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ABSTRACT Crosslinking of immunoreceptor tyrosine-
based activation motif (ITAM)-containing receptor complexes
on a variety of cells leads to their activation through the
sequential triggering of protein tyrosine kinases. Recently,
DAPI12 has been identified as an ITAM-bearing signaling
molecule that is noncovalently associated with activating
isoforms of MHC class I receptors on natural Killer cells. In
addition to natural Killer cells, DAP12 is expressed in periph-
eral blood monocytes, macrophages, and dendritic cells, sug-
gesting association with other receptors present in these cell
types. In the present study, we report the molecular cloning of
the myeloid DAP12-associating lectin-1 (MDL-1), a DAP12-
associating membrane receptor expressed exclusively in
monocytes and macrophages. MDL-1 is a type II transmem-
brane protein belonging to the C type lectin superfamily and
contains a charged residue in the transmembrane region that
enables it to pair with DAP12. Crosslinking of MDL-1/DAP12
complexes in J774 mouse macrophage cells resulted in calcium
mobilization. These findings suggest that signaling via MDL-
1/DAP12 complexes may constitute a significant activation
pathway in myeloid cells.

Crosslinking of immune receptors, such as the B or T cell
receptor (BCR or TCR) or Fc receptors, on a variety of cells
leads to their activation through the sequential activation of
protein tyrosine kinases (PTKs) (1). These receptor complexes
have in common that ligand binding and signal transduction
occur in distinct receptor subunits. In their signal-transducing
subunits (e.g., CD3 in the TCR), these complexes contain one
or more immunoreceptor tyrosine-based activation motifs
(ITAMs). Upon engagement of the ligand-binding subunit, the
cytoplasmic ITAMs in the signaling subunits are tyrosine-
phosphorylated by src-family PTKs. This leads to the recruit-
ment of syk-family PTKs, which, in turn, triggers a cascade of
intracellular phosphorylation that results in cellular activation.

A number of receptor complexes that recognize MHC class
I molecules have been identified on natural killer (NK) cells
(2-5). Although many of these receptors possess immunore-
ceptor tyrosine-based inhibition motifs (ITIMs) that recruit
protein tyrosine phosphatases and inhibit NK cell activation,
several of these MHC class I receptors lack intrinsic signaling
sequences. These receptors express a charged residue in their
transmembrane domain, suggesting the association with an
adapter molecule that is capable of signaling. Recently, we
identified DAP12, a type I glycoprotein containing an ITAM
(6). DAP12 is expressed at the cell surface of NK cells
noncovalently associated with the human KIR2DS receptor for
HLA-C (6, 7), the mouse Ly49D and Ly49H receptors (8, 9),
and the human heterodimer CD94 /NKG2C receptor complex
recognizing HLA-E (10).
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In addition to NK cells, DAP12 is expressed in peripheral
blood granulocytes, monocytes, and dendritic cells, suggesting
association with other receptors present in these cell types. In
the present study, we report the cloning of myeloid DAP12-
associating lectin-1 (MDL-1), a DAP12-associating molecule
expressed exclusively in monocytes and macrophages. Signal-
ing via MDL-1/DAP12 complexes may constitute a significant
activation pathway in myeloid cells.

MATERIALS AND METHODS

Transfectants. A cDNA containing the CDS8-leader seg-
ment, followed by the FLAG peptide epitope (DYKDDDDK)
and joined to the extracellular, transmembrane and cytoplas-
mic regions of mouse DAP12, was subcloned into pREP10
(Invitrogen). This construct was used to transfect 293T cells.
Using flow cytometry, 293T FLAG-DAP12 cells were selected
that were devoid of cell surface DAPI12 expression, but
uniformly expressed FLAG-DAPI12 in the cytoplasm. 293T
cells expressing human FLAG-FceRIy intracellularly were
generated in the same manner.

A chimeric cDNA containing the intracellular, transmem-
brane, and stalk regions of human MDL-1 and the extracellular
lectin domain of human CD69 (MDL-1/CD69) was con-
structed, sequenced, and subcloned into the pMX-neo retro-
viral vector (11). A control cDNA was generated that encoded
an identical chimeric protein in which the charged lysine in the
transmembrane region of MDL-1 was replaced for an isoleu-
cine residue (MDL-1/CD69 TM K — I). J774 transfectants
stably expressing MDL-1/CD69 at the cell surface were gen-
erated as described (11).

Expression Cloning. A cDNA library from the mouse J774
macrophage cell line in the pJEF14 vector (12) was kindly
provided by K. Moore (DNAX). cDNA cloning by transient
expression in 293T FLAG-DAPI12 cells was performed as
described (13, 14), with minor modifications. We screened for
cDNA-encoded proteins that were able to pair with DAP12,
resulting in the translocation of DAP12 from the cytoplasm to
the cell surface. Cell surface-expressed FLAG-DAP12 was
visualized by using the anti-FLAG M2 mAb (Kodak). To avoid
cloning Fc-receptor-encoding cDNAs, transiently transfected
293T FLAG-DAPI2 cells were stained first with FITC-
conjugated anti-CD16/32 2.4G2 mAb (PharMingen), subse-
quently with M2 mAD, followed by the biotinylated anti-mouse
IgGl A85-1 mAb (PharMingen) and streptavidin-phyco-
erythrin (PE) (Becton Dickinson). Single-positive transfected
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cells displaying bright PE fluorescence were collected for
retrieval of plasmid DNA. After three rounds of selection,
plasmid pools and, subsequently, single colonies were selected
that were able to induce DAP12 cell surface expression.

RNA and DNA Analyses. Northern and Southern blot
analyses were performed as described (15). cDNA was pre-
pared from 1 ug of total RNA by using AMV Reverse
Transcriptase (GIBCO) and oligo(dT) (Boehringer Mann-
heim) primers in a total volume of 25 ul. PCRs were per-
formed with 1 ul of cDNA by using AmpliTaq Gold polymer-
ase (Perkin—-Elmer) in the presence of 1.5 mM MgCl; in a
volume of 50 ul. For PCR analysis of human MDL-1 tran-
scripts, the following primers were used: sense, 5'-
CATCTGCAAGCAAGCCTATCC-3'; and antisense, 5'-
TGTGGTAATGAAGCCGTTGG-3'. PCR was performed
by using the program: 9 min at 94°, 30X (30 sec at 94°, 30 sec
at 56°, 45 sec at 72°), 10 min at 72°. The integrity of the cDNA
was assessed by PCR by using glyceraldehyde-3-phosphate
dehydrogenase primers under identical conditions.

The chromosomal localization of the MDL-1 gene was
determined by using a biotinylated MDL-1 probe for in situ
hybridization to metaphases from two normal males as de-
scribed (16).

Biochemistry. MDL-1/CD69- and MDL-1/CD69 TM K —
I-transfected J774 cells were solubilized in cold digitonin lysis
buffer as described (17). Immunoprecipitation with anti-CD69
Leu-23 mAb (Becton Dickinson) or control Ig and Western
blotting was performed as described (9). Immunoblots were
probed with affinity-purified rabbit anti-mouse DAP12 anti-
serum (generated by standard methods against mouse DAP12-
GST fusion proteins and DAP12 immunoprecipitates) or with
rabbit anti-FceRIy antiserum (generously provided by J.-P.
Kinet, Harvard University, Cambridge, MA), followed by
goat-anti-rabbit IgG-horseradish peroxidase (Jackson Immu-
noResearch).

Calcium Mobilization. J774 transfectants were loaded with
Indo-1 AM (Sigma) as described (18). After loading, the cells
were stained with saturating concentrations of the anti-
CD16/32 2.4G2 mAD on ice for 10 min to block nonspecific
Fc-mediated antibody binding and washed and analyzed on a
fluorometer as described (18). After acquisition of a baseline
for 75 sec, 10 ug of anti-H2-DY 34-5-8S mAb (PharMingen)
(used as a negative control) or anti-CD69 Leu-23 mAb fol-
lowed by 10 ug of F(ab'), rabbit-anti-mouse IgG (Fc-specific)
(Jackson ImmunoResearch) was added to the cells, and anal-
ysis was continued for up to 300 sec. After 250 sec, 2.5 ug of
ionomycin (Sigma) was added to assess Indo-1 AM loading of
the cells by depletion of intracellular calcium stores.

RESULTS

c¢DNA Cloning of MDL-1 by Using an Indirect Expression-
Cloning Method. To identify novel DAP12-associating mole-
cules expressed in myeloid cells, we used an indirect expres-
sion-cloning strategy. When expressed in the absence of
associating receptors, DAP12 largely remains located intra-
cellularly. However, upon introduction of an associating part-
ner, DAP12 complexes can be formed, resulting in the trans-
location of DAP12 to the cell surface (6). We exploited this
phenomenon by generating a 293T cell line stably expressing
N terminus FLAG-tagged mouse DAP12 in the cytoplasm, but
not at the cell surface. To examine whether this cell line could
be used for expression cloning of novel DAP12-associating
molecules, we transfected it with a mouse NK cell cDNA
library in an expression vector and sorted for cell surface
FLAG-positive 293T cells. Plasmid DNA was retrieved from
the sorted cells and was subjected to a second round of
transfection. After three rounds of selection, we obtained a
cDNA clone capable of rescuing DAP12 cell surface expres-
sion. This cDNA encoded Ly49H, a known partner of DAP12
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in mouse NK cells (8, 9) (data not shown). No irrelevant cDNA
clones were selected, demonstrating the selectivity of this
indirect expression-cloning approach.

To identify DAP12-associating partners in myeloid cells, we
transfected the 293T FLAG-DAPI12 cell line with a J774
macrophage cell line-derived cDNA expression library and
rescued plasmid DNA from transfected cells that expressed
DAPI12 at the cell surface. To avoid the cloning of Fc-receptor-
encoding cDNAs, a mAb against CD16/32 was used to stain
and exclude cells transfected with plasmids encoding these Ig
receptors. After three rounds of selection, two cDNA clones
were obtained of 733 and 856 bp that induced DAP12 cell
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Fic. 1. (A) Rescue of DAP12 cell surface expression on 293T
FLAG-DAP12 cells transfected with control plasmid or with pJEF14
vector containing mouse MDL-1 cDNA. (B) Nucleotide and predicted
amino acid sequence of mouse MDL-1. The sequence of the cDNA
encoding the short form of mouse MDL-1 is presented (GenBank
accession no. AF139769). The predicted transmembrane region is
underlined, with the charged lysine indicated in bold, and potential
N-linked glycosylation sites are depicted with an asterisk. (C) Align-
ment of the predicted protein sequences of the long form of mouse
MDL-1 (GenBank accession no. AA186015) and human MDL-1
(GenBank accession no. AF139768). The additional 25 aa in the stalk
region of the long form of mouse MDL-1 are underlined.
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Fi6. 2. MDL-1 gene and expression. (4) Total RNA of mouse cell
lines was analyzed for MDL-1 transcripts by using the short form of the
mouse MDL-1 cDNA as a probe. EL4, KKF1, and BW 5417 are cell lines
of T cell origin. P815 and BaF/3 are mastocytoma and pre-B cell lines,
respectively. MC1 and MC12 are mast cell lines, J774 is a macrophage cell
line, and RBL-2H3 is a rat basophilic leukemia. (/nset) Hybridization with
a B-actin probe is shown. (B) PCR amplification of cDNA prepared by
reverse transcription of RNA from healthy donor peripheral blood
leukocyte subpopulations or primary cultures thereof or from human cell
lines. U937, MM6, and THP-1 are cell lines of myeloid origin; TF-1 and
K562 are of erythroid/myeloid and erythroid origins, respectively. JY is
a B lymphoblastoid cell line, and Jurkat is a T cell leukemia cell line. NK92
and NKL are NK cell lines. Fibroblasts were derived from human foreskin
samples. Colo 205 is a colon carcinoma cell line. (C) MDL-1 Southern blot
analysis. Human genomic DNA was digested with the indicated enzymes
and probed with the human MDL-1 cDNA.

surface expression upon transfection in 293T FLAG-DAP12
cells (Fig. 14). Both clones were identical and differed only in
the length of their 5" untranslated regions. These cDNA had
an ORF encoding a 166-aa type II transmembrane protein
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(Fig. 1B). Examination of the 5’ untranslated nucleotide
sequence immediately upstream of the initiation codon re-
vealed a termination codon in the same reading frame that
would prevent translation from other potential upstream ini-
tiation codons. The predicted polypeptide has a short, intra-
cellular region of only 2 aa, a 23-aa transmembrane region, and
a l41-aa extracellular domain. The transmembrane region
contains a positively charged amino acid [lysine (K)], which
also is conserved in the activating MHC class I receptors,
KIR2DS, Ly49D/H, and NKG2C. The presence of several
characteristic structural motifs in the extracellular region
indicates that this protein is a member of the C type lectin
superfamily. Therefore, we named it MDL-1.

Database searching revealed a GenBank expressed se-
quence tag (EST) encoding a mouse MDL-1 isoform contain-
ing an additional 25 aa in the extracellular region proximal to
the transmembrane domain (Fig. 1C). As a result, this isoform
has an extended stalk region positioning the lectin domain
further from the cell membrane. In addition, it contains an
extra, putative N-linked glycosylation site. These isoforms
could be identified simultaneously in cDNA prepared from
mouse macrophage cell lines (data not shown), indicating that
they most likely result from alternative splicing. A similar
splicing pattern resulting in different stalk regions of C type
lectin proteins has been described for the NKG2A and NKG2B
receptors (19). An EST database at our institute contained the
full-length human homologue of MDL-1. Human MDL-1 has
69% identity at the amino acid level with the long isoform of
mouse MDL-1 (Fig. 1C).

Expression Pattern and Genomic Localization of MDL-1.
Northern blot analysis revealed MDL-1 transcripts of approx-
imately 1.8 kb in the mouse macrophage cell line J774, but not
in T cell lines, B cell lines, or mast cell lines (Fig. 24). PCR
analysis of a panel of human cDNAs revealed expression of
MDL-1 in normal peripheral blood monocytes and in the
monocyte/macrophage cell lines U937 and MonoMac6, but
not in cell lines of other origins (Fig. 2B). Interestingly, when
monocytes were differentiated toward dendritic cells by cul-
turing them in the presence of granulocyte/macrophage col-
ony-stimulating factor and IL-4, this resulted in a strong
down-regulation of MDL-1 transcripts (Fig. 2B). These results
indicate that MDL-1 is expressed predominantly in monocytes
and macrophages.
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F16. 3. MDL-1 selectively rescues DAP12 cell surface expression.
293T cells stably expressing FLAG-DAP12 or FLAG-FceRIy were
transiently transfected with plasmids encoding human CD16 and
human MDL-1, respectively. Cell surface expression of FLAG-DAP12
and FLAG-FceRIy was analyzed by flow cytometry by using the
anti-FLAG mAb M2.
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FiG. 4. MDL-1 associates noncovalently with DAP12 on the cell
surface. (4) Mouse J774 macrophage cells expressing MDL-1/CD69
or MDL-1/CD69 in which the transmembrane lysine was replaced by
an isoleucine (TM K — I) were analyzed by flow cytometry by using
isotype control or anti-CD69 mAb Leu-23. (B) J774 MDL-1/CD69
cells (WT) or J774 MDL-1/CD69 TM K — I cells (K — I) were lysed
and were immunoprecipitated with control Ig (cIg) or anti-CD69 mAb.
Immunoprecipitates were analyzed by SDS/PAGE under reducing
conditions, blotted, and probed with affinity-purified rabbit anti-
mouse DAP12 antiserum.

Southern blot analysis of human genomic DNA using the
human MDL-1 ¢cDNA as a probe revealed a relatively simple
banding pattern, suggesting that MDL-1 is encoded by a single
gene (Fig. 2C). Using fluorescent in situ hybridization, we
mapped the gene encoding human MDL-1 to chromosome
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7933 (data not shown). This region is distinct from loci
encoding DAP12-associating receptors expressed in NK cells.
Other known DAPI2-associating molecules (KIR2DS,
Ly49D/H, and NKG2C) are members of gene families con-
sisting of activating as well as inhibitory receptors. These
inhibitory NK receptors do not contain charged residues in
their transmembrane regions. In contrast, they bear ITIMs in
their intracellular region, which are responsible for the inhi-
bition of cellular effector functions. Because MDL-1 does not
appear to belong to a larger gene family, this receptor involved
in the activation of myeloid cells may not have an inhibitory
counterpart, although this cannot be excluded formally.

MDL-1 Selectively Associates with DAP12. To determine
whether MDL-1 associates with DAP12 and not with FceR1vy,
which can serve as a signaling partner for FcyRIII (CD16) and
FcaR (CD89) (17, 20-22), we transfected 293T cells express-
ing DAP12 or FceRIy with cDNAs encoding either human
MDL-1 or CD16. As shown in Fig. 3, 293T cells expressed
DAPI12 at significant levels at the cell surface only after
transfection of MDL-1, whereas FceRIy cell surface expres-
sion could be rescued only by CD16, indicating that MDL-1
selectively associates with DAP12.

To study the biochemical features of MDL-1, DAP12 com-
plexes were immunoprecipitated from lysates of 293T FLAG-
DAP12 cells transfected with the mouse and human MDL-1
cDNAs or from J774 cells by using an affinity-purified poly-
clonal anti-DAP12 rabbit antiserum. Although DAP12 clearly
could be detected, no associating bands could be visualized in
these immunoprecipitates from either iodinated or biotin-
ylated cell lysates (data not shown). CD94, another member of
the C type lectin superfamily, also cannot be detected via
iodination or biotinylation (23). A DAP12-associating doublet
of 30-32 kDa could be detected only in 3>S-methionine-labeled
cell lysates from human MDL-1-transfected 293T DAP12 cells,
which most likely represent differentially glycosylated forms of
the MDL-1 protein (data not shown). The generation of
immune reagents against MDL-1 will allow future analysis of
endogenously expressed MDL-1 proteins in myeloid cells.

To examine whether MDL-1 noncovalently associates with
DAPI12, we generated J774 cells expressing a chimeric mole-
cule containing the intracellular, transmembrane, and stalk
regions of human MDL-1 and the lectin domain of human
CD69 (Fig. 44). Immunoprecipitation with anti-CD69 mAb
from lysates of J774 MDL-1/CD69 cells followed by immu-
noblotting with anti-DAP12 antibody clearly showed the pres-
ence of associating DAP12 molecules (Fig. 4B). MDL-1/CD69
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F1G. 5. MDL-1 receptor induces intracellular Ca?* mobilization. Indo-1 AM-loaded MDL-1/CD69-transfected J774 cells were incubated with
anti-H2-DY mAb (used as a negative control) (4) or anti-CD69 mAb (B), followed by a crosslinking Ab. Intracellular calcium levels were measured

as described in Materials and Methods.
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with its transmembrane Lys mutated to Ile (MDL-1/CD69 K
— ]) failed to associate with DAP12 in J774 cells (Fig. 4B),
demonstrating the requirement of a charged residue in the
transmembrane region of MDL-1 for its association with
DAP12. This lack of DAP12 association also may account for
the observed lower cell surface expression of the MDL-1/
CD69 K — I mutant (Fig. 44). Immunoblotting with anti-
FceR1Iy antibody showed no MDL-1-associated FceRIy mol-
ecules, confirming the specific interaction of MDL-1 with
DAPI12 (data not shown).

Crosslinking of MDL-1/DAP12 Complexes Results in Cal-
cium Mobilization. To analyze the stimulatory function of
MDL-1/DAP12 complexes, we tested whether MDL-1 recep-
tors can trigger Ca?" mobilization in CD69/MDL-1-
transfected J774 cells. As shown in Fig. 5B, crosslinking of
CD69/MDL-1 by using anti-CD69 mAb induced significant
Ca?* mobilization in J774 cells, whereas crosslinking of MHC
class I (as a control) left the cells unaffected (Fig. 54). Vector
control-transfected J774 cells or J774 cells transfected with the
MDL-1/CD69 K — I transmembrane mutant cDNA showed
no Ca?" mobilization upon crosslinking with anti-CD69 mAb
(data not shown). These results demonstrate that the MDL-1
receptor induces cell activation in myeloid cells via DAP12-
mediated signaling.

DISCUSSION

MDL-1 is a novel member of the C type lectin family that is the
first DAP12-associating receptor described in myeloid cells. A
physiological role for the MDL-1/DAP12 receptor complex
has not yet been determined. Most likely, the ligand for MDL-1
will be a cell-bound glycoprotein or, perhaps, a glycolipid. The
high degree of homology between mouse and human MDL-1
suggests that its counterstructure may have been conserved
during evolution. Engagement of MDL-1/DAP12 receptor
complexes on macrophages with its ligand may cause cellular
activation, resulting in the onset of an oxidative burst, the
production of cytokines, or the induction of costimulatory
molecules.

Other likely candidates associating with DAP12 in myeloid
cells are members of the Ig-like transcripts/myeloid Ig-like
receptors (ILT-1) and paired Ig-like receptors (PIR-A1l) fam-
ilies expressed by human monocytes and murine myeloid cells
and B cells, respectively (24-26). However, we could not
demonstrate association of these molecules with DAP12 (data
not shown), which is consistent with the recent finding that
these molecules associate with FceRIy (27-29). We could
detect only very low levels of MDL-1 transcripts in cDNA from
dendritic cells that had been generated by culturing human
monocytes in the presence of granulocyte/macrophage colo-
ny-stimulating factor and IL-4. However, these cells do express
a significant amount of DAP12, suggesting the presence of
other receptors. Candidate dendritic cell receptors that asso-
ciate with DAPI12 currently are under investigation. Our
results suggest that MDL-1 receptors may be involved in the
proinflammatory activation of macrophages, whereas DAP12
complexes involving other novel receptors may activate den-
dritic cells.
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