGGAGAGAGT-3
{semse primer) and 5'-TTCACGTGGGUCTAGAATTT-Y (antisense primer)

The Ly4%,™ allele was detected by PCR with 5°-CCTAAAAGTA-
ATTGCTGTGACTATT-Y  fsemse pnmer) and 5-CTTTCTAAC-
TAGCTAACAACAG-)Y' (antieenie primer). A substitute revene primer,
5-CCGAATATCATGGTGGAAAATGGC-3', was wed to amplify the
Ly49, allele. The following PCR cycling parmneten used were: 34°C for
3w, 35.5°C for 30 5, and 72°C for 30« for 35 cycles

pDC isolation and in vitro activation. Mouse spleens were injected
with collagenase (Rooche), minced, and incubated for 20 min ar 37°C. A&
ter incubation, splenocytes were crushed in cold PBS-BSA-EDTA and
strained through a 70-uM filter. RBCs were removed by incubanon with
ACK lysis butfer for 5 min at 4°C. lolated splenocyte were mainained
throughout the procedure in cold PBS-BSA-EDTA. Anti-mPDCA-1

conjugated microbead (Milteryn Biorec) labeling was performed sccording

w the facturer’s protocol. bolated pDCs were seeded at 100,000 cells
p:r well in 200 il of pDC mediam {RPMI 1640, 10% FBS, pea/strep, 1=
2-B- hanol) and e i for 16 h at 37°C in 5%

(‘(‘J. ina humud.\.lu.—d nmmphfn.— in the presence of CpG-ODN 10103 or
2334 (Coley Pharmaceuticah), imiquimod, MCMV, or mfluenza a the
ndicated concentrationy’ PFU/hemagglutnin unio.  Supematann. were
collected and frozen.

In vive pDC sctivation. Mice were imjected throogh the ml vemn
with CpG-ODN phu 1.2+ k

ylooy-3-trmetin prop
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(DOTAP; Roche) prepamation (170 1 CpG-ODN diluted in serile FBS
plus 30 Wl DOTAP) or imiquimed (R-837; lnvivoGen) in 200l PBS. Mice
were bled through the cheek vem ar the indicated dime poine after njection.
Serun was analyzed by ELISA.

Virus infections. Influcnza strain A HK X31 HIND2 was 2 ift from T. Wars
(Univerity of Toronto, Toronto, Canada). MCMV (Sinith sain) prepar-
tion, injection, and plague sy were performed s previoasly deseribed (39).

ELISAs. Mouse IFN-a was detenmined by sandwich ELISA. In brief, 96~
well imcrourer plares were coated ovemnight ar 4°C wath 5 pg/ml of rat
ant—mose [FN-a antbody (RMMA-1; PBL Bisnedical Laboratonie) di-
tted in 0.1 M af sodiom rarhonate buffer. Wells were blocked for 1 h with
PBS/1(E% FBS and incubated for 2 h with samples or a recombinant mouse
IFN-a sandard (Stygma-Aldnch). IFN-a was derected with 100 ng/ml of
polyclonal mbbie ano-mowse IFN-a apibody (PBL Biomedical Laborao-

ries) tor 24 h at room i hed, and bated for 1 h with a
dookey ant-rabbit IgG conjuated to | fish ¢ il (GEH::\]IJ»-
care), followed by 20 min in 33 55" hylk

(Sigma-Aldnch), and 1 M H.50, was added to stop dl: reaction. Between
incubations, plates were washed dhree times with PBS/0.05% Tween-20.
Optical demsity was read at 450 nm with a microtiter plate reader (MDS An-
alytical Technologies). 1L-12p70, IL-6, and TNF-a producton by pDCs
wias swayed using commercial ELISA kin (BD).

Immunofluorescence and FACS analysis. The following FACS mAls
were wed: biotan-440c (ann-Siglec-H; Cell Sciences), allophycocyanin
wPDCA-] (anu-BST2; Milienyi Biotec), FITC-CD86, 2E6 (ant-Ly49Q);
eBioscience), allophycocyanin-B220, PE-CD11¢, and streptavidin-PE were
purchased from BD. NS-3 (ano-Ly4%0)) was prepared as previowly de-
seribed (10), PE-conjugred H-2K*/OVA tetramer contains human B2 mi-
croglobulin and was purchased from Beckman Coulter. For all FACS
aviabyses, vells ware tnt washed im0 VACS butfer (PBS, 0L5% BSA, 0.02%
MNaNy), and were then incubated for 20 min at 4°C with fluorochrome-con-
Jugated anobodies, Two-step g involved an additional incubation for
20 min with the approg secondary antbody at 4°C, followed by a wash
m FACS buter. Stamed cells were analyecd with 4 low eytomerer [FACS-
Calibur; BD). Three-color muunofluorescent «aining with biotin—rat
anti-mPDCA-1 plus wreptavidin-Alexa Fluor 394, hamster anti-CD3e (BD)
plus Alexa Fluor 647-yoat anti- IgG (1 ), and FITC-anti-
CIHY (BD) wa perft d 10-pm spleen wecrions from
untreated and CpG-ODM-injected mice. Slides were viewed on a confocal
microscope (Axiovert 1KM; Car Zeis, Inc.).

{ on dide

Giemsa staining. Fresh or CpG-ODN-culured pDCs wene cytocentn-
fuged onto glass dides, fixed in methanol for 100 min, and air dried. Slides
were stamed with modified Giemsa stain solution (Sigma-Aldnch) diluted
1:40 i distilled HyO for 10 min, dnsed with distilled HyO. and mounted.
Pictures were ot i pe (Axiophot; Card Zeiw, Inc.)

1 with a

Statistical analysis. Unles otherwise indicated, all P values were calou-
Lated with the two-nailed Student's ¢ test.
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Leukocyte immunoglobulin-like receptors (LILRs) are inhibitory, stimulatory or soluble receptors encoded within the leukocyte
receptor complex. Some LILRs are e, i ic, and exhibit evidence for balancing selection and association with
disease susceptibility. LILRAZ (LIR7/ILT1) is an activating receptor highly expressed in inflammatory tissues, and Is involved in
granulocyte and activation. In this study, we examined the association of LILRA2 and adjacently located LILRA1
with systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and microscopic polyangiitis (MPA). Polymorphism
screening detected a LILRA2 SNP (rs2241524 G> A) that disrupts splice acceptor site of intron 6. Case—control association
studies on 273 Japanese SLE, 296 RA, 50 MPA and 284 healthy individuals revealed increase of genotype A/A in SLE (12.1%,
odds ratio (OR) 1.82, 95% confidence interval (Cl) 1.02-3.24, P=0.041) and in MPA (16.0%, OR 2.52, 95% Cl 1.07-5.96,
P = 0.049) compared with healthy individuals (7.0%). The risk allele caused an activation of a cryptic splice acceptor site that
would lead to a novel LILRAZ isoform lacking three amino acids in the linker reglon (A419—421). Flow cytometry indicated that

this isoform was
the splice site SNP may play a role in SLE and MPA.

on the surface of monocytes. These findings suggested that LILAA2 A419-421 isoform encoded by
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Introduction

The family of leukocyte immunoglobulin (Ig)-like recep-
tor (LILR, also known as LIR, immunoglobulin-like
transcript (ILT), CD85 or monocyte/macrophage inhibi-
tory receptor) consists of 13 member genes including
two pseudogenes (LILRP1 and LILRP2).*=* LILRs can be
divided into three groups. The first group (LILRA1, -A2,
-Ad, -A5 and -A6) delivers positive signals by pairing
with the Fc receptor common y-chain (FcRy), which
contains an immunoreceptor tyrosine-based activation
motif. The second (LILRB1, -B2, -B3, -B4 and -B5)
contains 2-4 immunoreceptor tyrosine-based inhibitory
motif-like sequences within the cytoplasmic region and
inhibits cell activation by recruiting Src homology 2
(SH2)-containing tyrosine phosphatase-1 (SHP-1) or SH2

Correspondence: Professor N Tsuchiya, Doctoral Program in Social
and Environmental Medicine, Graduate School of Comprehensive
Human Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba,
Tbaraki 305-8575, Japan.

E-mail: tsuchiya@md tsukuba.ac.jp

"These two authors equally contributed to this work

Received 6 September 2007; revised 17 January 2008; accepted 17
January 2008; published online 14 February 2008

domain-containing inositol Lrhosphatasc (SHIP). The
third group, LILRA3 and LILRASs, is thought to be
secreted as soluble receptors,

The LILR gene family is located in the leukocyte
receptor complex on human chromosome 19q13.4, which
also contains a number of closely related Ig-like receptor
genes such as killer cell Ig-like receptors (KIRs) and
FCAR.“* This region has been suggested to be one of
the candidate susceptibility regions for systemic lupus
erythematosus (SLE) by linkage analyses”™ In the
syntenic region of mice, proximal end of chromosome
7, activating and inhibitory paired Ig-like receptor A
and B (Pira, Pirb), orthologs of human LILR genes, are
located.”" Mice lacking Pirb showed impaired matura-
tion of dendritic cells (DCs) and increased Th2 re-
sponses.” Furthermore, it was reported that both PIR-A
and -B proteins bind to various mouse MHC class I
molecules, and Pirb-deficient mice showed exacerbated
graft-versus-host disease.'” These observations suggest
that LILRs may be critically involved in the regulation of
immune system in various aspects.

LILRAZ2 is an activation receptor broadly expressed on
hematopoietic cells such as monocytes, macrophages,
myeloid DCs, granulocytes and subset of NK cells.™ It



is reported that the expression of LILRA2 was signifi-
cantly upregulated in lesions of lepromatous leprosy
patients.** The synovium from patients with rheumatoid
arthritis (RA) showed extensive expression of inhibitory
LILRB2 and activating LILRA2 on macrophages and
neutrophils.’* Although some of the LILRs and KIRs
bind to HLA class 1 molecules or UL-18, a HLA class 1

homolog ex by human cytomegalovirus,'”™"
I.iynd:sfur LILRA2 havz not been iit:?e’nti.ﬁzsfl

LILRAZ2 is implicated in the activation of eosinophils,™
basophils* and macrophages.” On the other hand, it is
reported that activation of LILRA2 suppresses innate
host defense mechanisms h{fshifhng monocyte produc-
tion from IL-12 toward IL-10 and blocking toll-like
receptor (TLR)-mediated antimicrobial activity.’® In mice,
PIR-A, an ortholog of LILRA2, has been shown to be an
essential costimulatory receptor for osteoclast differen-
tiation.™

RA is a chronic rheumatic disease that leads to
progressive joint destruction. It is characterized by
synovial proliferation and autoimmune features such as
production of rheumatoid factor and anticyclic citrulli-
nated peptide antibodies. SLE is a prototypic systemic
autoimmune disease characterized by multisystem organ
involvement, high level of antinuclear autoantibody and
immune complex deposition. Microscopic polyangiitis
(MPA) is a rare disease characterized by necrotizing
vasculitis of small-to-medium-size vessels, and the
patients often present with severe manifestations such
as rapidly ];;ogresswe glomerulonephritis and pulmon-
ary hemorrhage. Most of the patients with MPA exhibit
antineutrophil cytoplasmic antibodies. The etiology of
these rheumatic diseases is poorly understood, but
probably involves interactions among environmental
and genetic factors.

We have been interested in the role of diversity of
immunoregulatory molecules in the genetic background
of human rheumatic diseases, and Ig-like receptor
superfamily has been one of our major targets.** With
respect to the LILR family, we thus far reported that
LILRBI was highly polymorphic and associated with
susceptibility to RA.* Extensive polymorphism appears
to be a feature of LILR family, and evidence for balancing
selection has been found for another activating member
of LILR family, LILRA3.¥

As described above, human chromosome 19913 has
been suggested to be one of the candidate loci for
susceptibility to SLE. LILRAZ2 is functionally implicated
in immunoregulation, granulocyte activation and poten-
tially osteoclast differentiation. These constitute crucial
pathways of the rheumatic diseases such as SLE, RA and
MPA. In this study, we examined whether LILRA2
polymorphisms are associated with susceptibility to
human SLE, RA and MPA.

Results

Association of a LILRA2 splice acceptor site polymorphism

with susceptibility to SLE

Polymorphism screening of all exons and promoter

region (approximately 2kb) of LILRA2 e was per-

formed on genomic DNA from 12 Japanese SLE, 12 RA
atients and 16 Japanese controls by direct sequencing.

ix single nucleotide polymorphisms (SNPs) and three
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rare variations (only one heterozygote among all
individuals screened) were detected (Figure 1).

Among the detected SNPs, rs2241524 (IVS6-1 G>A)
located at intron 6-exon 7 junction disrupts the con-
sensus splicing acceptor motif and was thought to be
functionally relevant, Case-control association study
demonstrated that A/A genotype was increased in
SLE (odds ratio (OR) 1.82, 95% confidence interval (CI)
1.02-3.24, P = 0.041) as compared with controls (Table 1).
The control genotype was not deviated from Hardy-
Weinberg equilibrium. The Flmoty'pe frequency in
controls was similar to that of Japanese sample set in the
HapMap database (http: / www.hapmap.org/indexhtmlen)
(G/G 51.2%, G/A #2%, A/A 47%). Actually, the
increase in the A/A genotype in the patients was even
more striking when compared with the HapMap
samples, because the frequency of A/A was slightly
lower in the HapMap samples than in our controls.

Lack of association of other polymorphisms in the linkage
disequilibrium block encompassing rs2241524
We next investigated whether this association might be
caused by linkage disequilibrium (LD) with other
causative variations. According to the HapMap database,
the LD block encompassing rs2241524 contains the entire
LILRAZ locus and 5' portion of adjacently located LILRA1
(LIR6) locus, and no other gene was present. We carried
out polymorphism screening of LILRAI including the
romoter on (approximately 1.4kb). Twenty-four
LILRAI SNPs, including 11 novel SNPs, were identified
(Figure 1). Among these, 5 portion 19 SNPs (from
promoter region to intron 7) were found to constitute two
major haplotypes, tentatively designated LILRA1.PCO1
and LILRA1.PCO2 (RC stands for promoter and coding
ion) (Table 2a, Figure 1). The frequency of
LILRA1.PC01 was 74.2% and that of LILRAL.PCOZ was
22.6% in the parents of 31 Japanese healthy samples
used for haplotype determination, whereas c490C>T
(H164Y) and c531C>G (S194W) seemed to be infrequent
variations (<1%).

We next examined association of potentially functional
LILRA2 polymorphisms in the promoter region
(53760856 rs28384501, rs28384502) and also LILRA1.PC

pe with SLE. rs28384501 and rs28384502 were

Lp apart and in absolute LD in the controls used in

thla study. Other polymorphic sites were also in

significant, but not absolute LD (Figure 1). None of these

polymorphisms was significantly associated with SLE,

nor haplotypes were formed by these polymorphic sites

(Tables 2b and ¢). Thus, we concluded that LILRA2

rs2241524 itself was most likely to be responsible for the
association with SLE.

Association of a LILRA2 rs2241524 with susceptibility to
MPA

We next examined whether LILRA2 rs2241524 was asso-
ciated with RA and MPA. Association of A/A genotype
was observed in MPA (OR 252, 95% CI 1.07-5.96,
P =0.049), but not in RA (Table 1).

Effects of the LILRA2 splice acceptor SNP on the transcript
Because rs2241524 disrupts the consensus splicing
acceptor motif of LILRA2 intron 6, we investigated the
difference in the sequence of mRNA generated from
each allele. To detect a small difference in mRNA size,
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VS1+20G>A  cBBIAG (Ser297Gly)
(rs2278190)

LILRAT (7 .5kb)
€480C>T (H164Y)

————

NS7-183G>T
{rs272410)

NMS1+183A>C

c901T>C mum:

h1m1] :

rs28384501 CERATPE | s

rs3760858 | =2 4502 52241524 ki

0.99/0.50 0.82/066 0.96/0.80 rs3760856
r$28384501
079/029 082/038 | o0 e ie02
|D'| value / P-value 0.99/0.84 rs2241524
LILRA1.PC
haplotype

Figure 1 Genomic configuration of LILRA1, LILRA2 and variations detected in Japanese. Boxes indicate exons, The variations shown in bold

are polymorphis
shown as

and LILRA1 PC02). Pairwise linkage disequilibrium (LD) parameters in LILRA2 pol

isms, and others are rare variations. The size of each exon and intron is not to scale. The

s screened in this study are

gray lines. LILRA1 single nucleotide polymorphisms (SNPs) boxed in dotted lines constitute two major haplotypes (LILRAT.PCO1

hisms and LILRAT haplotypes are shown in lower

column. Moderate-to-strong LD was observed between polymorphic sites. Absolute LD was observed between rs28384501 and rs2838402,

which are 2bp apart.

Table 1 Frequencies of LILRA2 splice acceptor site polymorphism
in Japanese patients with SLE, RA, MPA and healthy controls

LILRA2 SLE (‘%) RA (%) MPA (%)  Controls (%)
ra2241524 n=273 n=290 n=>50 n=1285
Genotype frequency
G/G 142 (52.0) 151 (521) 22 (44.0) 153 (53.7)
G/A 98 (35.9) 111 (38.3) 20 (40.0) 112 (39.3)
A/A a3 az2.ae 28 (9.6) 8 (16.00 20 7.0)
AI&I( frequency
382 (7000 413(712) 64 (64.0) 418 (73.3)
A 164 (30.0) 167 (288) 36 (36.0) 152 @6.7)

Abbreviations: MPA, microscopic polyangiitis; RA, rheumatoid
arthritis; SLE, systemic lupus erythematosus.

*SLE versus control: A/A versus (G/A+G/G): OR 1.82, 95% Cl
1.02-3.24, P=0.041 (*-test).

YMPA versus control: A/A versus (G/A+G/G): OR 2.52, 95% CI
1.07-5.96, P =0.049 (Fischer’s exact test).

RT-PCR was performed using primers placed on exon 6
and 7, and the products were anal by capillary gel
electrophoresis. This analysis revealed a clear difference
in size of the mRNA from each allele (Figure 2a).

By sequencing, the longer product derived from G
allele was found to be conventional LILRA2 transcript,
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whereas the band derived from A allele was found to
encode a 9-nucleotide shorter novel transcript. This
isoform was caused by the activation of a cryptic splice
acceptor site 9-nt downstream to the original site
(Figure 2b). The usage of the alternative splice acceptor
site was absolutely dependent on the genotype, because
only a single product, long and short, was amplified
from G/G and A/A genotypes, respectively (Figure 2a).

Such alternative splicing was presumed to result
in the deletion of three amino acids (Ala-Ser-Leu at
position 419-421) in the linker region between Ig-like
domains and transmembrane region of LILRA2 protein
(Figure 2c). This isoform was termed as A419-421
isoform.

Cell surface expression of LILRAZ2 isoforms
We next examined whether the A419-421 isoform was
expressed at the protein level. Because peripheral blood
monocytes are known to express LILRA2, two-color flow
cytometric analysis was performed using monoclonal
antibodies (mAbs) against LILRA2 (anti-ILT1 mAb135)™
and CD14. This analysis was performed using two
healthy donors with G/G and two with A/A genotype.
LILRA2 was detected on the monocytes both from
G/G and A/A donors (Figure 3). Because individuals
with A/A genotype exclusively use the cryptic splice
site, detection of LILRA2 protein on the cell surface in
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Figure 2 LILRAZ splice acceptor site single nucleotide pol
frame deletion of three amino acid in t

Gl

n141524

hism (SNP) rs2241524 activates a cryptic splice acceptor site and causes in-
linker region. (a) Capillary electrophoresis of reverse transcriptase (RT)-PCR products from

individuals with each genotype revealed two fragments of different sizes that were completely segregated according to the genotype. (b)

DNA sequencing revealed that G-allele transcript employs a cry%l‘i

(open box) that leads to in-frame deletion of three amino acids.

c splice acceptor site. This results in the deletion of 9 nucleotides (9-nt)
e splice acceptor site used by each allele is shown by underline. (c) The

deletion of three amino acids in the LILRA2 protein product from G allele leads to shortening of the linker region.

& 419-421 solorm

»
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v
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Figure 3 A419-421 isoform is expressed on the CD14 + peripheral blood mononuclear cells (FBMCs). PBMCs from individuals with

rs2241524 A/A or G/G gei

were double-stained with anti-LILRA2 mAb and anti-CD14. The expression of LILRA2Z was mainly
observed in the CD14 + monocytes (right panel). Surface expression of LILRA2 protein was detected on

monocytes similarly in donors with

G/G and A/A genotypes, indicating that A419-421 isoform is expressed on the surface of monocytes (left panels).

these donors indicated that LILRA2 A419-421 protein
isoform was expressed on the cell surface. The intensity
of LILRAZ2 staining was similar in both genotypes.

Discussion

In this study, we reported evidence that suggests
association of an intron 6—exon 7 junction SNP of LILRA2

Genes and Immunity

with susceptibility to SLE and MPA. This SNP disrupts
the consensus splice acceptor motif, and results in the
activation of a cryptic splice acceptor site located at 9-nt
downstream to the original site, leading to the in-frame
deletion of three amino acids in the linker region of
LILRA2 protein (A419-421). The usage of the alternative
splice acceptor site was entirely dependent on the
genotype; thus, G allele always gives rise to the common
isoform, while A allele exclusively produces A419-421



transcripts. The presence of LILRA2 protein on the

surface of monocytes from A/A genotype, therefore,
indicates that the A419-421 isoform is expressed on the
cell surface at the protein level

The mechanism of association of LILRA2 remains
speculative. The signal intensity of LILRA2 in the flow
cytometric analysis did not substantially differ between
individuals with G/G and A/A genotypes, suggesting
that A419-421 did not affect expression level or gross
structure of the protein. It would be more likely that the
deletion of the three amino acids alters affinity of the
LILRA2 to as yet unknown ligands and/or FcRy chain,
which is the signalin mti}tonent of LILRA2.

It has been shown that LILRA2 modifies TLR signaling
in monocytes and macrophages.”® A number of recent
observations demonstrate the crucial role of type I
interferon in SLE* Because TLR signals are im nt
inducers of type I interferons, association with SLE could
be explained if A419-421 isoform may promote stronger
TLR si ;

In MPA, activation of neutrophils and macrophages
plays an important role in the pathogenesis.® Several
lines of evidence demonstrated the role of LILRAZ2 in the
activation of myeloid cells and macrophages.'*'*>*' Thus,
stronger signals via A419-421 isoform might explain its
association with MPA.

LILRA2 was also suggested to play a role in the
regulation of Th1/Th2 balance.** As Th1 cytokines have
been implicated both in SLE and MPA,** Thl/Th2
imbalance caused by A419-421 isoform could be another
ﬁ!ﬂnﬁal mechanism of association. The association of

LRA2 was in a recessive manner, which was respon-
sible for the deviation of this genotype from the Hardy-
Weinberg equilibrium in SLE. Such recessive association
could suggest a loss-of-function mechanism. If LILRA2
A419-421 isoform is associated with reduced induction
of Th2 cytokines and leads to Thl-dominant environ-
ment, the recessive mode of genetic association might be

lained.

e power to detect susceptibility genes in this study
was not sufficient in the case of MPA due to its rarity.
Assuming that prevalence of SLE, RA and MPA is 0.001,
0.01 and 0.0001, respectively, and the population fre-
quency of the risk allele is 0.25, the power to detect
susceptibility genes with the relative risk of 1.5
at the significance level of 0.05 is calculated to be 0.87,
0.88 and 0.42, respectively. In addition, because the
P-values are marginal, genotyping error could lead to
false positive association. However, such aer)ssibility is
unlikely; the genotyping was performed by direct
sequencing and the genotyping error rate should be
negligible. Furthermore, the frequency of the A/A
genotype in the Japanese samples on the HapMap
database was even lower compared with our controls,
which lend sup to the association of this genotype
with SLE and MPA. Nevertheless, in order to confirm
this association, independent studies in Japanese and
other ulations should be performed in the future.

Another limitation of this study was a bias in the sex
ratio between cases and controls. However, because the
frequency of each SNP was not significantly different
between males and females, the results were essentially
identical when they are adjusted for the sex ratio.

In conclusion, this study sugﬁested that the splice
acceptor site polymorphism of

LRA2 leading to the
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deletion of three amino acids was associated with
susceptibility to SLE and MPA in Japanese. Taken
together with the previous observations from our
laboratory, LILR family members are rich in functional
E:lymuxphisms, and may be involved in the genetic

ckground of immune response diversity in the human
population as well as in the susceptibility to multiple
immune system disorders.

Patients and methods

Patients and controls
A total of 273 patients with SLE (male 17, female 256,
mean age+s.d. 41.3+13.5) and 290 patients with RA
(male 30, female 260, mean age+s.d. 58.9+11.5) were
recruited from Matsuta Clinic, Juntendo University
Hospital and the University of Tokyo Hospital. A total
of 50 patients with MPA (male 19, female 31, mean
agetsd. 63.3113.5) participated in the study at 11
clinical centers in central Japan.**>* A total of 285
healthy controls (male 164, female 121, mean agefs.d.
31.7 £ 9.2) were recruited at the University of Tokyo and
Japanese Red Cross Blood Centers in Tokyo and
Kanagawa. The patients with RA and SLE were
diagnosed according to the classification criteria of
American College of Rheumatology.** Classification
of vasculitides was essentially based on the definitions of
Chapel Hill Conference.* Since those definitions do not
provide diagnostic or classification criteria, and ACR
classification criteria do not include MPA, the MPA was
diagnosed in accord with the Japanese criteria proposed
by the Research Committee in 1998.** This study was
approved by the research ethics review committees of the
University of Tokyo, University of Tsukuba, Juntendo
University and each participating institute.

Genomic DNA from patients and healthy individuals
w:xfuriﬁed from peripheral blood using the QlAamp
blood Kit (Qiagen, Hilden, Germany).

Polymorphism screening and genotyping of LILRA2
Polymorphisms of all exons amil,cp:omoter region of
LILRA2 gene were screened using PCR-direct sequencing
method. Genomic DNA samples from 16 healthy
individuals, 12 SLE and 12 RA patients were used for
screening. The primers were designed according to the
genomic DNA sequence of human LILRA2 (NCBI
accession no. NC_000019). The primers used for poly-
morphism screening and the regions screened are shown
in Table 3 and Figure 1. Because the genomic DNA
sequences of LILR family genes are highly homologous,
nested PCR was used to achieve specific amplification of
LILRA2. LILRA2 gene was divided into three fragments.
Two fragments of 5 region (2040bp upstream from the
translation start site to 355 bp downstream of the 3’ end
of exon 6) were amplified as overlapping fragments by
means of long PCR (nested first PCR) using two primer
sets. A fragment encompassing the entire exon 7 was
separately amplified. Because intron 6 extends approxi-
mately 11kb, a systematic polymorphism screening was
not performed.

As for nested first PCR, one primer set was placed
within the promoter region and intron 1 (proNesF-
proNesR) (Table 3), and the other was placed within
promoter region and intron 6 (NesF-NesR) (Table 3).

219
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Table 3 Primers for PCR-direct sequencing of LILRA2

Fragment Name Primer Position

Nested LILRA2-proNesF CACGCACCTGACCTTTCATA Promoter
LILRB1-proNesR GAGGGATTTTTCCCCTGAAG int1

Nested LILRA2-NesF CACTTCCTGTGTGGTTGCAC Promoter
LILRA2-NesR GGGGTCAGGACATAGGGTTT inté

ex] LILRA2-1F CACTTCCTGTGTGGTTGCAC Promoter
LILRA2-1R GAGGGATTTTTCCCCTGAAG intl

ex2 LILRA2-2F CATCCTCACGGTCCTGATCT exl
LILRA2-2R CAGCCCAGAACTGCTATTCC int2

ex3 LILRA2-3F GAGATCTGTTGGGTGGGAAA int2
LILRA2-3R CCTTCCTGAGGGCAGAGC int3

exd LILRA24F AGCCCCATTTAACACAGTGC int3
LILRA24R CTCAGGGAGACTCAGGGAACT int4

b LILRA2-5F GTTTGTGGGGAAGCCTGAG int4
LILRA2-5R CTGACTGAAC intS

exé LILRA2-6F CCCTCACCCA int5
LILRA2-6R GCTCGGAGAGGACAAGATCA int6

(> LILRA2-7F CCTGGGTGGACATACAGGAG inté
LILRA2-7R AAAAGGGGATCCAGTCAAGG ¥-gene flanking

Promoter LILRA2-prolF AGGTGCGTCTCTGCTGATCT Promoter
LILRA2-prolR GTGCAACCACACAGGAAGTG

Promoter LILRA2-pro2F GACGGTTTGGTAGGAAGGAA Promoter
LILRA2-pro2R AGATCAGCAGAGACGCACCT Promoter

Promoter LILRA2-pro3F TGCGTCTCAATGTGAGGAAC Promoter
LILRA2- CTGATTCTGGGGAAGGTGAG Promoter

Promoter LILRA2-TAF CAACGCTGAGCTGATGGAC Promoter
LILRA2-TAR CAGGACAGAGAGACGCACAG Promoter

Genotyping LILRA2.SF TCAGTTATGGGACTGGCACA int6
LILRA2-SR GGCTGCATCTTGTAGGCTTC ex7

Abbreviations: ex, exon; int, intron.

These primers were designed according to the genomic DNA sequence of human LILRAZ (NCBI accession no. NC_000019). These primers
were used for nested PCR primers except for LILRA2-SF and -SR, which were used to genotype rs2241524 by a single-step direct sequencing,

Both PCRs were performed in 25pl reaction mixtures
containing 1ul genomic DNA, 0.4pM of each primer,
0.4mm dNTPs, 2mm MgCl; and 25U LA Tag DNA
polymerase (TAKARA, Otsu, Shiga, Japan), using a
T-GRADIENT cler (Biometra GmbH, Goéttingen,
Germany) or a GeneAmp PCR system 9700 (Perkin-
Elmer Applied Biosystems, Foster City, CA, USA). The
amplification procedure consisted of initial denaturation
at 96 °C for 5min, 35 cycles of denaturation at 96 °C for
30s, annealing at 60 °C for 30 s and extension at 72°C for
2 or 3min for each fragment, followed by the last
extension at 72 °C for 7 or 10 min.

Each of the first PCR products was divided into
several segments encompassing each exon, and was
chhﬁed using primers described in Table 3 (second

). Each second PCR and PCR for exon 7 were
performed in 25ul reaction mixtures containing 1ul
ar}:}#ﬁed PCR products, 0.4pm each primer, 02mm
dNTPs, 2mm MgCl, and 1U of AmpliTaq Gold DNA
polymerase (Perkin-Elmer Applied Biosystems), using a
T-GRADIENT Thermocycler or a GeneAmp PCR system
9700. The amplification condition consisted of initial
denaturation at 96 °C for 10min, 35 cycles of denatura-
tion at 96 °C for 30s, annealing at 64-66 °C for 30s and
extension at 72 °C for 30s, followed by the last extension
at 72°C for 4min. Fluorescence-based automated cycle
sequencing of PCR products was performed using
ABI 3100 sequencer (ABI PRISM; Applied Biosystems,
Foster City, CA, USA) with the dye-terminator method,
according to the manufacturer's instructions (BigDye
ver3.1 Cycle Sequencing-Ready Reaction Kit).

Genes and Immunity

Genotyping of LILRA2 rs3760856, rs28384501,
rs28384502 was performed similarly, using nested PCR
followed by direct sequencing. For the genotyping of
152241524, a specific primer set LILRA2-SF and -SR was
designed for a single-step PCR-direct sequencing.

Polymorphism screening, haplotype determination and
genotyping of LILRA1
Polymorphisms of LILRAl gene were screened using
nested PCR followed by direct sequencing as in LILRAZ.
Genomic DNA samples from 16 healthy individuals
were used for screening. The LILRAT exon-intron
structure was elucidated by comparing the LILRAI
mRNA sequence (NM _006863) with chromosome 19
contig sequences in the GenBank (AC009892) as well as
in the Celera Discovery System (http://www.celera.
com). Whereas LILRA1 exon 10 comprised 377bp
containing 258 bp 3-untranslated region (UTR) accord-
ing to GenBank NM 006863 sequence, it has elongated
3-UTR sequence (1623bp) in the Celera database.
Therefore, we set the primers to cover whole LILRA1
mRNA sequence suggested by the Celera Discovery
System. Primer set for nested first PCR was placed
within the promoter region and within the intron 7
(LILRA1-sF1/LILRA1-sR1) (Table 4), and the other
primer set was placed within the intron 7 and at
3'-flanking region (LILRA1-sF2/LILRA1-sR2) (Table 4).
Each of the first PCR products was divided into several
ents for second PCR-direct sequencing (Table 4).
LILRA1 haplof were determined from the
segregation pattern of the 31 Japanese families. In the
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Table 4 Primers for PCR-direct sequencing and PCR-SSCP of LILRAI
Fragment Name Primer Position
Nested LILRA1-sF1 CTGTGTATACGAATGGCAGA Promoter
LILRA1-sR1 TCTTAGTGTCCAGAGCTCTC int?
Mested LILRAY-sF2 CCTTGTCCAATCACTGGATA int7
LILRA1-sR2 TCAAATGTTTGGCCTGGCAC 3 franking
Promoter LILRAL-1F GTGTATACGAATGGCAGACT Promoter
LILRAI-IR ACCACTGAATGGAGGTGGG Promater
Promoter LILRA1-2F ACTGTCATTGCAGATCCCGA Promoter
LILRAI-2R TGAGCTTTGATTTGGGGAGT Promoter
Promoter—int] LILRA1-3F GTCATGTAGGCAGCGGATG Promoter
LILRA1-3R TTCCCTTTCCTTCTCACAGC intl
int1-int2 LILRA14F GATGGATGGCTGAAGGAGG intl
LILRA14R GTCCCTCCTAGGTTAGAAGC int2
ex2-exd LILRA1-5F CTGATCTGTCTCAGTGAGAT ex2-int2
LILRA1-5R CTCTATACAGACGGTACTCC exd
exd-ex5 LILRA1-6F TCTGGTGTCAGGGGATCCT exd
LILRA1-6R TGTGAGTTCAGGCATTGTGG exh
enSext LILRAIL-7F GCAGCTTCATTCTGTGTAAG ex
LILRAI-7R TCTCCCTCCTTATACAGAAC exb
ext-ex7? LILRA1-8F CCTCCAGTGTGTTTCTGATG exé
LILRA1-8R TGCACCGAGATGAAGGGTCT ex?
inth-int7 LILRA1-9F TCACCCATCCTTCTTCTCTC int6
LILRA1-9R TAGTGTCCAGAGCTCTCCTG int7
nt7-int8 LILRA1-10F GAACTCCTGACCTCATGATC nt7
LILRA1-10R CTTGACAGGACCTGACCCT int8
int8-ex10 LILRAI-1IF CCTAGAACTCATGTCAGAAG int8
LILRAI-1IR ACCTCCTGGCATCATCAGAT ex10
ex10 LILRA1-12F GAAGAATGTACCCTTCAGAG ex10
LILRA1-12R CTGCACAGGTAGCATGTGA ex10
ex10 LILRA1-13F TCTGAACCCTACGAGCCCT ex10
LILRA1-13R ATGCTAGGACTCAAGTCCTC ex10
ex10 LILRA1-14F TCTGAATTGTCGCAAACAGC ex10
LILRAI-14R TTCTAGAGGGTAGATGGCGA exl0
ex10-3' flanking LILRA1-15F CATTCACCGTCTACCCTCTA ex10
LILRA1-15R CCTGGCACAACCAAACTAGAA ¥-flanking

Abbreviations: ex, exon; int, intron.

“These were designed according to the g ic DNA

ing h LILRAT (GenBank accession no. AC009892),

4 e

case—control studies, LILRAT haplotypes were deter-
mined using a fragment containing tag SNPs on the
assumption that these haplotypes are conserved in
Japanese.

The typing of haplotypes LILRA1.PCO1 and LIL-
RA1.PC02 was rmed using the PCR/single-
stranded conformation polymorphism (SSCP) method.
A 516bp fragment containing seven polymorphic sites
(IVS1+78G>A, IVS1+163A>C, ¢44G>T, c-37C>T,
¢13G>C, c.18A>G and ¢ 34A > G) was amplified using a
primer set for direct sequencing (LILRA1-4F and
LILRA1-4R) (Table 4). The amplified DNA was analyzed
using SSCP. One microliter of solution containing the
PCR product was mixed with 7 ul of denaturing solution
(95% formamide, 20 mm EDTA, 0.05% bromphenol blue,
0.05% xylene cyanol FF). The mixtures were denatured at
96°C for 5min and immediately cooled on ice. One
microliter of the mixtures was applied to polyacrylamide
gel (acrylamide:bisacrylamide =49:1). Electrophoresis
was carried out in 0.5 x TBE (45 mm Tris-borate (pH8.0),
I mv EDTA) under constant current of 20mA per gel,
20°C for 100min 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-
stranded DNA fragments in the gel were visualized by
silver staining (Daiichi Chemicals, Tokyo, Japan).

RT-PCR
Total RNA was extracted from peripheral blood mono-
nuclear cells (PBMCs) using the PAXgene kit (Qiagen).
First-strand ¢cDNA was synthesized using Oligo(dT)
primer (Promega, Madison, WI, USA) and ReverTra
Ace (Toyobo, Osaka, Japan). To detect the difference
between transcripts of GG and AA genotypes, RT-PCR
was performed using primers designed within exon 6
and 7 (¥-CAGCAGAACCAGCCTGAATT-3 and 5-
GTGTAATCCTGGGGGTGTTG-3). One microliter of
template cDNA solution was placed into 25 ul of reaction
solution, and amplification was performed using Am-
pliTaq Gold DNA polymerase (Perkin-Elmer). The
amplification conditions consisted of initial denaturation
at 96 °C for 10min, 35 cycles of denaturation at 96 °C for
30s, annealing at 58 °C for 30s and extension at 72°C
for 30min, followed by the last extension at 72°C for
2min using GeneAmp PCR system 9700 (Perkin-Elmer
Applied Biosystems). Detection of splicing isoform was
rmed using Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA).

Flow cytometric analysis

Surface expression intensity of LILRA2 in tEeri heral
blood monocytes was examined in two healthy donors
with LILRA2Z rs2241524 G/G and two with A/A
genotype by two-color flow cytometry, using rat

Genes and Immunity
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anh ILT1 mAb 135" and PE-conjugated goat F(ab'),

ent anti-rat IgG (H + L) Ab (Beckman Coulter), as

ﬁs fluorescein-isothiocyanate-conjugated anti-CD14
mAb (Beckman Coulter).

Statistical analysis
The frequencies of the LILRA2 genotypes were com
between groups using Ihe y’-test or Fischer's exact test.
Statistical analyses Erformed using StatView
version 5.0 for Wmdows (Abacus Concepts Inc., Berke-
ley, CA, USA). LD analysis and estimation of haplotype
encies were performed by the Estimation-Maximi-
zation algorithm using SNPAlyze program (DYNACOM,
Mobara, Japan).
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