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Abstract

Ly49Q is a member of the polymorphic Ly49 family of NK cell receptors that displays both a high degree of conservation and a unique expression
pattern restricted to myeloid lineage cells, including plasmacytoid dendritic cells (pDC). The function and ligand specificity of 1.y49Q are unknown.
Here, we use reporter cell analysis to demonstrate that a high-affinity ligand for Ly49Q is present on H-2°, but not H-2¢, H-2%, H-29, or H-2-derived
tumor cells and normal cells ex vivo. The ligand is peptide-dependent and MHC la-like, as revealed by its functional absence on cells deficient
in TAP-1, 8,m, or H-2KPDP expression. Furthermore, Ly49Q is specitic for H-2K®, as the receptor binds peptide-loaded H-2K" but not H-2D*
complexes, and Ly49Q recognition can be blocked using anti-K® but not anti-D® mAb. Greater soluble H-2K" binding to ligand-deficient pDC
also suggests cis interactions of Ly49Q and H-2K". These results demonstrate that Ly49Q efficiendy binds H-2K® ligand, and suggest that pDC
function, like that of NK cells, is regulated by classical MHC Ia molecules. MHC recognition capability by pDC has important implications for

the role of this cell type during innate immune responses.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Plasmacytoid dendritic cells; MHC; Ly49Q; H-2KP®; Ligand-identification

1. Introduction

Plasmacytoid dendritic cells (pDC), also known as interferon-
producing cells (IPC), are a specialized subset of DC especially
suited for initiating immune responses to viruses. Production

Abbreviations: B6, C57BL/6; NK, natural killer; DC, dendritic celis; pDC,
plasmacytoid dendritic cells; mDC, myeloid dendritic cells; MHC, major histo-
compatibility complex
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of abundant IFN-« levels as well as IL-12 and other cytokines
by pDC has direct anti-viral effects on infected cells, and fur-
ther activates effector cells such as natural killer (NK) cells
to destroy infected targets. Plasmacytoid DC express TLR7
and TLR9, allowing for recognition of viral single-stranded
RNA and unmethylated CpG-containing double-stranded DNA,
respectively, in endosomal compartments (Liu, 2005). Likewise,
expression of TLR9 by pDC and myeloid dendritic cells (mDC)
is necessary for protection against mouse cytomegalovirus
(MCMYV) challenge (Krug et al., 2004; Tabeta et al., 2004).
In addition to activating NK cells via type I interferon, pDC
also augment CD8* T cell cytotoxicity (Salio et al., 2004).
Furthermore, activated pDC upregulate T cell costimulatory
molecules such as CD86 and class II MHC molecules, allow-
ing them to present antigenic peptides and stimulate CD4* T
cell function (Nakano et al., 2001). In turn, pDC have been
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implicated in promoting mDC maturation and B cell differenti-
ation to antibody-producing plasma cells (Liu, 2005).

Plasmacytoid DC are identifiable by their plasma-cell-like
morphology and expression of specific markers including
Siglec-H (Blasius et al., 2006a), a DAP12-associating trans-
membrane receptor, and bone marrow stromal cell antigen 2
(BST2), recently shown to be the antigen recognized by the pDC-
specific mAbs, 120G8 and mPDCA-1 (Blasius et al., 2006b).
Interestingly, pDC also express Ly49Q, a member of the lectin-
like Ly49 family of NK cell receptors specific for class | MHC
molecules. Ly49Q is not expressed on NK cells or T cells, but
is present on adult Gr-1* splenocytes and bone-marrow cells,
CD11b*Gr1* peripheral blood cells, and most peripheral pDC,
where it appears to be a differentiation marker (Kamogawa-
Schifter et al., 2005; Toyama-Sorimachi et al., 2004). In contrast
to mature pDC in the spleen and lymph nodes, developing
Ly49Q* and Ly49Q~ pDC subsets can be identified in the hone
marrow. Here, Ly49Q™ pDC are thought to represent precur-
sor cells and have a more limited ability to produce cytokines
in response to TLR stimulation (Omatsu et al., 2005; Toyama-
Sorimachi et al., 2005).

Unlike Ly49Q, most other Ly49 proteins are expressed on
NK, T, and NKT cells, except perhaps the divergent Ly49B,
which is expressed on macrophages (Gays et al., 2006). All
known ligands of the mouse inhibitory Ly49 receptors are
class Ia MHC molecules (Anderson et al., 2001), while cer-
tain rat Ly49 receptors have been shown to recognize class Ib
MHC ligands (Naper et al., 2005). Ly49 genes and alleles show
great variation among different inbred mouse strains, unlike
the more limited diversity observed for adjacent lectin-related
multi-gene clusters, such as the Nkrpl/Clr loci {Carlyle et al.,
2006). The three sequenced mouse Ly49 haplotypes, 12956, B6,
and BALB/c, possess 19, 15, and 8 Ly49 genes, respectively
(Anderson et al., 2005). However, despite such variation, Ly49g
is present in all three haplotypes. Ly49q represents one part of
three independent pairs of framework genes (Ly49a and g, ¢ and
i, and e and g), which are conserved among the known mouse
Ly49 haplotypes (Proteau et al., 2004). The single character-
ized rat Ly49 haplotype (BN/SsNHsd/MCW) contains a total
of 36 Ly49 genes, including a cluster of Ly49g-related genes
(Hao and Nei, 2004; Nylenna et al., 2005; Wilhelm and Mager,
2004). Whether rat Ly49g-related genes are also expressed in
pDC is unknown. In the mouse, Ly49q is extremely well con-
served in comparison to the other known Ly49 genes, which
are allelically diverse. In terms of relatedness to other Ly49
genes, Ly49q and Ly49b are the most divergent Ly49 family
members and are phylogenetically grouped in their own sub-
families by sequence alignment analysis (Makrigiannis et al.,
2005). .

Despite this divergence, Ly49Q contains an ITIM in its cyto-
plasmic domain, predicting it to be an inhibitory receptor by
analogy to Ly49 expressed on NK celis. Consistent with this,
co-immunoprecipitation experiments have shown that Ly49Q
can associate with SHP-1 and SHP-2 (Toyama-Sorimachi et
al., 2004). Interestingly, Ly49Q ligation of IFN-y-treated RAW
macrophage-like cells with plate-bound anti-Ly49Q mAb results
in cell adherence and elongation, suggesting that Ly49Q may

have some stimulatory function. As the identity of the cognate
ligand recognized by Ly49Q is unknown, the role of Ly49Q in
regulating pDC function has remained elusive to date.

In this study, we utilize a modification of the BWZ reporter
cell assay (Carlyle et al., 2004, 2006; Sanderson and Shastri,
1994) to investigate the expression of potential Ly49Q ligands.
A series of experiments determined that various C37BL/6 (B6)
and 129-derived tumor lines as well as ex vivo cell populations
express a ligand for Ly49Q. Moreover, ligand expression was
found to be peptide- and 8ym-dependent, and absent on cells
derived from H-2K°DP double-deficient mice. Identification of
H-2K® as a ligand for the Ly49Q receptor suggests that classical
MHC Ia molecules regulate the function of pDC, in addition to
NK and T cells.

2. Materials and methods
2.1. Mice

CSTBL/6J (B6), 129S1, 129X1, B6.129P2-B2m'™IUncjy
(f2m-KO), and B6.129S2-Tap1”"“’1’/1 (TAP-KO) were pur-
chased from Jackson Laboratories (Bar Harbour, Maine).
H-2Kb™ H.2Dp™! (KbDb-KO) mice on a B6 background were
purchased from Taconic (Hudson, NY). C3H (Dr. Q. Zhu), A/J
(Dr. C. Deschepper), and FVB (Dr. A. Veillette) mice were all
kind gifts of colleagues from the IRCM (Montréal, Que.). Mice
were maintained and bred in the IRCM specific-pathogen free
animal facilities.

2.2. Cells

BWZ.36 cells were obtained from Dr. N. Shastri (Univer-
sity of California, Berkeley, CA). B16 (melanoma, H-2b), RMA
(thymoma, H-2%), RMA-S (MHC-dcficicnt variant of RMA),
YAC-1 (lymphoblast, H-22), BW5147 (thymoma, H-2¥) and
A20 (B lymphoma, H-29) were generously provided by Dr.
A. Veillette (IRCM). P81S (mastocytoma, H-29), EL-4 (thy-
moma, H-2b), 1.929 (fibroblast, H—2k), RAW309 (macrophage,
H-2%%)_ and NIH/3T3 (fibroblast, H-29) were obtained from
Dr. Stephen Anderson (SAIC-Frederick, MD). RMA-S-CD1dt
was a kind gift of Dr. Kevin Kane (University of Alberta,
Edmonton, AB). C1498 (acute myeloid leukemia, H-2%) was
obtained from Dr. James Ryan (University of California, CA)
and MC57G (fibrosarcoma, H-Zb) was obtained from Dr. W-
K. Suh (IRCM). DC2.4 (dendritic cell, H-2®) was a kind
gift of Dr. K. Rock (Dana-Farber Cancer Institute, Boston,
MA). T2 (human T-B lymphoblast hybrid) cells and the QalP-
transfected T2g37 (T2-Qal®) subline were a kind gift of Dr. M.
Soloski (Johns Hopkins University School of Medicine, Bal-
timore, MD). The B78H1TAP (B16 melanoma-derived, H-2%)
parental (TAP) and Q9TAP.13 Q9-expressing subline (TAP-Q9)
were generously provided by Dr. 1. Stroynowski (University of
Texas Southwestern Medical Center, Dallas, TX). DC were iso-
lated from collagenase (Roche Diagnostics, Laval, Que.) treated
splenocytes using anti-CD11c-conjugated microbeads (Miltenyi
Biotec, Auburn, CA). Peritoneal exudate cells were isolated by
PBS lavage.
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2.3. Antibodies, MHC-reagents, and flow cytometry

Anti-Ly49Q mAb 2E6 was purchased from MBL (Japan)
and biotinylated using a kit (Roche). Anti-Ly49Q mAb NS-
34 was previously described (Toyama-Sorimachi et al., 2004).
The H-2KY:Ig and H-2DP:Ig fusion proteins were purchased
from BD Biosciences (Toronto, Ont.). H-2K:Ig was incubated
overnight in the presence of four molar excess of ovalbumin
SIINFEKL peptide (a kind gift Dr. A. Veillette, IRCM) in
PBS at 37°C. H-2DP:Ig was similarly prepared with LCMV
gp33 peptide KAVYNFATM (Sigma, Oakville, Ont.). Anti-
body or fusion protein coating of flat-bottom 96-well plates
was performed in PBS at the indicated concentrations for
90 min followed by several PBS washes. FITC-conjugated
affinity purificd donkcy anti-human IpG (H+L) (Jackson
Lab., West Grove, PA) was used as a secondary antibody to
reveal Ly49Q-Ig. All staining reactions included 20% nor-
mal rat serum and 10 pg/ml of 2.4G2 (anti-CD16/32) mAb
for blocking non-specific binding. PE-conjugated H-2KP/OVA
tetramer contains human $2m and was purchased from Beckman
Coulter (Fullerton, CA). Flow cytometry and analysis was per-
formed using a FACsCalibur (BD Biosciences, Mountain View,
CA).

2.4. Construction of the CD3l/NKR-P1B/Ly49Q chimeric
receptor and BWZ assay

A pMSCV2.2-CMV-IRES-GFP (pMCIG) retroviral vector
was modified to include the intracellular region of CD3{ and the
membrane proximal and transmembrane regions of NKR-P1B,
as previously described (Carlyle et al., 2006). The extracellu-
lar domains of Ly49QBALB and Ly49QB® were amplified (rom
splenocyte ¢cDNA using primers Q-EC-Xho-for, CTC GAG
AAC ATT TTG CAG TAT AAG CAA G and Q-EC-Not-rev,
GCG GCC GC TTA ACT GTT GTT GGG GAG CG (restric-
tion sites are underlined). PCR products were TOPO TA-cloned
into pCR2.1 (Invitrogen Life Technologies), cut with Xhol and
Notl, and then ligated in-frame adjacent to the CD3{/NKRP1B
cassette. BWZ.36 cells were transduced with retroviral super-
natants (24-48 h) from transient triple-transfected 293T cells, as
described previously (Carlyle et al., 2004), then sorted at days
3-4 following transduction. Stable BWZ transductants were
analyzed using plate-bound mAb or cell mixtures, as previously
described (Carlyle et al., 2004).

2.5. Preparation of Ly49Q-human IgG| fusion protein

The CD5 leader-IgG; vector, kindly provided by Dr. B. Seed
(Dept. of Molecular Biology, Massachusetts General Hospital,
Boston, MA), was employed for the production of a Ly49QB®
protein fused to the human IgG; constant region. A stop codon
at the 3’ end of the CDS5 leader-IgG1 cassette was replaced
with an EcoRI-cloning site by PCR-based mutagenesis. The
extracellular region of Ly49QPB® was amplified by PCR using
EcoRI-containing primers, digested with EcoRlI, and ligated into
the CDS leader-IgG; vector at the 3’ end of the IgG; sequence.
Ly49Q-Ig chimeras were collected as serum-free supernatants of

CHO wransfectants, and used after concentrating using ultrafilter
membranes.

3. Results
3.1. Construction of a Ly49Q-ligand reporter cell assay

To elucidate the expression of a cognate ligand for Ly49Q),
we employed a modification of the BWZ colorimetric reporter
cell assay (Carlyle et al., 2004, 2006; Sanderson and Shastri,
1994). BWZ.36 cells containing a lacZ transgene under the con-
trol of an NFAT-inducible promoter (Sanderson and Shastri,
1994) were stably transduced to express a chimeric protein
consisting of the CD3{ cytoplasmic tail and NKR-P1B CxCP-
motif/transmembrane region (Carlyle et al., 2004; Carlyle et
al, 2006), and the extracellular domain of Ly49QBALB or
Ly49QB®. Ly49QB® and Ly49QBALB are allelic variants that
differ at four and two amino acid substitutions in the stalk
and lectin-like domains, respectively (Proteau et al., 2004).
Expression of the CD3{/NKR-P1B/Ly49Q fusion receptor was
monitored using GFP fluorescence (driven by an IRES-GFP
element in the retroviral cassette) (Carlyle et al., 2006). To
ensure that the fusion receptor was expressed on the sur-
face of BWZ.36 transductants and that proper folding had
taken place, CD3{/NKR-P1B/Ly49Q-transduced BWZ.36 cells
(hereafter referred to as BWZ.Ly49Q) were stained with the
anti-Ly49Q mAb, NS-34. Flow cytometric analysis of sorted
BWZ.Ly49QBALB and BWZ.Ly49QBS transductants revealed
that both cell lines expressed the fusion protein at the cell surface
(Fig. 1A). While high surface levels of the fusion receptors were
difficult to attain, both cell lines expressed similar but low lev-
els of GFP (Fig. 1A). Notably, this low level of fusion-receptor
and IRES-GFP expression has been observed before, and may
be related to co-expression of a low-level or weak Ly49Q lig-
and on the parental BWZ cells themselves (JRC, unpublished
observations).

To test if the reporter cell assay was functioning prop-
erly, parental BWZ.36, BWZ.Ly49QBALB, or BWZ.Ly4‘9QB6
cells were seeded in wells that had been pre-coated at vari-
ous concentrations with anti-Ly49Q mAb or an isotype control
mAb. BWZ.36 parental cells showed only background B-
galactosidase enzyme activity after incubation with anti-Ly49Q
mAD (Fig. 1B). In contrast, strong B-galactosidase activity was
observed using BWZ.Ly49QBALB or BWZ.Ly49QB% reporter
cells in response to plate-bound anti-Ly49Q mAb. Importantly,
only background activity was seen for all cell lines in response
to plate-bound isotype control mAb. These results demonstrate
that the Ly49Q fusion receptor is folded correctly and that the
BWZ.Ly49Q reporter cells are specifically stimulated by mAb-
mediated receptor ligation.

3.2. Identification of Ly49Q-ligand bearing tumor cells

An unbiased screening of a panel of tumor and transformed
cell Lines for BWZ.Ly49Q cell stimulation was undertaken.
Notably, BWZ.Ly49QPBALB but not control BWZ.36 cells were
stimulated with RAW, EL-4, DC2.4, C1498, and MC57G cells
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Fig. 1. Ly49Q-CD3{ fusion receptor-bearing BWZ cells are stimulated by
Ly49Q cross-linking. (A) BWZ.36 parental cells or transductants expressing
a chimeric protein (introduced by a retrovirus containing IRES-GFP) with the
extracellular domain of either B6 or BALB/c Ly49Q proteins were stained with
anti-Ly49Q mAb and analyzed by flow cytomelry. Both unti-Ly49Q (NS-34)
staining (left column) and GFP expression (right column) are shown for parental
and transduced cells. (B) BWZ.36 parental cells and Ly49Q-CD3{ transduc-
tants were seeded in wells pre-coated with various concentrations of anti-Ly49Q
(2E6) mADb or isotype (iso) control antibodies. After overnight incubation, lacZ
production was revealed by addition of CPRG substrate and optical density mea-
surements at the indicated wavelengths. LacZ production capability by BWZ
cells is shown by PMA/ionomycin (P/T) treatment.

2641

(Fig. 2A). The prevalence among the stimulating tumor cells
lines of the H-2® haplotype suggested that this haplotype con-
tains a ligand for Ly49Q. Similar results were observed for
the BWZ.Ly49QB® reporter cells, although the responses were
significantly weaker (data not shown). This may be due o
weaker receptor-ligand interactions for BWZ.Ly49QPB6 relative
to BWZ.Ly49QBALB celis (Fig. 1A).

An early hypothesis was that the ligand for the relatively
divergent and pDC-specific Ly49Q receptor might be a class Ib
MHC, as is the case with the rat Ly49i5 and Ly49s5 recep-
tors (Naper et al., 2005). To test this hypothesis, a panel of
cell lines expressing some of the well-characterized class Ib
MHC molecules was tested for BWZ.Ly49QPALB reporter cell
stimulation (Fig. 2B). The class Jb MHC panel tested included
CD1dl1, Qal®, H2-Q9, and H2-BI (also known as blastocyst
MHC). Although the known class Ib repertoire is much larger,
none of these class Ib MHC molecules was able to stimu-
late the BWZ.Ly49QPALB reporter cells when expressed on
the surface of various tumor cell lines (Fig. 2B). In contrast,
BWZ.Ly49QBALB reporter cells were stimulated by RMA (H-
2b), but not RMA-S or B16 tumor cells (Fig. 2B). B16 has
very low levels of surface MHC. Similarly, RMA-S is a Tap2-
deticient subline of the RMA parental cell line that lacks surface
expression of MHC Ia molecules due to an inability to transport
antigenic peptides into the ER during MHC 1 biogenesis (Powis
et al., 1991). Together, these findings indicated that 1.y49Q may
recognize a H-2® MHC Ia-like ligand.

3.3. The Ly49Q ligand is class Ia MHC-dependent

To test whether the ligand engaging Ly49Q was also
expressed on normal H-2P-derived cells ex vivo, the reporter cell
assay was used to analyze various B6-derived leukocyte pop-
ulations directly, including peritoneal cells, splenocytes, bone
marrow cells, thymocytes, mesenteric and popliteal lymph node
cells. Strong BWZ.Ly49QPBALB stimulation was observed with
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Fig. 2. H-2" tumor cells stimulate BWZ.Ly49Q reporter cells. BWZ.36 parental or BWZ.Ly49QBALB cejls were co-incubated with various indicated (A) tumor lines
and (B) class Ib MHC-transfected sublines at a 1:1 ratio overnight followed by addition of CPRG substrate. The H-2 haplotype is indicated in parentheses in (A).

Data representative of three independent experiments is shown.
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Fig. 3. H-2P-derived DC stimulate BWZ.Ly49Q in a class [a MHC-dependent manner. (A) Single cell suspensions were prepared from the indicated tissues of
B6 mice and incubated with BWZ.Ly49QPALB reporter cells followed by addition of CPRG substrate (left panel). DC were isolated using anti-CD11c microbeads
and incubated with BWZ cells in the presence of 2E6 (anti-Ly49Q) or isotype-matched control mAb (right panel). THY: thymus; BM: bone marrow; SP: spieen;
PEC: peritoneal exudate cells; MLN: mesenteric lymph nodes; PLN: popliteal lymph nodes; Coll. SP: collagenase-treated spleen. (B) CD11c* DC isolated from the
indicated inbred and gene-knockout mouse strains were co-incubated with BWZ reporter cells overnight followed by addition of CPRG substrate. The H-2 haplotype
of the inbred strains is indicated in parentheses. (C) Flt3L-cultured (left column) or GM-CSF-cultured (right column) bone-marrow DC from B6 or BZm"’ mice
were treated with [FN-a and then stained with a soluble Ly49Q-Ig fusion protein. Surface binding of CD11b*CD11c* gated cells was anatyzed by flow cytometry
and are shown as histograms. Thick black line: soluble Ly49Q); thick gray line: human IgG (control); thin black line, secondary antibody alone. Data representative

of three independent experiments is shown.

fresh peritoneal exudate cells (PEC), all of which were CD11b%
by flow cytomctry (Fig. 3A, left panel and data not shown).
Interestingly, collagenase-treated splenocytes also weakly stim-
ulated BWZ.Ly49QBALB cells compared to splenocytes isolated
without the use of collagenase, suggesting the ligand may be
expressed at higher levels on a stromal cell type.

As DC are readily liberated from tissues by collagenase
treatment, these cells were tested directly. B6-derived CD11c*
splenocytes were isolated by positive selection and incubated
with BWZ.Ly49QBALB celis. Strikingly, a rapid and strong stim-
ulation was observed (Fig. 3A, left panel). BWZ.Ly49QPB® were
also specifically stimulated by DC, albeit more weakly (data not
shown). Furthermore, stimulation of reporter cells by DC could
be blocked by addition of anti-Ly49Q mAb, but not isotype-
matched control mAb, demonstrating the receptor specificity
of the stimulation (Fig. 3A, right panel). Thus, in addition to
several H-2® tumor cell lines, a ligand for Ly49Q is expressed
on B6-derived DC and PEC ex vivo. Notably, these populations
are known to express high levels of both MHC and adhesion

molecules, further highlighting their utility in the reporter cell
assay. Therefore, DC were used in subsequent experiments as
a source of ligand-bearing cells, due to their high stimulation
index and ease of isolation.

The haplotype specificity of Ly49Q recognition was next
tested by isolating DC from different inbred mouse strains and
testing their ability to stimulate BWZ.Ly49Q cells. DC from
B6 (H-2%), 129X1 (H-2™), and 12951 (H-2*), but not FVB
(H-29), BALB/c (H-2%), A/J (H-22), or C3H (H-2¥) mice were
able to stimulate BWZ.Ly49QBALB reporter cells (Fig. 3B).
The class Ia MHC (H-2K and H-2D) of B6 and the 129-group
strains are identical, while the class Ib MHC regions have sig-
nificant differences in gene content (Kumanovics et al., 2002).
To directly test whether an MHC I molecule is a ligand for
Ly49Q, DC were isolated from both 8;m-deficient and TAP-1-
deficient mice of the H-2® haplotype and used in the reporter
cell assay. Neither of these MHC I-deficient DC were able
to stimulate BWZ.Ly49QBALB (Fig. 3B). Furthermore, a low
but detectable binding of a soluble Ly49Q-Ig fusion protein to
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Fig. 4. H-2K®, but not H-2DP, is a ligand for Ly49Q. (A) BWZ.36 parental, BWZ.Ly49Q5%, and BWZ.Ly49QBAL8 reporter cells were seeded onto wells that had
been pre-coated with peptide-bearing or peptide-receptive H-2K?:1g or H-2DV:Ig fusion proteins, or wells pre-coated with control mAb matched to the isotype of
the MHC fusion protein (mouse IgGy). (B) BWZ reporter cells were incubated with B6-derived DC in the presence of blocking anti-H-2KP, anti-H-2DP, or control
mAbs. Analysis was performed as described in Fig. 1. Data representative of three independent experiments is shown.

B6 bone-marrow-derived DC was observed by flow cytometry
(Fig. 3C). Importantly, the binding of the soluble Ly49Q pro-
tein was not observed when Bam-deficient DC were analyzed
(Fig. 3C). While not all MHC I-related proteins require TAP-1/2
or [3om for cell surface expression, these data strongly suggest
that the ligand for Ly49Q is MHC I-like.

To directly test class la MHC molecules as candidate lig-
ands, BWZ.Ly49QBALB cells were incubated with DC from
H-2K®DP doubhle-deficient mice. H-2K®DP-deficient DC failed
to stimulate BWZ.Ly49QBALB ceils, despite having mostly nor-
mal expression of class Ib MHC (Fig. 3B). Thus, the candidate
ligand for Ly49Q is likely a class la MHC, and the DC-expressed
ligand must either be H-2KP, H-2DP, or an MHC Ib molecule
dependent on MHC Ia expression. Notably, Qal® molecules
present the Qdm leader peptide derived from the H-2DP class
Ia MHC; however, Qalb was formally ruled out using stably
transfected cells (Fig. 2B).

3.4. H-2K" is a ligand for Ly49Q

To directly test H-2K® and H-2DP for Ly49Q binding, solu-
ble mouse IgG fusions of hoth MHC proteins (hearing specific
peptides) were used to coat wells onto which BWZ.Ly49Q
cells were seeded. Following incubation, strong stimulation of
both BWZ.Ly49QBALB and BWZ.Ly49QB® was detected in H-
2K":Ig-coated wells (Fig. 4A). The stimulation was similar to
that seen with anti-Ly49Q mAb-coated wells and only slightly
less robust than that induced by PMA/ionomycin treatment.
Importantly, no stimulation was seen in wells coated with H-
2DP:Ig or control isotype Ig (mAb). Thus, H-2K" binds directly
to Ly49Q.

Other Ly49 receptors have been shown to bind H-2K®, includ-
ing Lyd49CB6, CBALB 1B6 1129 and V129 (Hanke et al., 1999;
Makrigiannis et al., 2001). Interestingly, evidence has been pre-

viously presented that Ly49C is in fact a receptor for empty or
“peptide-receptive” H-2KP (Su et al., 1999). To test the peptide-
dependence of Ly49Q recognition, the H-2K":1g fusion protein
was used to coat wells in the absence of added peptide. Nei-
ther BWZ.Ly49QBALB nor BWZ.Ly49QPB6 cells were stimulated
with H-2KP lacking peptide (Fig. 4A). This suggests that recog-
nition of H-2K?® by Ly49Q is dependent on the presence of bound
peptide.

As independent confirmation of 1.y49Q specificity, antibody-
mediated blocking of reporter cell stimulation was also
performed. As expected, addition of anti-H-2K® but not anti-
H-2DP or isotype control mAb to DC co-cultures inhibited
BWZ.Ly49Q stimulation (Fig. 4B). Ly49Q specificity was
subjected to further testing using YB2/0-derived transfectants
expressing various alternate alleles. No specific stimulation
was observed for YB-DP, YB-DY, YB-KX, or YB-L9 (data not
shown). Thus, Ly49Q appears to be H-2KP-spccific, unlike
T.y49C and V, which show affinity for multiple MHC alleles
in addition to H-2KP® (Hanke et al., 1999; Makrigiannis et al.,
2001). Thus, H-2KP, but not H-2Db, is a ligand for the BALB/c
and B6 alleles of Ly49Q.

In order to independently confirm the results of the BWZ
assay, binding of H-2KP to real pDC was evaluated. Splenic pDC
were isolated using anti-mPDCA1 microbeads and then stained
with soluble PE-labeled H-2KP tetramer. Significant binding
of the MHC tetramer was observed by pDC (Fig. SA). Con-
taminating lymphocytes served as an internal control and were
not stained by H-2KP tetramer. Interestingly, pDC from KbDPb-
deficient mice bound higher levels of H-2KP tetramer suggesting
that, similar to other Ly49 (Doucey et al., 2004), Ly49Q) interacts
with its ligand in cis. H-2K® tetramer binds to Ly49Q on pDC,
and this can be blocked by pre-incubating pDC with anti-Ly49Q
mAb but not control mAb (Fig. 5B). Thus, H-2KP binding by
Ly49Q is confirmed independently ol the BWZ assay.
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Fig. 5. Soluble H-2K® binding to pDC is Ly49Q-dependent. (A) Splenic pDC were isolated using anti-mPDCA microbeads from wildtype or KPDP-deficient mice
and stained with soluble PE-H-2K? tetramer bearing OVA peptide. Cells were gated to include pDC and lymphocytes. The MFI of pDC only is indicated. (B) Splenic
pDC from KPDP-deficient mice were pre-incubated with anti-Ly49Q mAb or isotype control and then stained with PE-H-2KY/OVA tetramer. Cells were gated to
include pDC and lymphocytes. The percentage of cells in each quadrant is indicated.

4, Discussion

Class IaMHC ligands have been identified for most inhibitory
or ITIM-containing members of the Ly49 family of NK cell
receptors. This study presents evidence that the ligand of the
divergent pDC-expressed Ly49Q protein is also class Ja MHC,
specifically H-2KP. The expression of Ly49Q on pDC, but not
NK cells, sets Ly49Q apart from the other inhibitory Ly49, but
pDC and NK cells have related functional characteristics. Plas-
macytoid DC and NK cells express receptors such as TLR9
and Ly49H, respectively, that are directly capable of detecting
viral infection. NK cells are also potently activated by IFN-
a, a cytokine that pDC make in abundance. Thus, the roles
of pDC and NK cells are strongly intertwined and these two
cell types likely work in concert during anti-viral and perhaps
other innate immune responses. The finding that both cell types
are sensitive to the presence or absence of MHC supports this
hypothesis.

The finding that H-2K" is a ligand for Ly49Q was somewhat
unexpected, given that fresh ex vivo T and B cells contained in
the primary and secondary lymphoid tissue suspensions express
H-2KP, but did not significantly stimulate the BWZ.Ly49Q cells
(Fig. 3A). One possibility for this apparent paradox is variation
in the level of H-2KP expression, as well as adhesion molecule
levels, on stimulating versus non-stimulating cell types. Flow
cytometric analysis reveals that H-2K®, but not H-2DP, sur-
face expression is indeed higher on B6-derived DC (MFI =487)
compared to whole splenocytes (MFI=381; unpublished obser-
vations). In addition, DC (and PEC) possess greater levels of
adhesion and costimulatory molecules than resting lympho-

cytes, which combined with ‘a high surface level of H-2K®
may overcome a threshold requirement for BWZ cell stimu-
lation. Nonetheless additional cellular signals are not required
to induce BWZ stimulation via the CD3{ fusion receptor, as sup-
ported by the cell-free stimulation using plate-bound anti-Ly49Q
mAb or KP:Ig fusion protein. Furthermore, the stimulation of
BWZ.Ly49Q by EL-4 and RMA (T cell), C1498 (leukemia),
and MC57G (tibrosarcoma) tumor lines may again be (acili-
tated by increased levels of adhesion molecules as well as greatly
increased cell surface area. Thus, freshly isolated lymphocytes
are smaller than DC and PEC cells, and much smaller than BWZ
reporter cells and the stimulating tumor cells tested. Finally, as
noted previously, the inability to achieve high level expression
of the fusion-receptor and IRES-GFP cassette in BWZ.Ly49Q
transductants (Fig. 1A) has been observed before, and may be
due to co-expression on the parental BWZ cells themselves of a
low-level or weak Ly49Q ligand. Thus, chronic basal stimulation
(in cis orin trans) of the BWZ reporter cells in isolation can result
in reporter cell death (loss of Ly49Q"i/GFPhi transductants),
as well as an increased threshold requirement for stimulation
(JRC, unpublished observations). The higher binding of H-2K?
tetramer by pDC of KPDP-deficient mice relative to wildtype
pDC supports cis interactions of Ly49Q and H-2K" (Fig. 5A)
(Doucey et al., 2004).

Related to the above, our inability to detect significant
BWZ.Ly49Q stimulation with other H-2K alleles and indeed
other H-2 haplotypes by no means indicates that alternative,
weaker ligands do not exist. In contrast, as BWZ cells are of the
non-stimulating H-2¥ haplotype, low endogenous levels of H-2k
or weak Ly49Q:H-2¥ interactions may actually set the threshold
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for detection of receptor—ligand interactions. In other words, it is
possible that there is a ligand for Ly49QBALB in BALB/c mice,
but that the affinity of the interaction is below the threshold of
detection in this assay. This is supported by the apparent weaker
stimulation of BWZ-Ly49QB6 compared to BWZ-Ly49QBALB
by DC and tumour cells, while both were equally stimulated
by plate-bound H-2KP:Ig (Fig. 4A). Alternatively, an allele of
Ly49Q that recognizes BALB/c MHC may exist, but in non-
BALB/c mice. Thus, the apparent absence of an MHC ligand for
Ly49Q in BALB/c mice (H-29 haplotype) may represent an arti-
ficial circumstance related to the derivation of man-made inbred
mouse strains. At present, we cannot exclude these possibilities;
however, with knowledge of H-2K® as a high-affinity ligand for
Ly49Q, future analysis of potential weak interactions may be
facilitated using high-avidity reagents such as MHC tetramers
or multimers.

Importantly, both the BALB/c and B6 alleles of Ly49Q
directly recognized H-2K® (Figs. 4A and 5B). However,
BALB/c-derived DC did not stimulate Ly49QBALB -expressing
BWZ cells. Therefore, notwithstanding the above, it would
appear that the Ly49Q allele in BALB/c mice may either rec-
ognize a weak self ligand or have no self ligand at all. This
would not be unique to Ly49Q, as this is also the case for other
inhibitory Ly49 receptors. For example, Ly49ABS, 1y490129,
and Ly49GB® can bind H-2D9, but have no known ligands in
B6 or 129 mice (Hanke et al., 1999; Makrigiannis et al., 2001).
Nonetheless, this may not be a detrimental situation with respect
to NK cell function, since there are usually other inhibitory
receptors that recognize self MHC; however, pDC appear to
have only a single MHC-specific receptor, Ly49Q.

‘What is the role for an inhibitory MHC-specific receptor on
pDC? Such receptors on NK cells are hypothesized to mediate
“missing-self” recognition of pathological MHC-deficient host
cells during viral infections or cellular transformation. Inhibitory
receptors for classical MHC have recently been suggested to also
mediate the ‘licensing’ or ‘disarming’ of developing NK cells in
their acquisition of self-tolerance maturation signals (Fernandez
et al., 2005; Kim et al., 2005). Essentially, the expression of
self-MHC-specific inhibitory 1.y49 receptors permits the func-
tional maturation of NK cells that would otherwise be rendered
hyporesponsive or ‘anergic’ due to low-level chronic engage-
ment of stimulatory receptors such as NKG2D, NKR-P1A/C/F,
or Ly49D/H. These self-tolerant mature NK cells are better able
to mediate cytotoxicity and cytokine production in response to
imbalances in self-non-self discrimination stimuli. By analogy,
therefore, it is conceivable that Ly49Q may be responsible for
similar functions in the functional maturation of pDC. If this is
the case, then why would pDC express only a single tolerizing
receptor instead of multiple inhibitory receptors like NK cells?
One might hypothesize that Ly49Q might function as a pan-
specific MHC receplor, like Ly49C or Ly49V, thereby obviating
the need for multiple allele-specific receptors. While the data
presented herein do not support this hypothesis, more sensitive
methods for the detection of low affinity interactions need to be
applied before making any final conclusions.

Recent reports suggesting that ITAM signaling is actually
inhibitory in- nature in myeloid lineage cells, including pDC,

also need to be taken into consideration when assigning a role for
the ITIM-containing Ly49Q receptor. Like the coexpression of
Ly49Q and H-2K" on pDC, the DAP12-coupled TREM2 recep-
tor is expressed on macrophages along with an unknown ligand.
The loss of either TREM2 or DAP12 results in macrophages that
are hyperresponsive to TLR stimulation and secrete higher than
normal amounts of TNF-a (Hamerman et al., 2006). Analogous
findings have been reported for pDC. Specifically, the DAP12-
coupled Siglec-H and Nkp44 receptors have inhibitory effects
on pDC, resulting in suppression of type I interferon secretion
(Blasius et al., 2006a; Fuchs et al., 2005). Normalily, ITIM-
mediated signals are dominant over [ITAM-dependent pathways,
yet whether the Ly49Q interaction with MHC results in sup-
pression of stimulatory or inhibitory signals in pDC needs to be
explored. Thus, the role of Ly49Q on pDC might be to facili-
tate the activation, rather than inhibition, of the innate immune
system.
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