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Lectin-like transcript 1 (LLT1) encoded by CLEC2D gene is a
C-type lectin-like molecule interacting with human CD161
(NKR-P1A) receptor expressed by natural killer cells and sub-
sets of T cells. Using RT-PCR and sequencing, we identified sev-
eral CLEC2D alternatively spliced transcript variants generated
by exon skipping. In addition to the reported transcript variants
1 (LLT1) and 2, we identified a novel splice variant 4 and tran-
scripts coding for putative soluble proteins. CLEC2D transcripts
were detected primarily in hematopoietic cell lines and were
found to be co-induced by the same activation signals. Although
very low amounts of putative soluble CLEC2D protein isoforms
could be produced by transfectants, CLEC2D isoforms 2 and 4
were efficiently expressed. By contrast to LLT1, which was
detected on the cell surface, isoform 2 and 4 remained in the
endoplasmic reticulum where they formed homodimers or het-
erodimers with LLT1. They failed to interact with CD161, leav-
ing LLT1 as the sole ligand for this receptor. CLEC2D therefore
uses gene splicing to generate protein isoforms that are struc-
turally distinct and that have different biological activities.

Multiple receptors are expressed on the surface of natural
killer (NK)? cells and are required for target recognition and
effector functions. Among them, a group of receptors displays
C-type lectin-like domains and is encoded within the NK gene
complex on chromosome 6 in mice and chromosome 12 in
humans. They are called C-type lectin-like because they have
lost the Ca”>"-dependent carbohydrate recognition domain
present in most conventional C-type lectins while maintaining
partial structural similarities (1). They interact with ligands
through protein-protein interaction rather than binding carbo-
hydrates as do conventional C-type lectins. Interestingly, it was
observed that genes coding for some of these receptors and
their respective ligands co-segregated in the NK gene complex.
This is the case for KLRBI genes coding for the NKR-P1 family
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of receptors located in close proximity to CLEC2D genes coding
for osteoclast inhibitory lectin molecules also named C-type
lectin related (Clr) in mice and rats or lectin-like transcript 1
(LLT1) in humans. In mice, the inhibitory NKR-P1B/D was
described to bind to Clrb, and the activating NKR-P1F was
described to bind to Clrg and/or Clrx (2-5). The functions of
these interactions remain largely unknown. Clrb was found
ubiquitously expressed and may count among the MHC-inde-
pendent NK missing self-recognition mechanisms. Clrg and
Clrx expression patterns are more restricted. Their interaction
with NKR-P1F induced an activating signal, but further studies
are required to understand their role in vivo. Similarly, NKR-
P1/Clr interactions have been identified in rats (6). In addition,
we and others identified LLT1 as the ligand of human CD161
receptor (NKR-P1A) (7, 8). Expression of LLT1 on transfec-
tants inhibited NK cell cytotoxicity and IFN-vy secretion. Its role
on T cells remains controversial. It has been shown that CD161
triggered a co-stimulatory signal on T cells and NKT cells (7, 9,
10) or inhibited TNF-« secretion by CD8" T cells (8). In an
attempt to further characterize the physiological role played by
LLT1/CD161 interaction, we sought to characterize LLT1
expression profile. By doing so, we identified several alterna-
tively spliced transcript variants encoded by the CLEC2D gene.
We demonstrated that although several CLEC2D protein iso-
forms can be expressed, only LLT1 bound to CD161.

EXPERIMENTAL PROCEDURES

Cell Lines and Primary Cells—The following human cell lines
were maintained in complete RPMI 1640 or Iscove’s modified
Dulbecco’s medium (Lonza, Levallois-Perret Cedex/Paris,
France) supplemented with 10% fetal calf serum (Pierce), pen-
icillin (100 IU/ml), and streptomycin (100 wg/ml) (Lonza):
293T embryonic kidney cell line; C1R, 721.45, 721.221, JY, Col.,
and Lep. B cell lines; THP-1 acute monocytic leukemia; Jurkat
acute T cell leukemia; Raji Burkitt lymphoma; and U373 glio-
blastoma-astrocytoma. 293T or CIR cells stably expressing
LLT1 or CD161 were described previously (7). 293T-AICL sta-
ble transfectants were obtained by cell sorting of EGFP™ elec-
troporated 293T cells transduced with full-length AICL cloned
into pIRES2-EGFP vector (Clontech). Human peripheral blood
mononuclear cells (PBMCs) were separated by Ficoll-Paque
Plus density gradient centrifugation (GE Healthcare) from
blood purchased from the Etablissement Francais du Sang.
Monocytes, B cells, and NK cells were isolated by positive mag-
netic selection with anti-CD14, anti-CD19, or anti-CD56
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microbeads (Miltenyi Biotec, Paris, France), respectively, and
further sorted by flow cytometry on a FACSVantage (Becton
Dickinson, Le Pont de Claix Cedex, France) using anti-CD3,
-CD56, -CD19, and -CD14 mAbs (BD Biosciences, Le Pont de
Claix, France). T cells were directly sorted by flow cytometry as
CD3", CD37CD4", or CD3"CD8" cells using anti-CD3,
-CD4, and -CD8 mAbs (BD Biosciences). Purity was typically
>92-99%. Monocyte-derived dendritic cells (DCs) were gener-
ated from positively selected CD14 " monocytes cultured for 5
days in the presence of 200 units/ml IL-4 (BD Biosciences) and
50 ng/ml GM-CSF (PeproTech, Neuilly-sur-Seine, France).
The cells were matured by the addition of 1 ug/ml LPS (Sigma)
or a mixture of cytokines (BD Biosciences) including IL-18 (10
ng/ml), IL-6 (10 ng/ml), TNF-« (10 ng/ml), and prostaglandin
E2 (1000 units/ml) over 2 days. DC maturation was monitored
by the acquisition of CD83 expression. CD69-expressing acti-
vated T cells were obtained after stimulation of polyclonal
human T cells with 5 ng/ml phorbol 12-myristate 13-acetate
and 500 ng/ml ionomycin (Sigma) for 4 h.

Cloning of CLEC2D Alternatively Spliced Transcript Vari-
ants: RT-PCR and Real Time RT-PCR—Total RNA were
extracted with TRI® reagent (Euromedex, Souffelweyersheim,
France), contaminating genomic DNA were removed using
RQ1 DNase (Promega, Charbonnieres, France), and RNA was
precipitated using lithium chloride (Ambion, Applied Biosys-
tems, Courtaboeuf Cedex, France). cDNAs were synthesized by
reverse transcription using SuperScript Il reverse transcriptase
(Invitrogen) and random hexamer primers (Roche Applied Sci-
ence) in the presence of RNasin Plus (Promega). cDNAs were
used to clone CLEC2D transcript variants and to perform
standard and real time RT-PCR.

For the cloning, the following primers were used: LLT1-
F, 5'-ATGCATGACAGTAACAATGTGG-3' and LLTI1-R,
5-TAGTTGGGGCTTTGCTGTAA-3" (Eurogentec, Angers,
France). PCR conditions were as follows: 30 cycles of denatur-
ation at 95 °C for 45 s, annealing at 60 °C for 45 s, and extension
at 72 °C for 1 min. PCR products were purified, subcloned into
pGEMTeasy according to the manufacturer’s instructions
(Promega), and sequenced.

For RT-PCR, 30 cycles of denaturation at 95 °C for 45 s,
annealingat 60 °C for 45 s, and extension at 72 °C for 1 min were
performed using the following primers: for CLEC2D variant 1,
F1-2, 5'-GCTTCCAGGAACTGAATTTC-3" and R1, 5'-
CCCAGGATAGGAAACTGTC-3'; for CLEC2D variant 2,
F1-2, 5'-GCTTCCAGGAACTGAATTTC-3" and R2, 5'-
CCCAGGATAGGAAACCATGA-3'; for CLEC2D variant 4,
F4,5-CCTGCAAAGCCAGGTTG-3" and R4, 5'-CCAGGAT-
AGGAAACCAGTT-3'; and for B-actin: Actin-F, 5'-GGCAT-
GGGTCAGAAGGATT-3" and Actin-R, 5'-TTCTC-
CATGTCGTCCCAGTT-3".

For real time RT-PCR, amplification (45 cycles of denatur-
ation at 95 °C for 10 s, annealing at 60 °C for 10 s, and extension
at 72°c for 10 s) was monitored using SYBR green on a Light-
Cycler (Roche Applied Science). The following primers were
used: for CLEC2D variant 1: 5'-TTCCTATCCTGGGAGCA-
GGA-3" and 5'-GACATGTATATCTGATTTGGAACAA-3;
for CLEC2D variant2: 5'-GAGCAGAGAACAAGGCCAAC-3’
and 5'-CCCAGGATAGGAAACCATGA-3’; and for B-actin:
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Actin-F and Actin-R as described above. Transcript levels were
expressed relative to B-actin.

Constructs and Transduction—Full-length CLEC2D variants
2 and 4 were cloned into RSV5.neo containing C-terminal
c-Myc and hexahistidine tag sequences. This vector and control
RSV5-CLEC2A were generously provided by A. Steinle and
described previously (11). Transient expression was obtained
by electroporation of 293T and 293T-LLT1 cells (250 V, 500
microfarads). CLEC2D variant 5 and the sequence coding for
the extracellular domain of LLT1 (aa 60—-191) were cloned into
pSecTag2hygroA containing c-Myc and hexahistidine tag
sequences (Invitrogen). COS cells were transiently transfected
using a DEAE-dextran method, and soluble LLT1 was detected
in the supernatant after 3 days of culture.

Multimers were generated as described previously (7). The
extracellular domains of CLEC2D isoforms 2 (aa 60 —194) and 4
(aa 60-132) or CLEC2A (aa 52-174) were cloned into pcDNA3
(Invitrogen) in-frame with the signal sequence of human CD5
and the Fc portion of human IgG1. Dimers were produced in
293T, and multimeric complexes were generated as described
previously (7).

Anti-LLT1 Antibodies—Anti-LLT1 mAbs were generated by
immunization of RBF mice (Charles River, Chatillon sur Chal-
aronne, France) three times with Hela-LLT1 cells followed by a
boost with recombinant LLT1-Fc fusion proteins (7). Three
days later, the splenocytes were fused with Fox-NY myeloma
cells (ATCC, Manassas, VA). Hybridoma’s supernatants were
screened for production of LLT1 specific mAbs by flow cytom-
etry and ELISA. Two clones were characterized: 2F1 and 4F68.
Anti-LLT1 MAB3480 and 4C7 were purchased from R & D
Systems (Lille, France) and Abnova (Abnova, Interchim,
Montlugon, France), respectively.

Biochemistry and Western Blot—The cells were lysed in 1%
Igepal CA-630 (Sigma), 40 mm Tris-HCI, pH 8, 150 mm NaCl, 5
mM EDTA, 5 mm iodoacetamide, 2 mm PMSF, and protease
inhibitor mixture (Complete Mini tablet; Roche Applied Sci-
ence) at 4 °C for 30 min. Whole cell lysates were treated with
endoglycosidase H (Endo H) (New England Biolabs, OZYME,
Saint Quentin Yvelines Cedex, France) or peptide N-glycosi-
dase F (PNGase F) (Roche Applied Science) according to the
manufacturer’s instructions. For immunoprecipitations, the
cells were lysed in 0.5% Igepal, 50 mm n-octylglucoside (Sigma),
40 mMm Tris-HCI, pH 8, 150 mm NaCl, 5 mm EDTA, 5 mMm
iodoacetamide, 2 mm PMSF, and protease inhibitor mixture
(Complete Mini tablet; Roche Applied Science) at 4 °C for 30
min. CLEC2D isoforms 2 and 4 were immunoprecipitated
using anti-Myc 9E10 mAb (generated in house) and protein
A-Sepharose (Sigma). The proteins were loaded on 12% SDS-
PAGE and transferred to nitrocellulose membranes (Bio-Rad).
After saturation, the membranes were incubated with either
anti-LLT1 2F1 or anti-Myc 9E10 mAb followed by HRP-conju-
gated F(ab’)2 fragment goat anti-mouse IgG (Jackson Immu-
noResearch Laboratories) or anti-B-actin mAb (Sigma) fol-
lowed by HRP-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch Laboratories). Binding of the mAbs was
revealed using SuperSignal West Femto (Pierce).

Flow Cytometry—Untransfected and transfected 293T or
293T-LLT1 cells were stained with isotype mIgGl MOPC-21
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(Sigma), anti-Myc 9E10, or anti-LLT1 4F68 mAb followed by
allophycocyanin-conjugated goat anti-mouse Ig (BD Bio-
sciences). The anti-AICL 7GA mAb was kindly provided by A.
Steinle (12). Anti-CD3 and anti-CD69 mAbs were purchased
from BD Biosciences. 293T-LLT1 and 293T-CD161 were incu-
bated with CLEC2D multimers as described previously (7). Flu-
orescence was analyzed on a FACSCalibur cytometer with the
CellQuest Pro Software (BD Biosciences).

ELISA—Fc fusion proteins (10 pg/ml in PBS) were coated
onto a Maxisorp ELISA plate (Nunc, VWR International S.A.S.,
Fontenay-sous-Bois Cedex, France) and blocked with PBS, 0.1%
Tween, 5% BSA. Primary antibodies were incubated at 5 pug/ml
in PBS, 0.1% BSA for 2 h at room temperature followed by
HRP-conjugated F(ab')2 fragment goat anti-mouse IgG (Jack-
son ImmunoResearch Laboratories) for 1 h at room tempera-
ture. Peroxidase activity was detected using SIGMAFAST™
OPD according to the manufacturer’s instructions (Sigma).

Homology Modeling of CLEC2D Isoforms and Structural
Representation—To obtain qualitative structural insight,
homology models of the three CLEC2D isoforms have been
built. For CLEC2D isoform 1 (191 aa), the CD69 structure that
has the Protein Data Bank code 3HUP (114-aa overlap, 62.3%
conserved) (13) was chosen as template for the homology
model, based on homology with positions 73-186 of CLEC2D
isoform 1. For CLEC2D isoform 2 (194 aa), identification of a
template was more challenging. The CD69 structure, 3HUP
(79-aa overlap, 69.6% conserved), only has homology to posi-
tions 73—-151 of isoform 2. However, NKG2A structure, chain F,
code 3CDG (102-aa overlap, 49.0% conserved) (14), shows
homology to aa 75-175 of CLEC2D isoform 2 and was chosen
as template. For CLEC2D isoform 4 (132 aa), KLRGI structure
chain C, code 3FF8 (57-aa overlap, 49.1% conserved) (15) shows
homology to aa 75-131 and was chosen as template. The
homology models were generated using MOE (version 2009.10,
Chemical Computing Group, Koéln, Germany) by aligning
sequences with templates and subsequently building the mod-
els using built in procedures. All of the structure representa-
tions were drawn with PyMol (The PyMOL Molecular Graph-
ics System, version 1.2r3pre, Schrodinger, LLC., Camberley,
UK).

RESULTS

Identification of Alternatively Spliced Transcript Variants of
CLEC2D—RT-PCR using primers encompassing the predicted
coding region of full-length LLT1 was carried out on total RNA
from PBMCs. Surprisingly, instead of the expected 599-bp
band, we detected several bands between 400 and 800 bp.
CLEC2D gene is composed of five exons separated by four
introns (Fig. 1A). Three alternative transcripts have been
described in the expressed sequence tag databases: one coding
for LLT1 (isoform 1), one for isoform 2, and a third one being a
nonsense RNA decay candidate (originally named isoform 3).
Asshownin Fig. 14, CLEC2D variants 1 and 2 differ in their use
of splice donor and acceptor sites within exon 4 leading to an
additional sequence called 4b in variant 2. This modifies the
reading frame in exon 5 and thus the stop codon usage. To
assess whether the detected bands were transcripts generated
from alternative splicing, we purified and sequenced them.
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Using this approach, we identified at least five alternatively
spliced CLEC2D variants generated by exon skipping (Fig. 1, A
and B). In addition to the previously reported variants 1 and 2,
we also identified a novel variant 4 predicted and annotated by
Ensembl gene build as CLEC2D-202 that has been attributed
the GenBank™ accession number FN813349. This variant 4 is
composed of exons 1, 2, 3, and 5 (Fig. 14). Two other variants
were sequenced and resulted from the excision of exon 2 that
led to an in-frame deletion of the entire transmembrane
region. One coded for a putative soluble form of LLT1 (var-
iant 5, GenBank™ accession number FN813350), and the
other one coded for a putative soluble form of newly identi-
fied variant 4 (variant 6, GenBank™ accession number
FN13351). In agreement with the single-nucleotide poly-
morphism databases, we also found two nonsynonymous
single-nucleotide polymorphisms resulting in N19K and
L23V substitutions (Fig. 1, B and C).

The putative CLEC2D protein isoforms were aligned (Fig.
1C). They all code for type II transmembrane or soluble pro-
teins and carry one or two N-linked glycosylation motifs. Inter-
estingly, whereas the N-terminal domains are identical, the
C-terminal portions of the sequences coding for the extracellu-
lar domains differ significantly. LLT1 and CLEC2D isoform 2
possess C-type lectin-like domains between amino acids 75 and
185 and between amino acids 75-192, respectively, whereas
CLEC2D isoform 4 has lost this domain.

Expression of CLEC2D Alternatively Spliced Transcript Vari-
ants in Human Cells—Given the multiple existing alternatively
spliced transcript variants, we next assessed in which cell types
they could be detected and whether they were differentially
expressed. To do so, we set up standard and real time RT-PCR
experiments using primers primarily overlapping exon-exon
junctions to specifically amplify each transcript. A specific
amplification yielding a single band was obtained for CLEC2D
variant 1 (LLT1) and variant 2 but not for CLEC2D variant 4.
The latter was then only studied by standard RT-PCR where we
could discriminate it through its size. We first analyzed total
RNA derived from a panel of cell lines. Interestingly, we
observed that the three CLEC2D splice variants were consis-
tently detected in the same cell lines. However, their expression
was restricted primarily to cells of the B lineage, including the
Burkitt lymphoma Raji and the mutant and parental B cell lines
721.221 and 721.45 (Fig. 2, A and B). We could not detect
CLEC2D transcript variants in a panel of tumor cell lines,
osteoblast cell lines, fibroblast, and myoblasts (data not
shown). We then used total RNA derived from PBMCs of
healthy donors. In peripheral blood, the three variants were
detected primarily in T and B lymphocytes, were found at
lower levels in NK cells, and were almost absent from mono-
cytes (Fig. 2, C and D). Quantification of mRNA expression
by real time RT-PCR showed that the relative amount of
CLEC2D variant 2 was higher than CLEC2D variant 1 (2—-14-
fold increase). LLT1 was previously reported to be expressed
upon activation, following specific Toll-like receptor stimu-
lation (16). Similarly, we found CLEC2D variant 1 (LLT1)
transcripts but also CLEC2D variants 2 and 4 in LPS-ma-
tured monocyte-derived DCs and not in immature DCs or
DCs matured with a mixture of cytokines (Fig. 2, E and F).
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FIGURE 1. Identification of CLEC2D alternatively spliced transcript variants. A, schematic representation of CLEC2D transcript variants. The exons are
numbered, and initiation codons (ATG) and stop codons (TAG or TGA) are indicated. B, alignment of nucleotide sequences of cloned CLEC2D transcripts. The
positions of single-nucleotide polymorphisms are shown by the arrows. C, alignment of predicted CLEC2D protein isoforms. Polymorphisms are indicated by
the arrows, and predicted N-glycosylation sites are indicated by the stars. Transmembrane segments in plain text were predicted using the TMHMM2 program.
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CLEC2D transcripts were cloned
into expression vectors containing a
c-Myc and hexahistidine tag at the
C terminus, except for full-length
CLEC2D variant 1 (LLT1) cloned
into pIRES2-EGFP (7). Expression
of CLEC2D protein isoforms 2 and 4
was confirmed by Western blot
analysis of whole cell lysates of 293T
and 293T-LLT1 transfected cells. In

EmCLEC2D-iso1
[EICLEC2D-is02

FIGURE 2. Relative amount of CLEC2D spliced transcript variants in cell lines and PBMCs. A, C, and E,

CLEC2D transcript variants 1, 2, and 4 were amplified by RT-PCR. B, D, and F, CLEC2D transcript variants 1 and 2
were quantified by real time RT-PCR. A and B, in the indicated cell lines. Cand D, in the indicated cell populations
isolated from peripheral blood of a representative healthy donor. E and F, in immature and mature monocyte-
derived DCs. The results are representative of two to four independent experiments.

Collectively, these data indicated that CLEC2D gene splicing
generates several transcripts that are expressed by the same
cells and are regulated by the same stimuli.

Identification of CLEC2D Protein Isoforms and Specificity of
Anti-LLT1 mAbs—W e next assessed whether CLEC2D alterna-
tively spliced transcript variants could be translated in human
cells. To do so, two novel anti-LLT1 mAbs were generated from
immunization of mice with LLT1-expressing cells and LLT1-Fc
fusion proteins (7). Clone 2F1 identified LLT1 on Western blot
as a 66—70-kDa protein under nonreducing conditions and
33-35-kDa protein under reducing conditions, consistent with
LLT1 expressed as a disulfide-bonded homodimer (Fig. 3A4).
Clone 4F68 immunoprecipitated LLT1 from C1R-LLT1 trans-
fectants and the Burkitt lymphoma Raji (Fig. 3B). Removal of
N-linked glycosylations by PNGase F treatment yielded a pro-
tein of ~22 kDa corresponding to the predicted molecular mass
of LLT1 (Fig. 3B). Clone 4F68 was found to be the most efficient
mAD detecting LLT1 by flow cytometry on C1R-LLT1 transfec-
tants when compared with 2F1 and commercially available
MAB3480 and 4C7 mAbs (Fig. 3C). Interestingly, competition
assays showed that none of the anti-LLT1 mAbs competed with
4F68, and only MAB3480 partially decreased 2F1 staining (data
not shown). Both 2F1 and 4F68 did not bind to AICL and CD69,
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co-transfections with LLT1, 2F1
exclusively detected LLT1 (Fig. 44),
whereas CLEC2D isoform 2 and 4
proteins were respectively detected
at 70 and 52 kDa under nonreducing conditions and 35 and 26
kDa under reducing conditions using anti-Myc mAb 9E10 (Fig.
4B). Homodimers of isoforms 2 and 4 were also detected in
293T cells (data not shown). These findings demonstrated that
in addition to LLT1, CLEC2D isoforms 2 and 4 were expressed
as proteins and could form homodimers.

The sequencing of transcripts had shown that excision of
exon 2 generated alternatively spliced transcripts coding for
putative soluble CLEC2D isoforms. We therefore measured
the presence of soluble LLT1 in the supernatant of tran-
siently transfected COS cells by slot-blot using anti-Myc
9E10 (Fig. 4C) or anti-LLT1 2F1 (data not shown). We con-
sistently found very low amounts of soluble LLT1 in the
supernatant of cells transfected with the expression vector
containing the splice variant 5, whereas a significant amount
of soluble LLT1 was produced from a vector coding only for
the extracellular domain of LLT1. These data suggested that
excision of exon 2 is not sufficient to allow the production of
soluble CLEC2D protein isoforms.

CLEC2D Isoforms 2 and 4 Remain in the Endoplasmic Retic-
ulum (ER)—Because CLEC2D protein isoforms 2 and 4 were
detected in whole cell lysates, we investigated whether they
were expressed at the cell surface. Flow cytometry analysis of

JOURNAL OF BIOLOGICAL CHEMISTRY 36211



CLEC2D Alternatively Spliced Transcript Variants

A C1R C1R-LLT1 C1R CAR-LLT1 B C1R-LLT1 Raji
PNGaseF - + - +
— 100 kDa :
e . 70kDa * - e — S5 kDa
P . . —55kDa P — 40 kDa
Z ‘ Z
o . — 40 kDa - =
5 >E 35 kDa
2 35kDa £ ,
< % = -— 25kDa
" —25kDa =
Non-Reduced Reduced
C . C1R C1R-LLT1
n == migG1
! ' —— anti-LLT1 mAb 2F1
£ ].,,r‘!ﬂ E — anti-LLT1 mAb 4F68
3 1,0 '\\‘ Q = anti-LLT1 mAb MAB3480
¥ © .
i anti-LLT1 mAb 4C7
|
100 10t 102 108 10t 100 10T 102 103 104
293T 293T-AICL 293T-AICL
] == mlgG1
- - - m— anti-AICL
5 S| £] mAb 7G4
S S S
00 ot 102 13 14 10 ! 102 103 10t 0 ot 102 108
PMA/lonomycin-activated T cells
> Q!""
il
S .H‘ .‘
4 . . . . : I'Y '\ 1§ .
100 10 102 103 104 100 10! 102 103 04
CcD69
D 14
[OPBS [LLT1-Fc ICLEC2D-iso 2-Fc EMCLEC2D-iso 4-Fc EICLEC2A-Fc
1.2 — ]
z 1.01
"
087
8061
&
0.41
0.21
0 ml. slsl" B 1N ]

PBS 2F1 4F68

MAB3480

Primary antibodies
FIGURE 3. Characterization of anti-LLT1 mAbs. A, homodimers and monomers of LLT1 detected in C1R-LLT1

cells by Western blot with anti-LLT1T mAb 2F1 under nonreducing and reducing conditions, respectively.
B, LLT1 detection by Western blot using 2F1 mAb following immunoprecipitation with anti-LLT1 4F68, diges-
tion with PNGase F when indicated, and loading on an SDS-PAGE under reducing conditions. The black arrow-
head indicates monomers of LLT1, and the white arrowhead indicates deglycosylated monomers of LLT1. The
asterisks indicate heavy and light chains of 4F68 mAb used to immunoprecipitate LLT1. C, the specificity of
anti-LLT1 mAbs was analyzed by flow cytometry. They stained C1R-LLT1 cells but not C1R cells, AICL-trans-
fected 293T cells,and CD69 ™" activated T cells. AICL expression was shown using anti-AICL mAb 7G4. D, binding
of anti-LLT1 mAbs to plate-bound CLEC2D isoforms and CLEC2A-Fc fusion proteins. The results are represent-

ative of three independent experiments.
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4C7 (HRP-conjugated)

anti-human Fc

transiently transfected 293T cells
using anti-Myc mAb did not reveal
any cell surface expression of
CLEC2D isoforms 2 and 4, whereas
CLEC2A cloned in the same expres-
sion vector was expressed (Fig. 4D).
We next tested whether their cell
surface expression required the
presence of LLT1, similarly to
CD94/NKG2A efficiently expressed
when both molecules are present in
a single cell (17). As shown in Fig.
4E, CLEC2D isoforms 2 and 4 were
still not expressed on the surface
of a transfected 293T-LLT1 clone,
whereas the presence of LLT1
did not prevent expression of
CLEC2A. The level of expression
of LLT1 was also not affected by
the presence of any of the CLEC2D
isoforms or CLEC2A. To assess
whether CLEC2D isoforms 2 and 4
remained in the ER, we treated
whole cell lysates of co-transfec-
tants with Endo H. Two forms of
LLT1, one resistant and one sensi-
tive, were identified, consistent with
LLT1 trafficking to the cell surface.
The Endo H-sensitive form yielded
two bands corresponding to partial
and complete or nearly complete
removal of sugars as compared with
PNGase F-treated samples (Fig. 4F).
By contrast, CLEC2D isoforms 2
and 4 were entirely Endo H-sensi-
tive, yielding a band at the level of
PNGase F-treated samples (Fig. 4F).
These data indicated that CLEC2D
isoforms 2 and 4 remained in the ER
and that a majority formed
homodimers (Fig. 4B). However,
because of the homology between
CLEC2D isoforms in domains gen-
erally involved in homodimeriza-
tion, we also monitored the pres-
ence of heterodimers. CLEC2D
isoforms 2 and 4 were immunopre-
cipitated from co-transfectants
using anti-Myc mAb, and LLT1 was
detected by Western blot (Fig. 4G).
This suggested that heterodimers
could also be formed. Interestingly,
the LLT1 form co-immunoprecipi-
tated with CLEC2D isoforms 2 and
4 had an apparent molecular mass of
33 kDa, whereas LLT1 is generally
detected as a smear between 33 and
35 kDa. This observation is consis-
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FIGURE 4. Expression of CLEC2D protein isoforms in transfectants. 293T cells were transfected with CLEC2D isoform 1 (LLT1) alone or together with CLEC2D
isoforms 2 and 4 or with CLEC2A. A, LLT1 alone was detected by Western blot analysis of whole cell lysates using 2F1 mAb under reducing conditions. B-Actin
was used as internal control. B, CLEC2D isoforms 2 and 4 were detected on whole cell lysates using anti-Myc 9E10 mAb. A nonspecific band was detected in all
samples at ~38 kDa. C, supernatants of transfected COS cells were analyzed for the presence of soluble LLT1 by slot-blot using anti-Myc 9E10 mAb. Dand E, cell
surface expression of CLEC2D protein isoforms was analyzed by flow cytometry on 293T cells (D) or 293T-LLT1 cells (E) transfected with CLEC2D isoforms or
CLEC2A. LLT1 expression was monitored using anti-LLT1 4F68 mAb and the other CLEC2D isoforms and CLEC2A using anti-Myc 9E10 mAb. F, CLEC2D protein
isoform expression on whole cell lysates following Endo H or PNGase F treatment. G, LLT1 expression after immunoprecipitation of CLEC2D isoforms 2 and 4
with anti-Myc, revealed using 2F1 mAb. The white arrow indicates monomers of LLT1 under reducing conditions, and asterisks indicate the heavy and light
chains of the anti-Myc mAb used to immunoprecipitate. The results are representative of two to four independent experiments.

tent with differential glycosylations that could be correlated CLEC2D Protein Isoform 1 (LLT1) Is the Only Ligand of
with acquisition of sugars while migrating to the Golgi and to  CDI161 Receptor—We and others previously demonstrated that
the cell surface. The heterodimers would therefore contain the LLT1 is the ligand of the human CD161 (NKR-P1A) receptor
ER-resident form of LLT1. (7, 8). To assess whether the other CLEC2D isoforms could also
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CD69 but also of CD94/NKG2A
heterodimers and NKG2D homo-
dimers that have been crystallized
with their respective ligands HLA-E
and MICA (14, 21, 22). Using this
model, we can speculate that the
interface between LLT1 and CD161
is located at the level of the
B-strands and the loop between
them formed by residues CAYLN-
DKGA-SSAR in LLT1. The models
for CLEC2D isoforms 2 and 4 were
generated based on the crystal
structure of NKG2A and KLRGI,
respectively (15). As shown in Fig.
5C, their overall structures differ
significantly from LLT1, providing
insights for their failure to bind to
CD16l.
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DISCUSSION

It is reported that 92-94% of
genes in the human genome pro-
duce transcripts that are alterna-
tively spliced, thus generating a vari-
ety of exon combinations from a
single primary transcript (23, 24).

Isoform 4

S . .. .

# Alternative splicing is a key factor
increasing cellular and functional
complexity. Indeed, alternative

CD94-NKG2A NKG2D Side view Top view

FIGURE 5. CLEC2D protein isoforms 2 and 4 and CLEC2A do not interact with CD161. A, CLEC2D isoforms or
CLEC2A multimers binding to 293T-CD161 or control 293T-LLT1 analyzed by flow cytometry. The results are
representative of four independent experiments. B, structure comparison of CLEC2D isoform 1 (LLT1) dimer
structure model with x-ray crystal structures of the extracellular domains of CD69 dimer (3HUP), CD94/NKG2A
dimerin complex with HLA-E (3CDG), and NKG2D dimer in complex with MICA (1HYR). The side views of ribbon
representations are shown with B-strands colored in yellow and a-helices in red. C, single domain side and top
view of CLEC2D isoform 1, 2,and 4 structure models. The models have been colored with the following scheme:
red (isoform 1, 2, and 4 shared sequence), green (isoform 1 and 2 shared sequence), blue (isoform 1-specific
sequence), yellow (isoform 2-specific sequence), and magenta (isoform 3-specific sequence).

bind to this receptor, we generated multimers of recombinant
soluble CLEC2D isoform-Fc fusion proteins complexed to pro-
tein A and tested their binding to 293T-CD161 cells (7). As
shown in Fig. 54, LLT1 multimer bound to 293T-CD161 but
not to control 293T-LLT1 cells. By contrast, multimers of
CLEC2D isoform 2 and 4 failed to bind to both 293T-CD161
and 293T-LLT1 cells. In addition, we could not confirm the
binding of CLEC2A (also named PILAR) to CD161 using a
CLEC2A-Fc multimer (Fig. 5A) in contrast to Huarte et al. (18)
but in agreement with Spreu et al. (19). These results demon-
strated that LLT1 is the sole CLEC2D isoform that binds to
CD161. This is consistent with a lack of homology between
CLEC2D isoforms in the extracellular domain at the C termi-
nus of the proteins (Fig. 1C). To better understand the struc-
tural basis for the specificity of the binding to CD161, we gen-
erated structural representations of the three CLEC2D
isoforms. The model for LLT1 was generated based on the crys-
tal structure of CD69, the closest homologue of LLT1 (13, 20).
As shown in Fig. 5B, the structure of LLT1 resembles those of
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transcripts are very often differen-
tially expressed between cells or tis-
sues and display different functions.
In this study, we have shown that
CLEC2D encodes multiple tran-
scripts through alternative splicing.
This finding is consistent with
Northern blot analysis, which previ-
ously identified several transcripts
of 5,4.5,2,and 0.9 kilobases in total RNA from a human NK cell
line YT (25). In addition to the reported CLEC2D variant 1
(LLT1) and variant 2, we have cloned and sequenced three addi-
tional variants, one coding for a transmembrane protein iso-
form 4 and two coding for putative soluble isoforms. We found
that only the transmembrane protein isoforms were efficiently
produced. The putative soluble proteins display the first 20 aa at
the N terminus of the cytoplasmic domain followed by the
extracellular domain. Cloning of variant 5 into an expression
vector in front or not of a signal sequence did not lead to effi-
cient expression of soluble LLT1, whereas cloning of the extra-
cellular domain did. This result suggested that the 20 N-termi-
nal aa prevented efficient production of soluble CLEC2D
protein isoforms. Interestingly, a similar observation has been
made for CLEC2A (11). It is therefore unlikely that a soluble
LLT1 generated from alternative splicing could compete with
membrane-bound LLT1. It remains to be assessed whether sol-
uble LLT1 could be generated from proteolysis similarly to
MICA (26).
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The characterization of CLEC2D variants is of importance
when assessing LLT1 transcription profile and was not taken
into account in previous studies (16, 27). Our data showed that
all the CLEC2D transcript variants seemed to be expressed in
the same cells but with variable amounts of variants 1 and 2,
underscoring the need to use specific primers. We also showed
that CLEC2D isoforms 2 and 4 could be efficiently expressed as
proteins, and we therefore monitored the specificity of the anti-
LLT1 mAbs. The anti-LLT1 mAbs 2F1 and 4F68 that we have
developed, together with MAB3480, were found to be specific
of LLT1 and did not bind to isoforms 2 and 4 or to other C-type
lectin-like molecules with close homology to LLT1 such as
AICL, CD69, or CLEC2A. By contrast, we report that the 4C7
mADb is not specific and recognizes an epitope shared between
all of the CLEC2D isoforms and CLEC2A.

CLEC2D encodes LLT1 (variant 1), which has been reported
to bind to CD161 receptor, thus regulating NK and T cell func-
tions. Alternative gene splicing has been shown to be used in
some cases to generate inhibitory variants, i.e. IL-4 or IL-2 vari-
ants competing with IL-4 and IL-2 (28, 29). We therefore
assessed whether the other CLEC2D isoforms could bind to
CD161 and regulate LLT1/CD161 interaction. Using multim-
eric complexes, we demonstrated that CLEC2D isoform 2 and 4
do notbind to CD161. This is consistent with the lack of homol-
ogy observed between these three CLEC2D isoforms in their
extracellular domain and was highlighted by the structural
models we generated. Residues that are specific to LLT1 were
found to form an area similar to those involved in ligand inter-
action in related C-type lectins such as CD94/NKG2A and
NKKG2D (14, 21, 22), thus reinforcing the conclusion that
among CLEC2D isoforms, LLT1 is the sole ligand of CD161. In
addition, it is important to note that we could not confirm the
binding of CLEC2A to CD161.

Finally, CLEC2D isoforms 2 and 4 were not expressed at the
cell surface but localized in the ER forming homodimers or
heterodimers with LLT1. Their presence did not seem to mod-
ulate LLT1 cell surface expression. Further studies need to be
undertaken to identify their functional role.

Taken together, we showed that CLEC2D encodes multiple
alternatively spliced transcripts co-expressed in the same cell
types and induced upon the same signals of activation but that
only CLEC2D isoform 1 (LLT1) is expressed on the cell surface.
In addition we demonstrated that only CLEC2D isoform 1
(LLT1) is able to bind CD161 receptor, suggesting that other
CLEC2D isoforms display different biological activities remain-
ing to be determined. Finally, we could not confirm that
CLEC2A (PILAR) is aligand of CD161 but highlighted that 4C7
mADb is not specific of LLT1 and cross-reacts with CLEC2A.
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