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Summary

NKp46 has been shown to represent a novel, natural Killer (NK) cell-specific surface molecule,
involved in human NK cell activation. In this study, we further analyzed the role of NKp46 in
natural cytotoxicity against different tumor target cells. We provide direct evidence that
NKp46 represents a major activating receptor involved in the recognition and lysis of both hu-
man and murine tumor cells. Although NKp46 may cooperate with other activating receptors
(including the recently identified NKp44 molecule) in the induction of NK-mediated lysis of
human tumor cells, it may represent the only human NK receptor involved in recognition of
murine target cells. Molecular cloning of the cDNA encoding the NKp46 molecule revealed a
novel member of the immunoglobulin (Ig) superfamily, characterized by two C2-type Ig-like
domains in the extracellular portion. The transmembrane region contains the positively
charged amino acid Arg, which is possibly involved in stabilizing the association with CD3¢
chain. The cytoplasmic portion, spanning 30 amino acids, does not contain immunoreceptor
tyrosine-based activating motifs.

Analysis of a panel of human/hamster somatic cell hybrids revealed segregation of the
NKp46 gene on human chromosome 19. Assessment of the NKp46 mRNA expression in dif-
ferent tissues and cell types unambiguously confirmed the strict NK cell specificity of the
NKp46 molecule. Remarkably, in line with the ability of NKp46 to recognize ligand(s) on
murine target cells, the cDNA encoding NKp46 was found to be homologous to a cDNA ex-
pressed in murine spleen. In conclusion, this study reports the first characterization of the mo-
lecular structure of a NK-specific receptor involved in the mechanism of NK cell activation
during natural cytotoxicity.

Key words: natural killer cells » cell-mediated cytotoxicity « molecular cloning  activating
receptors » tumor target cells

the covalent association of CD94 with members of the

criminate and Kill autologous cells that do not express
sufficient amounts of MHC class | molecules has been
identified recently (1, 2). NK cells express a number of
MHC class I-specific receptors that, upon interaction with
their ligands, inhibit NK cell cytotoxicity (3-5). In hu-
mans, two distinct families of inhibitory receptors for
HLA—class | molecules have been identified. The first one
is represented by members of the Ig superfamily that display
specificity for different groups of HLA—class | alleles en-
coded by the HLA-C, -B, or -A loci (5-7). The second
group is represented by heterodimers formed by members
of the C-type lectin superfamily. They are composed by

NKG2 family (8-10). The CD94-NKG2A heterodimer
has recently been shown to represent the receptor for
HLA-E molecules (11-13). On the other hand, thus far
only limited information has been available on the surface
molecules involved in triggering of NK cells during natural
cytotoxicity. In this context, we showed that the activating
forms of the HLA-C—specific receptors (p50) may play a
role in cytotoxicity against HLA—class I-positive target cells
(14-16). However, it is evident that this activating pathway
is not involved in cytotoxicity against HLA~class 1-negative
target cells. In the search for receptors responsible for NK
cell triggering in the process of non-MHC-restricted cyto-
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toxicity, we recently identified two novel NK-specific trig-
gering surface molecules. The first one is a 46-kD molecule
(termed NKp46 in this study) that is selectively expressed
by all resting and activated human NK cells (17), and asso-
ciates with the CD3( chain (18). The second one is a 44-
kD molecule (NKp44) that is only expressed by activated
human NK cells, and associates with the recently described
Killer cell activating protein (KAR)!-associated polypeptide
(KARAP)/DNAX activation protein (DAP)12 signal trans-
ducing molecule (18-20). Clues that these molecules may
represent triggering receptors involved in natural cytotox-
icity have been provided by their ability to activate NK cell
function after cross-linking mediated by anti-NKp46 or
anti-NKp44 mAb (17, 18). In addition, anti-NKp46 or
anti-NKp44 mAb could partially inhibit the NK cytotoxic-
ity against FcyR-negative tumor target cells (18). Remark-
ably, this inhibitory effect varied depending upon the target
cells analyzed. Moreover, a synergistic effect could be dem-
onstrated when the two mAbs were used in combination
(18). A likely interpretation of these data is that the inhibi-
tory effect on NK cytotoxicity is consequent to mAb-medi-
ated masking of relevant receptors involved in recognition
of target cell ligands. In this study we show that the NKp46
molecule initiates a pathway of NK cell activation involved
not only in the recognition of human but also of murine
target cells. Molecular cloning of NKp46 revealed a novel
member of the Ig superfamily characterized by two Ig-like
extracellular domains, a transmembrane region containing
the charged amino acid Arg, and a short cytoplasmic tail
that does not contain immunoreceptor tyrosine-based acti-
vating motifs (ITAMs).

Materials and Methods

Cells Lines, Antibodies, Generation of NK Cell Clones, and Cy-
tolytic Assays. Human NK cells were isolated from peripheral
blood lymphocytes of healthy donors as previously described (21).
The purity of the cell population was evaluated by flow cytometric
analysis after staining with anti-CD3, anti-CD56 and anti-NKp46
mADbs. NK cell clones were generated as previously described
(21). Polyclonal NK cell cultures and clones were maintained in
RPMI 1640 medium supplemented with 10% FCS and 100 U/ml
recombinant IL-2. PHA-activated human T lymphocytes and T
cell clones were obtained and maintained as previously described
(22). The Raji, Daudi, 721.221 B, Jurkat T, HL60 and U937
myelomonocytic, M14 melanoma, and IGROV ovarian carci-
noma cell lines (all of human origin), and mouse thymoma
BW1502 were cultured in RPMI 1640 medium supplemented
with 10% FCS. Monkey kidney COS-7 cells were maintained in
DMEM supplemented with 10% FCS.

mAbs BAB281 (IgG1, anti-NKp46), 2231 (1gG1, anti-NKp44),
C218 (IgG1, anti-CD56), C227 (1gG1, anti-CD69), and EB6
(IgG1, anti-p58.1) were obtained in our lab (17, 18, 23). NK cell

LAbbreviations used in this paper: AP, alkaline phosphatase; EST, expressed
sequence tags; ILT, immunoglobulin-like transcript; ITAM, immunore-
ceptor tyrosine-based activating motif, KAR, Killer cell activating recep-
tor; LIR, leukocyte immunoglobulin-like receptor; ORF, open reading
frame; RT-PCR, reverse transcriptase PCR; TBS, Tris-buffered saline.

clones were assessed for cytolytic activity in a 4-h 5!Cr-release as-
say as previously described (23).

¢DNA Library Construction. Total RNA was extracted from
IL-2—activated polyclonal NK cells obtained from two healthy
donors by guanidinium thiocyanate lysis followed by centrifuga-
tion on a cesium chloride cushion (24). Poly A™ RNA was puri-
fied by magnetic separation with Dynabeads Oligo(dT)25 (Dynal
A.S., Oslo, Norway). 5 png of polyA* RNA was used to con-
struct a directional cDNA library by using the SuperScript Plas-
mid System for cDNA Synthesis and Plasmid Cloning (GIBCO
BRL, Gaithersburg, MD). In brief, first strand cDNA synthesis
was catalyzed by SuperScript 1l reverse transcriptase by using an
oligo-dT-Notl primer-adapter. After second strand synthesis,
cDNA was ligated to Sall adapters and subsequently digested with
Notl. Digested cDNA was size-fractionated by column chroma-
tography and the larger inserts were ligated into Sall-Notl-digested
VR1012 plasmid (Vical Inc., San Diego, CA), a mammalian ex-
pression vector containing CMV IE promoter/enhancer regions.
The ligation products were transformed into XL1-Blue MRF’
bacterial cells (Stratagene, La Jolla, CA) by electroporation. The
library (~10° independent recombinant clones) was divided into
10 fractions (10° clones each) and grown for several hours, and
then frozen glycerol cultures were prepared and DNA was iso-
lated by the alkaline lysis method (24).

Library Screening by cDNA Expression in COS-7 Cells and Sib-
Selection.  The library screening procedure was adapted from the
method reported by Brakenhoff et al. (25). In brief, 10 wg of plas-
mid DNA from each library fraction was transfected into COS-7
cells by electroporation (3 X 106 cells each electroporation) and
cells were seeded into 100-mm petri dishes. A control transfec-
tion with p58.1 cDNA in VR1012 plasmid was performed in
each experiment. On day 3 after transfection, cell monolayers
were immunocytochemically stained as described below. The li-
brary fraction containing the highest number of positive cells and
the lowest number of bacterial colonies was chosen for further
analysis. The corresponding glycerol stock was titered and di-
vided into 10 smaller pools (~2 X 105 colonies each), and then
plasmid DNA was isolated from bacterial overnight cultures of
each library subpool and transfected into COS-7 cells. Subse-
quent rounds of screening of progressively smaller pools of bacte-
rial colonies were performed until a single positive colony (clone
2F) was identified.

Immunocytochemical Staining of Transfected COS-7 Cells.  Immu-
nocytochemistry was essentially performed according to Braken-
hoff et al. (25). In brief, cells in 100-mm petri dishes were air
dried, fixed with methanol, washed once with Tris buffer saline
(TBS: 25 mM Tris-HCI, pH 7.4, 2 mM KCI, 150 mM NaCl),
and incubated with 2% normal rabbit serum/1% BSA in TBS for
15 min at room temperature. Incubation with either BAB 281
(library transfected cells) or EB6 (control cells) mAb, each diluted
1:2 in TBS/1% BSA, was conducted for 1 h at room temperature.
After extensive washes in TBS, cells were incubated with rabbit
anti-mouse immunoglobulins (DAKO, Glostrup, Denmark) di-
luted 1:25 in TBS/1% BSA for 30 min at room temperature. The
dishes were washed again in TBS and subsequently incubated with
alkaline phosphatase (AP) anti-AP mAb (DAKO) diluted 1:200 in
TBS/1% BSA for 30 min at room temperature. Cells were
washed again in TBS, rapidly equilibrated in AP buffer (100 mM
Tris-HCI, pH 9.5, 100 mM NaCl, 10 mM MgCl,), and then in-
cubated for 10 min at room temperature with nitro blue tetrazo-
lium (100 pg/ml) and 5-bromo-4-chloro-3-indolyl phosphate
(50 wg/ml) in AP buffer. Cell monolayers were then rinsed with
deionized water and visually analyzed under an inverted phase
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microscope. Positive cells stained purple and the membrane local-
ization of the immunoreactive protein was detectable as a well
delineated dark cell profile.

DNA Sequencing. DNA sequencing was performed using
d-Rhodamine Terminator Cycle Sequencing Kit and an auto-
matic sequencer (Automatic Sequencer 377; PE Applied Biosys-
tems, Foster City, CA).

Transient Transfections. COS-7 cells (5 X 105/plate) were
transfected with clone 2F cDNA by the DEAE-dextran method,
as previously described (5). After 48 h, transfected cells were de-
tached with 2% EDTA in PBS, stained with mAb BAB281 fol-
lowed by a PE-conjugated goat antibody to mouse IgG1, and an-
alyzed by flow cytometry using a FACSort? (Becton Dickinson,
San Jose, CA).

Analysis of NKp46 Transcript Expression by Northern Blotting.
Northern blot analysis of RNA extracted from multiple human
tissues was performed using Northern TerritoryDd Human Nor-
mal Tissue Blots I, 11, and Il from Invitrogen (Carlsbad, CA).
The Northern blots contained total RNA from heart, brain, kid-
ney, liver, lung, pancreas, spleen, and skeletal muscle (Blot I);
esophagus, stomach, intestine, colon, uterus, placenta, bladder,
and adipose tissue (Blot I1); and tonsil, thymus, appendix, lymph
node, gall bladder, prostate, testis and ovary (Blot I11). To analyze
NKp46 gene expression in leukocytes, total RNA was purified
from the indicated cells, size-separated by electrophoresis in aga-
rose gels containing formaldehyde, and transferred onto a nylon
membrane (DuPont-NEN, Boston, MA). Northern blots were
hybridized under high stringency conditions as previously de-
scribed (26). The NKp46 cDNA probe (a 1.3-kb Sall-Notl frag-
ment excised from the VR1012 recombinant vector) was 32P-
labeled by random priming (27).

Reverse Transcriptase PCR Analysis. ¢DNA was obtained by
reverse transcription of mMRNA from various leukocytic cells us-
ing oligo dT priming. Primers used for cONA amplification of
complete NKp46 open reading frame (ORF; 984 bp) were as fol-
lows: 5’CTGAGCGATGTCTTCCACAC (46FOR) and 5'CC-
GCCCAGGCTCAACACC (46REV). Amplification was per-
formed with 25 pmol of each primer for 30 cycles (30 s at 94°C,
30 s at 60°C, and 30 s at 72°C), followed by a 7-min incubation
at 72°C. The amplification products were subcloned in pCR2.1
vector by TOPO-TA Cloning kit (Invitrogen), and subsequently
were sequenced.

Biochemical Characterization of the NKp46 Molecule.  Cyanogen
bromide Sepharose-coupled (Amersham Pharmacia Biotech, Upp-
sala, Sweden) BAB281 mAb was used to immunoprecipitate
NKp46 molecules from 1% NP-40 lysates of 1251 surface-labeled
cells (DuPont-NEN), as previously described (17). Immunopre-
cipitates were analyzed by discontinuous SDS-PAGE under re-
ducing conditions (5% 2-ME).

NKp46 molecules, purified from dried gel, were treated with
neuraminidase (2 mU), a-1-fucosidase (2 wg), N-acetyl-B-d-glu-
cosaminidase (1 mU), O-glycosidase (2.5 mU), and N-glycosidase
F (0.4 U) (all from Boehringer Mannheim, Mannheim GmbH,
Germany), for 18 h at 37°C in 30 wl of 20-mM phosphate buffer,
pH 7, 0.1% SDS, 1% NP-40, and 10 mM 2-ME. Digestion was
stopped by adding 10 wl of 4X SDS sample buffer. Samples were
then analyzed by discontinuous SDS-PAGE.

Chromosomal Localization of NKp46 Gene and Southern Blot-
ting. A panel of genomic DNA samples from human/hamster
cell hybrids (BIOS Laboratories, New Haven, CT) was used to
assign NKp46 gene to a specific chromosome by Southern blot-
ting. The somatic cell hybrid blot contained 20 multichromo-
somal somatic cell hybrids plus 3 control genomic DNAs from
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human, hamster, and mouse tissues. High stringency hybridiza-
tion and washes were performed according to the manufacturer’s
instructions. The NKp46 labeled probe was the same as that used
for Northern blotting.

Analysis of cross-species conservation of the NKp46 gene was
performed using Zoo-Blot from Clontech (Palo Alto, CA). The
Southern blot contained genomic DNA from human, Rhesus
monkey, Sprague-Dawley rat, BALB/c mouse, dog, cow, rabbit,
chicken, and Saccharomyces cerevisiae yeast. The probe used was a
cDNA segment corresponding to nucleotides 310-715 of the
NKp46 ORF obtained by PCR. Washes were carried out at low
stringency conditions as previously described (26).

Results and Discussion

NKp46 Represents an NK cell Triggering Receptor Involved
in the Recognition of both Human and Murine Tumor Cells.
A series of human NK cell clones derived from different
donors were selected for their ability to lyse a panel of hu-
man or murine FcyR-negative tumor target cells. In agree-
ment with previous data, all NK clones expressed NKp46
surface molecules (17). To assess the possible role of
NKp46 in the recognition of different target cells, we eval-
uated the cytolytic activity in either the absence or pres-
ence of anti-NKp46 mAb. Based on the results of these ex-
periments, three different groups of target cells could be
identified. In the first group, addition of anti-NKp46 mAb
led to an almost complete (>70%) inhibition of target cell
lysis. Remarkably, target cells belonging to this group (in-
cluding Bw1502 and YAC cells) were of murine origin. In
the second group, addition of anti-NKp46 mAb resulted in
a partial (30-60%) inhibition of cytolysis. This group in-
cluded various human tumor cell lines including lung, liver
or mammary gland carcinomas, melanomas, and EBV-
transformed cell lines. Lysis of the third group (which in-
cluded only a few human tumor cell lines) was not affected
by anti-NKp46 mAb. Fig. 1 shows the cytolytic activity of
NK clones against target cells representative of each group.
It can be seen that the murine thymoma BW1502 (repre-
sentative of the first group of target cells) is lysed in the ab-
sence of added mAb, whereas lysis was sharply inhibited in
the presence of anti-NKp46 mAb. A similar inhibitory ef-
fect was consistently detectable in all analyzed NK clones.
Addition of isotype-matched anti-NKp44 (Fig. 1) or anti-
CD69 or anti-CD56 mAb (data not shown) had no effect.
In the case of the M14 melanoma cell line (representative
of the second group), anti-NKp46 mAb partially (~50%)
inhibited target cell lysis, whereas anti-NKp44 mAb (Fig.
1), as well as anti-CD69 and anti-CD56 mAbs (data not
shown), had no effect. Finally, killing of IGROV ovarian
carcinoma cell line (representative of the third group) was
affected by neither anti-NKp46 nor anti-NKp44 mAb.
Taken together, these data provide further evidence that
NKp46 functions as a triggering receptor involved in natu-
ral cytotoxicity. It is conceivable that the inhibitory effect
of anti-NKp46 mAb may reflect masking of the NKp46
receptor. This would prevent NKp46 interaction with
ligand(s) expressed on target cells. Remarkably, the mAb-
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mediated abrogation of cytolytic activity against murine
target cells suggests that NKp46 may represent the only
triggering receptor expressed by human NK cells capable of
recognizing a ligand on the surface of murine cells. If this
interpretation is correct, one may speculate that the ligand(s)
for NKp46 may be conserved in human and mouse. The
finding that lysis of M14 melanoma could be inhibited only
partially by anti-NKp46 mAb suggests that, in this case,
NKp46 may cooperate with other, still undefined, NK re-
ceptors for optimal induction of NK cell triggering. In this
context, it is of note that NK-mediated cytotoxicity against
M14 is not affected by masking of NKp44 molecules. It
should be also noted that NKp44 has been shown to coop-
erate with NKp46 in the NK-mediated cytolytic activity
against other tumor targets such as the lung carcinoma
A549 and the EBV-transformed B cell lines LCL721.221
and RPMI 8866 (18). Taken together, these data would
suggest that different triggering receptors expressed by a
given NK cell may differentially contribute to activation of
cytotoxicity, depending on the ligands expressed by the an-
alyzed target cells.

The inability of anti-NKp46 mAb to inhibit cytolytic
activity against IGROV cells may reflect the absence (or
inadequate expression) of the NKp46 ligand(s). Alterna-
tively, several additional still unknown receptor—ligand in-
teractions may be responsible for NK cell activation against
IGROV cells, and blocking of the NKp46 receptor may
not significantly impair the overall triggering of cytolysis. It
is of note that although lysis of most melanoma cell lines
was inhibited by anti-NKp46 mAb (indeed, most melano-
mas belong to the above-defined “group 2 of cell targets),
lysis of a melanoma cell line (from melanoma patient no.
15392) was not affected by masking of NKp46 (data not
shown). This suggests that the ligand(s) for the NKp46 re-
ceptor may be differentially expressed even by human tu-
mor cells of the same histotype.

Cloning of cONA that Encodes NKp46. To isolate the
cDNA that encodes the NKp46 molecule, we applied an
expression cloning strategy. An expression library was pre-
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Figure 1. Inhibition of natural cytotoxicity by mAb-mediated masking
of NKp46 molecules. Seven representative NK cell clones, derived from
two donors, were analyzed for cytotoxic activity in a 5!Cr-release assay
against the following FcyR-negative target cell lines: BW1502 (murine
thymoma), M14 (human melanoma), and IGROV (human ovarian carci-
noma), in either the absence (CJ) or presence of BAB281 (anti-NKp46,
M), or in Z231 (anti-NKp44, (d) mAb. Both mAbs are IgG1. The E/T
ratio was 5:1 for human target cells and 8:1 for murine target cells. Each

bar represents the mean of triplicate experiments.

pared from human NK cell cDNA derived from two healthy
donors, and was divided into 10 fractions of ~10° indepen-
dent recombinant clones. Individual fractions were transiently
transfected into COS-7 and analyzed by immunocytochemi-
cal staining with anti-NKp46 mAb. The first screening re-
vealed two positive library fractions. Screening of progres-
sively smaller pools of recombinants allowed us to isolate a
single clone (2F) that directed cell surface expression of the
NKp46 protein, as demonstrated by staining with anti-
NKp46 mAb and by flow cytometric analysis (Fig. 2 A).
The cDNA comprises a 915-bp ORF encoding a novel
protein of 304 amino acids (Fig. 2 B). The predicted amino
acid sequence is consistent with a type | transmembrane
protein belonging to the Ig superfamily. The extracellular
region is preceded by a 21-residue signal peptide, and con-
sists of two cysteine-bridged C2-type Ig-like domains fol-
lowed by a stretch of amino acids that probably form a stem
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Figure 2. (A) Cell surface expression of NKp46 protein in COS-7

transfected cells. COS-7 cells, transfected with clone 2F cDNA (left) or
vector alone (right), were stained with anti-NKp46 mAb, followed by PE-
conjugated goat anti-mouse 1gG1 and were analyzed by flow cytometry.
White profiles represent cells incubated with second reagent alone (i.e.,
negative controls). (B) Nucleotide and predicted amino acid sequences of
NKp46. The beginning of translation is marked by an arrow. The puta-
tive signal peptide is indicated in lowercase letters, the minimal predicted
transmembrane region is underlined, and the charged amino acid Arg is
circled and shaded in gray. Cysteines involved in the Ig-like fold are cir-
cled and putative N- and O-glycosylation sites are boxed. DNA and pro-
tein sequence analysis were performed using GeneWorks, MacVector
suites (Oxford Molecular Group Inc., Oxford, UK), NetOGlyc 2.0 (http:
//www.cbs.dtu.dk/services/NetOGlyc/), and PSORT (http://psort.
nibb.ac.jp/) Prediction Servers. These sequence data are available from
EMBL/GenBank/DDBJ under accession number AJ001383.
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connecting the ectodomain with the transmembrane re-
gion. The putative transmembrane segment may be unusu-
ally short, comprising 19 amino acids that include a posi-
tively charged residue (Arg). Alternatively, inclusion of the
two acidic amino acids Glu and Asp would result in a longer
transmembrane region characterized by the atypical pres-
ence of several charged residues. The intracellular portion is
30 amino acids in length, is rich in basic residues, and does
not contain consensus sequences for any known ITAM. Re-
markably, recent biochemical analysis revealed an association
of the NKp46 receptor with the ITAM-containing CD3{
subunit (18). However, unlike CD16 cDNA, the NKp46
cDNA does not require cotransfection with CD3{ cDNA to
induce surface expression of the NKp46 protein. In addi-
tion, cotransfection of NKp46 and CD3{ cDNA:s did not re-
sult in any significant increase of NKp46 surface expression
in COS-7 cells (data not shown). It is of note that the NKp46
molecule, unlike other activating NK receptors (including
KAR and NKp44), does not appear to be associated with the
KAR-associated polypeptide (KARAP)/DNAX-associated
protein (DAP)12 signal transducing subunit (18-20).

Next, COS-7 cells untransfected or transfected with the
NKp46 cDNA were surface labeled with 1251, lysed in 1%
NP-40, and then immunoprecipitated with the anti-
NKp46 mAb. As shown in Fig. 3 a, the anti-NKp46 mAb
immunoprecipitated a surface molecule of ~46 kD from
NKp46-transfected COS-7 cells, corresponding to the sur-
face molecule immunoprecipitated from a polyclonal NK
cell population used as a control. A second faint band dis-
playing a molecular mass of ~33 kD could be visualized in
immunoprecipitates derived from NKp46-transfected COS-7

cells. The NKp46 molecule was originally described as a

poorly glycosylated protein characterized by a slight decrease
in molecular mass after treatment with O-glycosidase (17).

b
Neur -+ + + +
Fucase — + + + +
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Figure 3. Biochemical analysis of NKp46 glycoprotein. (a) A poly-
clonal NK cell population (A) and COS-7 cells, untransfected (B) or
transfected with NKp46 cDNA (C), were surface-labeled with 125] and
immunoprecipitated with BAB281 (anti-NKp46) mAb. Samples were an-
alyzed in an 11% SDS-PAGE under reducing conditions. (h) NKp46
molecules, purified from a 1251 surface-labeled NK cell population, were
treated with various enzymes as indicated. Samples were run in a 9%
SDS-PAGE under reducing conditions.

957 Pessino et al.

On the other hand, the difference between the molecular
size of the protein predicted from the cDNA sequence
(~33 kD) and the molecular mass of the NKp46 molecule
derived from normal NK cells or transfected COS-7 cells
(46 kD), suggested the presence of previously undetected
glycosylations. Moreover, computer search for putative
glycosylation sites indicated one potential N-linked glyco-
sylation site at Asn216 and two potential O-linked glycosy-
lation sites at Thrl25 and Thr225, respectively (28). This
was confirmed by experiments in which NKp46 molecules
were treated with O- and/or N-glycosidase in the presence
of fucosidase and N-acetyl-glucosaminidase. As shown in
Fig. 3 b, under these conditions we could demonstrate a de-
crease in molecular mass after treatment with either N- or
O-glycosidase (lanes C and D, respectively). Moreover,
when the NKp46 molecules were digested with both N- and
O-glycosidase (lane E), a band of ~33 kD, corresponding to
the predicted NKp46 protein backbone, could be visualized.
Thus, the NKp46 molecule presumably displays both N- and
O-glycosylations, and the faint band of 33 kD visualized
in immunoprecipitates derived from COS-7 transfected
cells may represent a nonglycosylated form of the NKp46
molecule.

Tissue Distribution and Sequence Analysis of the NKp46
Transcript.  NKp46 cDNA and amino acid sequences were
compared with the EMBL/GenBank/DDBJ databases. This
analysis revealed a partial homology with members of the
immunoglobulin-like transcript (ILT)/leukocyte immu-
noglobulin-like receptor (LIR) receptor family that are
mainly expressed on human lymphoid and myelomono-
cytic cells (29-31). In particular, the greatest amino acid
identity (39%) was observed between the extracellular do-
main of NKp46 and that of the inhibitory ILT3 receptor
(29), also known as HM18 (30) or LIR-5 (31) (Fig. 4).

Northern blot experiments performed using RNA from
multiple human tissues showed that the NKp46 gene is
weakly expressed only in spleen (data not shown). More
detailed Northern blot analysis, using RNA isolated from
purified NK cell populations or clones, polyclonal T cells,
and cell lines including the T, B, and myelomonocytic
lines, revealed that NKp46 expression is confined to NK
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Figure 4. Alignment of amino acid sequences corresponding to the ex-
tracellular regions of NKp46 and ILT3 proteins. The putative signal pep-
tides were deleted from both sequences. Consensus sequence is indicated
on top, dashes were introduced to maximize homologies, and amino acids
identical to the consensus are indicated by dots.
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cells, whereas other lymphoid or myelomonocytic cells do
not express NKp46 mRNA (Fig. 5). The NK-specific ex-
pression pattern of NKp46 transcript was subsequently
confirmed by reverse transcriptase (RT)-PCR analysis (data
not shown). These findings are in agreement with previous
data demonstrating NK-specific cell surface expression of
NKp46 protein, as determined by flow cytometric analysis
using anti-NKp46 specific mAb (17). Remarkably, the NK
cell-restricted expression of NKp46 differentiates this mol-
ecule from ILT/LIR molecules that generally display a
broader cellular distribution.

As shown in Fig. 5, the NKp46 main transcript is ~3.4 kb
long, and an additional faint band of ~0.9 kb is also detect-
able. Subsequent RT-PCR experiments, using specific
primers and RNA isolated from NK cell clones derived
from different donors, revealed the existence of shorter
cDNA sequences, probably representing alternative splice
variants of NKp46 (data not shown). It is possible that the
0.9-kb RNA transcript that weakly hybridizes with the
NKp46 full length cDNA probe might correspond to a
transcript encoding a lower molecular weight isoform of
NKp46 molecule. At present, it is not known whether these
alternative splice variants of NKp46 (nucleotide sequence
data are available from EMBL/GenBank/DDBJ under ac-
cession numbers AJ006121, AJ006122, and AJ006123) rep-
resent functional molecules.

The NKp46 cDNA sequences obtained by RT-PCR
from clonal and polyclonal NK cells isolated from several
unrelated donors were identical (data not shown). This
finding indicates that the NKp46 gene does not display sig-
nificant allelic variations among different individuals.

Chromosomal Localization and Southern Blot Analysis of the
NKp46 Gene. We performed analysis of chromosomal
localization of the NKp46 gene by Southern blotting. To
this aim, we used genomic DNA, extracted from a panel of
human/hamster somatic cell hybrids, hybridized with the
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Figure 5. Northern blot analysis of NKp46 transcript expression. Total
RNA was isolated from cells of different origins as follows: polyclonal NK
cell populations (NK-LM and NK-FG); NK cell clones (KK41 and
TB34); a polyclonal CD3* T cell population (PHA blasts); a T lymphoma
cell line (Jurkat); Burkitt’s lymphoma B cell lines (Raji and Daudi); an
EBV-transformed B cell line (LCL721.221); a histiocytic lymphoma cell
line (U937); and an acute promyelocytic leukemia cell line (HL60). 10 pg
of each RNA preparation (2 ng of RNA from NK cell clones KK41 and
TB34) were hybridized with the 1.3-kb NKp46 probe. The positions of
28S and 18S ribosomal RNA subunits are indicated on the left.

NKp46 cDNA probe at high stringency conditions. This
analysis revealed segregation of the NKp46 gene on chro-
mosome 19 (Fig. 6). Since the genes encoding killer cell
inhibitory protein (KIR)/KAR, FcaR (1), ILT/LIR (29—
31), and LAIR-1/p40 (32) molecules are also located on
chromosome 19 (in particular, they are linked within a
short segment of 19913.14; reference 33), this suggests the
existence of a common ancestral gene for all these mole-
cules. Southern blot analysis of human genomic DNA (Fig.
6) also revealed a relatively simple hybridization pattern for
the NKp46 gene, suggesting that the NKp46 probe may
hybridize with a single gene or a few genes.

We next investigated the species-specificity of the
NKp46 gene by Southern blot analysis under lower strin-
gency conditions, using genomic DNA from different spe-
cies. Interestingly, the NKp46 probe displays cross-hybrid-
ization with genomic DNA from monkey, dog, rabbit,
cow, mouse, and rat DNA (data not shown). These data
suggest a significant cross-species conservation of the NKp46-
encoding gene. In addition, by searching the National Cen-
ter for Biotechnology Information (NCBI) database of ex-
pressed sequence tags (EST), we found an EST clone from
a C57BL/6J mouse spleen cell library (accession number
AA170207) that shared high degree of sequence identity
with the human NKp46 cDNA. Based on the sequence in-
formation obtained from this EST clone, we could isolate a
murine homologue of the NKp46 molecule that shares
69% homology with the human NKp46 cDNA sequence
(Biassoni, R., A. Pessino, C. Bottius, A. Morette, and L.
Morette, manuscript in preparation).
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Figure 6. Chromosomal localization of NKp46 gene. Genomic DNA

derived from a panel of hamster/human somatic cell hybrids, or from hu-
man, hamster, or mouse tissues, and digested with EcoRI, was hybridized
with the 1.3-kb NKp46 probe. The hybrid cell lines containing chromo-
some 19 are indicated on top. The positions of the 23.1-, 9.4-, and 6.6-kb
fragments of the X Hindlll-digested molecular weight marker are indi-
cated on the right side of each autoradiograph.
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Conclusion.  This study reports the molecular cloning of
the first human NK-specific receptor involved in triggering
of non MHC-restricted natural cytotoxicity. Sequence anal-
ysis revealed a new member of the Ig superfamily, charac-
terized by two C2-type Ig-like domains, a transmembrane
region containing at least one charged amino acid (Arg), and
a short cytoplasmic tail, that does not contain ITAM. The
presence of a positively charged amino acid within the
transmembrane domain is a typical feature of many trigger-
ing receptors, including KAR, NKG2-C, and TCRs. Since
the prediction of the transmembrane region of NKp46 is
not unequivocal from its amino acid sequence, the possibil-
ity exists that the complete transmembrane segment may
include also the two negatively charged residues Glu and
Asp. If this is the case, NKp46 would possess an unusual
transmembrane domain with several charged amino acids
potentially mediating interactions with other molecules. In
this context, previous data demonstrated that NKp46 asso-
ciates with CD3(¢ subunit (18), which is characterized by a
negatively charged amino acid (Asp) in its transmembrane
region and by the presence of three ITAM sequences in its
cytoplasmic portion. Although this association is likely to
be essential for signal transduction via NKp46, CD3¢ is not
required for NKp46 surface expression in cell transfectants.
It is of note that CD16, which also binds to CD3¢, displays
an Asp residue in its transmembrane region.

The specificity of the NKp46 molecule for NK cells was

shown previously by selective reactivity of NK populations
and clones with anti-NKp46 mAb (17). In this study, this
finding was further substantiated by the analysis of the ex-
pression of the Nkp46-specific transcript. Therefore, the
NKp46 molecule represents the only NK-specific marker
for human NK cells identified thus far.

The anti-NKp46 mAb has also been used to analyze the
regulatory function of the NKp46 molecule. Mab-medi-
ated cross-linking of NKp46 molecule triggered different
NK cell functions (17). On the other hand, mAb-mediated
masking (i.e., under non—cross-linking conditions) of NKp46
molecule inhibited NK cytotoxicity against different tumor
target cells (17, 18). Here we show that the degree of this
inhibition depends upon the target cell analyzed, and that
NKp46 is involved not only in cytotoxicity against human
tumor cells of different histotype and origin, but also
against murine target cells. It is likely that additional trig-
gering receptors (including NKp44 and other as yet unde-
fined molecules) are involved in natural cytotoxicity against
human target cells. However, NKp46 receptor would ap-
pear to play a predominant role in triggering of cytotoxic-
ity against most tumor target cells analyzed. It is possible
that this is due to the expression of putative Nkp46 ligands
on most NK-susceptible tumor cell lines analyzed. It will
be important to identify these ligands to clarify their tissue
distribution, their expression on tumor versus normal tis-
sues, and their expression in different species.

We are grateful to Dr. Ruud Brakenhoff for helpful technical tips. We thank Mrs. Cinzia Miriello for secre-

tarial assistance.

This work was supported by grants awarded by Associazione Italiana per la Ricerca sul Cancro (A.I.R.C.),
Istituto Superiore di Sanita (1.S.S.), Ministero della Sanita, and Ministero dell’Universita e della Ricerca Sci-
entifica e Tecnologica (M.U.R.S.T.), Consiglio Nazionale delle Ricerche, Progetto Finalizzato Biotecnologie.

Address correspondence to Lorenzo Moretta, Laboratorio di Immunopatologia, Centro Biotecnologie
Avanzate, L.go R. Benzi, 10, 16132 Genova, ltaly. Phone: 39-10-573-7217 or 7219; Fax: 39-10-354-123;

E-mail: moretta@sirio.cba.unige.it

Received for publication 27 May 1998 and in revised form 17 June 1998.

References

1. Moretta, A., C. Bottino, M. Vitale, D. Pende, R. Biassoni,
M.C. Mingari, and L. Moretta. 1996. Receptors for HLA-
class I molecules in human natural killer cells. Annu. Rev. Im-
munol. 14:619-648.

2. Lanier, L.L. 1997. Natural Killer cells: from no receptors to
too many. Immunity. 6:371-378.

3. Moretta, A., M. Vitale, C. Bottino, A.M. Orengo, L. Mo-
relli, R. Augugliaro, M. Barbaresi, E. Ciccone, and L. Mor-
etta. 1993. P58 molecules as putative receptors for major his-
tocompatibility complex (MHC) class I molecules in human
natural killer (NK) cells. Anti-p58 antibodies reconstitute lysis
of MHC class I-protected cells in NK clones displaying dif-
ferent specificities. J. Exp. Med. 178:597-604.

4. Litwin, V., J.E. Gumperz, P. Parham, J.H. Phillips, and L.L.
Lanier. 1994. NKBL1: an NK receptor involved in the recog-

959 Pessino et al.

nition of polymorphic HLA-B molecules. J. Exp. Med. 180:
537-544.

5. Pende, D., R. Biassoni, C. Cantoni, S. Verdiani, M. Falco,
C. Di Donato, L. Accame, C. Bottino, A. Moretta, and L.
Moretta. 1996. The natural killer cell receptor specific for
HLA.A allotypes: a novel member of the p58/p70 family of
inhibitory receptors that is characterized by three immuno-
globulin-like domains and is expressed as a 140-kD disulfide-
linked dimer. J. Exp. Med. 184:505-518.

6. Wagtmann, N., R. Biassoni, C. Cantoni, S. Verdiani, M.S.
Malnati, M. Vitale, C. Bottino, L. Moretta, A. Moretta, and
E.O. Long. 1995. Molecular clones of the p58 natural killer
cell receptor reveal Ig-related molecules with diversity in
both the extra- and intracellular domains. Immunity. 2:439-449.

7. Colonna, M., and J. Samaridis. 1995. Cloning of immunoglob-

6002 ‘0T AInc uo Bio ssaidni wal woiy papeojumoq


http://jem.rupress.org

Published September 7, 1998

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

ulin-superfamily members associated with HLA-C and HLA-B
recognition by human natural killer cells. Science. 268:405-408.

. Phillips, J.H., C. Chang, J. Mattson, J.E. Gumperz, P. Par-

ham, and L.L. Lanier. 1996. CD94 and a novel associated
protein (94AP) form a NK cell receptor involved in the rec-
ognition of HLA-A, HLA-B, and HLA-C allotypes. Immu-
nity. 5:163-172.

. Carretero, M., C. Cantoni, T. Bellon, C. Bottino, R. Bias-

soni, A. Rodriguez, J.J. Perez-Villar, L. Moretta, A. Moretta,
and M. Lopez-Botet. 1997. The CD9%4 and NKG2-A C-type
lectins covalently assemble to form a a NK cell inhibitory re-
ceptor for HLA class | molecules. Eur. J. Immunol. 27:563-567.
Cantoni, C., R. Biassoni, S. Sivori, L. Accame, L. Pareti, G.
Semenzato, L. Moretta, A. Moretta, and C. Bottino. 1998.
The activating form of CD94 receptor complex. CD9% co-
valently associates with the Kp39 protein that represents the
product of the NKG2-C gene. Eur. J. Immunol. 28:327-338.
Braud, V.M., E.Y. Jones, and A.J. McMichael. 1997. The
human major histocompatibility complex class Ib molecule
HLA-E binds signals-derived peptides with primary anchor
residues at position 2 and 9. Eur. J. Immunol. 27:1164-1169.
Braud, V.M., D.S.J. Allan, C.A. O’Callaghan, K. Soderstrom,
A. D’Andrea, G.S. Ogg, S. Lazetic, N.T. Young, J.I. Bell,
J.H. Phillips, et al. 1998. HLA-E binds to natural killer cell
receptors CD94/NKG2A, B and C. Nature. 391:795-799.
Borrego, F., M. Ulbrecht, E.H. Weiss, J.E. Coligan, and
A.G. Brooks. 1998. Recognition of human histocompatibil-
ity leukocyte antigen (HLA)-E complexed with HLA class |
signal sequence-derived peptides by CD94/NKG2 confers
protection from natural killer cell-mediated lysis. J. Exp.
Med. 187:813-818.

Moretta, A., S. Sivori, M. Vitale, D. Pende, L. Morelli, R. Au-
gugliaro, C. Bottino, and L. Moretta. 1995. Existence of both
inhibitory (p58) and activatory (p50) receptors for HLA-C mol-
ecules in human natural killer cells. J. Exp. Med. 182:875-884.
Bottino, C., S. Sivori, M. Vitale, C. Cantoni, M. Falco, D.
Pende, L. Morelli, R. Augugliaro, G. Semenzato, R. Biassoni,
et al. 1996. A novel surface molecule homologous to the p58/
p50 family of receptors is selectively expressed on a subset of
human natural Killer cells and induces both triggering of cell
functions and proliferation. Eur. J. Immunol. 26:1816-1824.
Biassoni, R., C. Cantoni, M. Falco, S. Verdiani, C. Bottino,
M. Vitale, R. Conte, A. Poggi, A. Moretta, and L. Moretta.
1996. The HLA.C specific “activatory” and “inhibitory” nat-
ural killer cell receptors display highly homologous extracel-
lular domains but differ in their transmembrane and intracy-
toplasmic portions. J. Exp. Med. 183:645-650.

Sivori, S., M. Vitale, L. Morelli, L. Sanseverino, R. Au-
gugliaro, C. Bottino, L. Moretta, and A. Moretta. 1997. p46,
a novel natural killer cell-specific surface molecule that medi-
ates cell activation. J. Exp. Med. 186:1129-1136.

Vitale, M., C. Bottino, S. Sivori, L. Sanseverino, R. Castri-
coni, E. Marcenaro, R. Augugliaro, L. Moretta, and A. Mor-
etta. 1998. NKp44, a novel triggering surface molecule spe-
cifically expressed by activated natural killer cells, is involved
in non-major histocompatibility complex-restricted tumor
cell lysis. J. Exp. Med. 187:2065-2072.

Olcese, L., A. Cambiaggi, G. Semenzato, C. Bottino, A. Moretta,
and E. Vivier. 1997. Human Killer cell activatory receptors for
MHC class | molecules are included in a multimeric complex
expressed by natural killer cells. J. Immunol. 158:5083-5086.
Lanier, L.L., B.C.Corliss, W. Jun, C. Leong, and J.H. Phil-
lips. 1998. Immunoreceptor DAP12 bearing a tyrosine-based

960

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

activation motif is involved in activating NK cells. Nature.
391:703-707.

Moretta, A., G. Tambussi, C. Bottino, G. Tripodi, A. Merli,
E. Ciccone, G. Pantaleo, and L. Moretta. 1990. A novel sur-
face antigen expressed by a subset of human CD3-CD16*
natural killer cells. Role in cell activation and regulation of
cytolytic function. J. Exp. Med. 171:695-714.

Moretta, A., A. Poggi, D. Pende, G. Tripodi, A.M. Orengo,
N. Pella, R. Augugliaro, C. Bottino, E. Ciccone, and L.
Moretta. 1991. CD69-mediated pathway of lymphocyte acti-
vation: anti-CD69 monoclonal antibodies trigger the cy-
tolytic activity of different lymphoid effector cells with the
exception of cytolytic T lymphocytes expressing T cell re-
ceptor a/B. J. Exp. Med. 174:1393-1398.

Moretta, A., C. Bottino, D. Pende, G. Tripodi, G. Tambussi,
O. Viale, A.M. Orengo, M. Barbaresi, A. Merli, E. Ciccone,
and L. Moretta. 1990. Identification of four subsets of human
CD3-CD16" natural killer (NK) cells by the expression of
clonally distributed functional surface molecules: correlation
between subset assignment of NK clones and ability to mediate
specific alloantigen recognition. J. Exp. Med. 172:1589-1598.
Maniatis, T., E.F. Fritsch, and J. Sambrook. 1982. Molecular
Cloning: A Laboratory Manual. Cold Spring Harbor Labora-
tory Press, Cold Spring Harbor, NY. 853 pp.

Brakenhoff, R.H., M. Gerretsen, E.M. Knippels, M. van
Dijk, H. van Essen, D.O. Weghuis, R.J. Sinke, G.B. Snow,
and G.A. van Dongen. 1995. The human E48 antigen,
highly homologous to the murine Ly-6 antigen ThB, is a
GPIl-anchored molecule apparently involved in keratinocyte
cell—cell adhesion. J. Cell Biol. 129:1677-1689.

Biassoni, R., S. Ferrini, I. Prigione, A. Moretta, and E.O.
Long. 1988. CD3-negative lymphokine-activated cytotoxic cells
express the CD3 epsilon-gene. J. Immunol. 140:1685-1689.
Feinberg, A.P., and B. Vogelstein. 1983. A technique for ra-
diolabeling DNA restriction endonuclease fragments to high
specific activity. Anal. Biochem. 132:6-10.

Hansen, J.E., O. Lund, J. Engelbrecht, H. Bohr, J.O.
Nielsen, J.-E.S. Hansen, and S. Brunak. 1995. Prediction of
O-glycosylation of mammalian proteins: specificity patterns
of UDP-GalNAc:polypeptide N-acetylgalactosaminyltrans-
ferase. Biochem. J. 308:801-813.

Cella, M., C. Dohring, J. Samaridis, M. Dessing, M. Brock-
haus, A. Lanzavecchia, and M. Colonna. 1997. A novel in-
hibitory receptor (ILT3) expressed on monocytes, macro-
phages, and dendritic cells involved in antigen processing. J.
Exp. Med. 185:1743-1751.

Arm, J.P., C. Nwankwo, and K.F. Austen. 1997. Molecular
identification of a novel family of human Ig superfamily
members that possess immunoreceptor tyrosine-based inhibi-
tion motifs and homology to the mouse gp49B1 inhibitory
receptor. J. Immunol. 159:2342-2349.

Borges, L., M.-L. Hsu, N. Fanger, M. Kubin, and D. Cos-
man. 1997. A family of human lymphoid and myeloid Ig-like
receptors, some of which bind to MHC class | molecules. J.
Immunol. 159:5192-5196.

Meynaard, L., G.J. Adema, C. Chang, E. Woollatt, G.R.
Sutherland, L.L. Lanier, and J.H. Phillips. 1997. LAIR-1, a
novel inhibitory receptor expressed on human mononuclear
leukocytes. Immunity. 7:283-290.

Wagtmann, N., S. Rojo, E. Eichler, H. Mohrenweiser, and
E.O. Long. 1997. A new human gene complex encoding the
killer cell in inhibitory receptors and related monocyte/mac-
rophage receptors. Curr. Biol. 7:615-618.

Molecular Cloning of the NKp46 Receptor

6002 ‘0T AInc uo Bio ssaidni wal woiy papeojumoq


http://jem.rupress.org

