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Membrane-Associated Heparan Sulfate Proteoglycans Are
Involved in the Recognition of Cellular Targets by NKp30
and NKp46*

Noga Bloushtain? Udi Qimron, * Ahuva Bar-llan,* Oren Hershkovitz,* Roi Gazit,*
Eyal Fima," Murray Korc, * Israel Vlodavsky,® Nicolai V. Bovin," and Angel Porgador*

Lysis of virus-infected and tumor cells by NK cells is mediated via natural cytotoxicity receptors (NCRs). We have recently shown
that the NKp44 and NKp46 NCRs, but not the NKp30, recognize viral hemagglutinins. In this study we explored the nature of the
cellular ligands recognized by the NKp30 and NKp46 NCRs. We demonstrate that target cell surface heparan sulfate proteogly-
cans (HSPGs) are recognized by NKp30 and NKp46 and that &-sulfation and N-acetylation state of the glucose building unit
affect this recognition and lysis by NK cells. Tumor cells expressing cell surface heparanase, CHO cells lacking membranal
heparan sulfate and glypican-1-suppressed pancreatic cancer cells manifest reduced recognition by NKp30 and NKp46 and are
lysed to a lesser extent by NK cells. Our results are the first clue for the identity of the ligands for NKp30 and NKp46. Whether
the ligands are particular HSPGs, unusual heparan sulfate epitopes, or a complex of HSPGs and either other protein or lipid
moieties remains to be further explored. The Journal of Immunology, 2004, 173: 2392-2401.

cells, apparently without prior Ag stimulation (1, 2). The ognition of the HA and HA-neuraminidase requires the sialylation

interaction between NK cells and their targets is medi- of NKp44 and NKp46 oligosaccharides and the binding of these
ated via a complex array of NK inhibitory and activating receptorsNCRs to HAs is required for the lysis of virus-infected cells by NK
(3-7). Heavily implicated in this interplay are inhibitory receptors (9, 10). We have further shown that this recognition is restricted to
of the NK cell surface, whose ligands are polymorphic and non-one of the three glycans found on the second extracellular domain
polymorphic MHC class | molecules (3-7). With regard to acti- of NKp46 (11). However, the cellular ligands recognized by the
vation, some NK cells express activation receptors specific foNCRs are still elusive.
MHC class | molecules homologous to various NK inhibitory re-  cantoni et al. (12) published the three-dimensional structure of
ceptors (3-7). Yet, three novel lysis receptors, expressed mainly ORKp44 and noted that the positively charged inner surface of a
human NK cells, were recently identified. These natural cytotox-prominent groove may constitute a binding site for anionic ligands,
icity receptors (NCRS)include the NKp30, NKp44, and NKp46  ossiply sugars. Thus, binding of NCRs to their cellular ligands
molecules (3, 5). All of them are capable of mediating direct kill- ot involve carbohydrate structures on the putative ligands. The
ing of tumor and virus-infected cells and are specific for non-MHC yinding of other NK activation and inhibitory receptors to their
ligands. The NCRs are highly NK specific, and NKp30 and NKp46Iigands does involve oligosaccharides. For example, mouse Ly-49

precisely mark NK cells, whether resting or activated, Wherea%amily of C-type lectin-like NK receptors include inhibitory and

NKp44 is expressed by activated NK cells (3, 5). - : )
We have recently shown that the NKp44 and NKo46 proteins activating receptors that recognize different MHC class | mole-
y P Pao P ‘cules on target cells (13). Recently, a co-crystal of Ly-49A and its

but not the NKp30, recognize the hemagglutinin (HA) oflnfluenzaH_ZDd ligand indicated a possible difierent role for the tb

linked glycosylations present on the H-2[13, 14).
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In the present study, we first screened different carbohydrate
structures for effect on binding of recombinant NKp30- and
NKp46-fusion Igs to tumor cells. We identified 6-O-sulfo-N-
acetyllactosamine (6-O-sulfo-LacNAc), with emphasis on the 6-O-
sulfo-N-acetylglucosamine, as a potent inhibitor of this binding.
The 6-O-sulfo-N-acetylglucosamine is a building unit of heparin/
heparan sulfate, which also inhibited the binding of NKp30- and
NKp46-fusion Igsto tumor cells. We further determined that target
cell membrane-associated heparan sulfate proteoglycans (HSPGs)
are recognized by NKp30- and NKp46-fusion Igs. Finally, we
showed that tumor membrane HSPGs are involved in lysis of tar-
get tumor cells by NK.

Materials and M ethods
Cells

Cell lines used in this work were as follows. PC-3 is a human prostate
adenocarcinoma derived from bone metastasis that is prostate-specific an-
tigen-negative and androgen insensitive from American Type Culture Col-
lection (ATCC, Manassas, VA; catalogue no. CRL-1435). Human mela-
noma cell line 1106 is established from a recurrent metastatic lesion and
expressed no HLA-I Ags (24). HeLais a human cervical adenocarcinoma
(ATCC catalogue no. CCL-2). Eb-SP is Eb murine T lymphoma trans-
fected with cDNA encoding for chimeric heparanase composed of the hu-
man heparanase and the chicken heparanase signal peptide. A functional
heparanase is localized on the surface of Eb-SP cells (25). PANC-1 is a
human pancreatic ductal carcinoma (ATCC catalogue no. CRL-1469) over-
expressing glypican-1 (26). GAS6 are PANC-1 cells stably transfected
with full-length glypican-1 antisense construct, thus markedly reducing
their glypican-1 expression at both the RNA and protein levels; sham-
PANC-1 are control-transfected PANC-1 cells, retaining high levels of
glypican-1 (26). Wild-type Chinese hamster ovary (CHO) K1 cells and the
mutant derivatives CHO pgsA-745 and CHO pgsD-677 were kindly sup-
plied by Dr. J. Esko (University of California at San Diego, La Jolla, CA)
and have been characterized in detail elsewhere (27). NK cells (lines and
clones) were isolated from peripheral blood lymphocyte using the human
NK cell isolation kit and the autoM ACS instrument (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). The NK cells were kept in culture as previ-
ously described (9).

Carbohydrates and Glyc-PAA library

Glyc-PAAs are carbohydrate conjugates in which Glyc is the oligosaccharide
part and polyacrylamide (PAA) is a soluble carrier of 30 kDa. The content of
oligosaccharidesin the conjugatesis 20 mol%. Thus, on the average, each fifth
unit of the PAA polymer is conjugated to oligosaccharide (28). Asan example,
the oligosaccharide content for N-acetyllactosamine (LacNAc) is 1.05 wmol
LacNAc/mg Glyc-PAA. A library of 35 different Glyc-PAASs containing
carbohydrate ligands for siglecs, galectins, selectins, and other lectins
was used for initial screen and further identification, namely: 3',6-O-
Su,-LacB; 6(C'°NA9.O-Su-Sial eX; NeuSAca2-3Gal 1-3GIcNAC;
NeuS5Aca2-6Gal B1-4Glc; 3'-O-Su-Gal B1-3(Fucal—-4)GIcNACB;
Gal B1-4GIcNAcB1-3Gal B1-4GlcB; NeuSAca2-3Gal B1-4(Fucal—
3)GIcNAcB; Neu5Aca2-3Gal B1-3(Fucal-4)GIcNAcB; Fucal—
2Gal B1-4(Fucal-3)GIcNACcB; 6'-SiaLacNAcB; Galp1-4GIcNAcBl-
6GaNAca; 6-O-Su-Lac; 6-O-Su-LacNAc; NeuSAca2-3Gal 31-3(6-Su)
GlcNAc; NeuSAca2-3GalB1-3(6-Su)GalNAca; GlcNAcB1-3(Glc-
NAcB1-6)GalNAca; Galal-3GalB1-4GIcNAcB; 3'-O-Su-Galpl-
4(Fucal-3)GIcNAcB; GalBl-4(Fucal-3)GIcNAcB; NeuSAca2—
3GalB1-4GIcNACB; 4',6'-O-Su,-LacNAcp; 3'-O-Su-Gal B1-3GalNAce;
6'-O-Su-LacNAcpB; NeuSAca2—8NeuSAca?2; 3'-O-Su-Gal B1-3GIcNACS;
3'-O-Su-LacNAcB; 3-O-Su-GalNAcB; a-p-Man; 6-H,POz;Mana;
GalNAcB1-4GIcNAcB; Galal-3GalB1-4Glc; Lac; LacNAc; Galpl-
3GalNAca; Galpl-3GaNAcB; GaNAcal-3GaNAcB; GlcNAcB1-
4GIcNACB; 6°-0-Su-Sial e*.

Glycosaminoglycans (GAGS)

Low m.w. (LMW) heparin (H-3400), heparan sulfate (H-9902), hyaluronic
acid (H-5388), chondroitin sulfate A (C-8529), and chondroitin sulfate C
(C-4384) were purchased from Sigma-Aldrich, St. Louis, MO. Species of
heparin that are modified in N-sulfation, O-sulfation, and acetylation were
described (29).
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Ig fusion proteins

The generation of NKp30-1g, NKp46-1g, CD99-1g and leukocyte I1g-like
receptor (LIR)1-1g fusion protein was previously described (9, 10, 30). To
generate the NKp46D2-1g, truncated fusion protein in COS cells residues
101-235 domain 2 (D2) of the mature NKp46 protein were PCR amplified,
and the PCR-generated fragment was cloned into a mammalian expression
vector containing the Fc portion of human 1gG1, as previously described
(11). To alow expression of NKp46D2-1g, which lacks its original leader
peptide sequence, we added a methionine start codon and cloned the PCR-
amplified fragment of NKp46D2 in frame with the leader peptide of CD5.
Sequencing of the construct revealed that all cDONAswerein frame with the
human Fc genomic DNA and were identical with the reported sequences.
COS-7 cells were transiently transfected with the construct using Fu-
GENES reagent (Roche Molecular Biochemicals, Indianapolis, IN) accord-
ing to the manufacturer’ s instructions, and supernatants were collected and
purified on a protein G column. SDS-PAGE analysis revealed that al Ig
fusion proteins were ~95% pure and of the proper molecular mass. For the
production of NKp30-1g and NKp46D2-1g in CHO cells, the corresponding
PCR fragments containing kozak sequence and leader sequence of CD5
were cloned into pcDNA3.1 Ig vector. CHO cells were transfected with
these expression vectors and G418-selected clones were screened for high-
est protein production. Recloned high producer clones were grown in se-
rum-free CHO SFM Il medium (Invitrogen Life Technologies, Paisley,
U.K.) and supernatants were collected daily and purified on protein G
columns using FPLC. Production of Ig fusion proteins in COS and CHO
cells did not affect their binding phenotype to tumor cells (11).

Flow cytometry

Cells were incubated with 10 g of the various fusion Igs for 2 h at 4°C,
washed and stained with FITC-conjugated F(ab'), goat anti-human-1gG
Fcy (109-096-098; Jackson ImmunoResearch Laboratories, West Grove,
PA). Staining and washing buffer consisted of 0.5% (w/v) BSA and 0.05%
sodium azide in PBS. Staining of CHO and mutant CHO cells was carried
with 2% FCSinstead of BSA in the different buffers. Propidium iodide was
added before reading for exclusion of dead cells. Flow cytometry was
performed using a FACSCaliber flow cytometer (BD Biosciences, Moun-
tain View, CA). Datafiles were acquired and analyzed using BD CellQuest
3.3 software. Fluorescence data were acquired using logarithmic amplifi-
cation and reported fluorescence intensity units represent conversion of
channel values according to the logarithmic scale (range 10° to 10%). Re-
sults are presented either as staining histograms (x-axis represents fluores-
cenceintensity and y-axis represents cell counts) or as the geometric mean
fluorescence intensity (MFI) of the stained populations. Geometric mean of
the fluorescence intensities is recommended by the manufacturer for com-
paring relative fluorescence intensities between logarithmically acquired
samples. For most binding inhibition experiments, 10 ug of fusion Ig were
premixed with the carbohydrate (Glyc-PAA or GAG) and added to cellsfor
staining as previous. |n some experiments, cells were preincubated with the
carbohydrates for 90 min at 4°C, washed twice and stained with fusion Ig
as described. In all experiments, each sample was stained twice in different
wells. When results are presented as MFI, average MFI (=SD) of the
duplicate staining is brought to show consistency of staining procedure.

Glycosidases and treatment of cells

Tumor cells (10°%) were washed twice in PBS, resuspended in 1-ml reaction
buffer alone (mock treatment) or reaction buffer containing one of the fol-
lowing GAG-degrading enzymes (Sigma-Aldrich): keratanase (1 U/ml,
K-2876), heparin lyase | (1.5 U/ml, H-2519), and heparin lyase IIl (1.25
U/ml, H-8891). Reaction buffer consisted of 1% (w/v) BSA, 1 pug/ml leu-
peptin, and 10 U/ml aprotinin in PBS. Cells were incubated with enzyme
for 60 min at 37°C, washed twice with PBS and stained with fusion Igs as
previously discussed.

Cytotoxicity assays and mouse anti-NCR serum

The cytotoxic activity of NK lines against the various targets was assessed
in 5-h 35 S-release assays and in 4-h Eu release time-resolved fluorescence
assays, as previously described (31, 32). In experiments in which carbo-
hydrates were included, NK cells were first mixed with the carbohydrates
and then added to target cells. In al experiments shown, the spontaneous
release was <25% of maximal release. Each point represents the average
of duplicate/triplicate values. The range of the duplicates/triplicates was
within 5% of their mean. Anti-NKp30, anti-NKp46, and control serums
were produced as described (9, 10). For inhibition of lysis, the anti-NKp30
and anti-NKp46 serums were used at 1/100 dilution, a concentration at
which binding was saturated, as measured by flow cytometry.
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Results

Binding of NKp30- and NKp46-fusion Igs to tumor cells is
inhibited by 6-O-sulfo-LacNAc in which 6-O-sulfation and
N-acetylation of the glucose are involved

We and others published that NKp30-lg and NKp46-Ig bind to
cellular ligands expressed on tumor cells (3, 9, 10, 33). We further
showed that the membrane-proximal domain (NKp46D2), but not
membrane-distal domain (NKp46D1), of NKp46 retained the bind-
ing of NKp46 to cellular and viral ligands (11). Thus, in this study
we used the NKp46D2-1g. To study the effect of glycosylation on
the binding of NKp30-lg and NKp46-g to tumor cells, we
screened a library of 35 different Glyc-PAAs containing carbohy-
drate ligands for siglecs, galectins, selectins, and other lectins.
Glyc-PAAs were mixed with Ig fusion proteins, and staining of
tumor cells with the Ig fusion protein was measured. One Glyc-
PAA, in which the saccharide moiety was 6-O-sulfo-LacNAc, in-
hibited binding of NKp30-1g and NKp46D2-1g to HelL a cells (Fig.
1A). Similar reaction was observed when other human tumor cell
lines, prostate cancer PC-3 and 1106 melanoma, were assessed
(Fig. 1C and data not shown). Titration of 6-O-sulfo-LacNAc con-
centrations, needed for inhibition of binding, showed that inhibi-
tion (20%) can be observed aready at 15 uM and saturation is
reached at 900 uM (60—70% inhibition). Preincubation of the cells
with 6-O-sulfo-LacNAc-PAA, followed by wash and application
of the fusion proteins did not affect the binding (data not shown).
This excluded a setting in which target cell receptor for 6-O-sulfo-
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LacNAc-like moiety recognized this structure on NKp30 and
NKp46 oligosaccharides.

LIR1 isexpressed by NK cells, recognize abroad range of MHC
class| molecules on target cells and transduces an inhibitory signal
(34). LIR1 was chosen as a control because the overall structures
of LIR1 and NKp46 are very similar, with LIR1 displaying a root
mean-square difference from NKp46 of 1.9 A (35). LIR1-Ig binds
to HeLa and PC-3 cells but not to 1106 melanoma cells. Binding
of LIR1-1g to HeLa and PC-3 cells was not inhibited by 6-O-sulfo-
LacNAc (Fig. 1A and data not shown). Thus, inhibition was spe-
cific to NKp30 and NKp46 binding. We further dissected the con-
tribution of the different glucose modifications to the inhibition of
binding. Fig. 1, B and C, shows that removal of either the sulfate,
N-acetyl or both from the N-acetylglucosamine abolished the effect
on hinding of NKp46D2-1g to HeLaand PC-3 cells. Similar results
were obtained for NKp30-1g (data not shown). We further studied
the effect of sulfation of galactose in LacNAc-PAA on the binding
of Ig fusion proteins. 3'-O-sulfo-LacNAc and 4',6'-di-O-sulfo-
LacNAc did not inhibit binding of NKp30-1g or NKp46-lg,
whereas 6'-O-sulfo-LacNAc manifested inconsistent inhibition
phenotype of up to 25% reduction in binding (data not shown).

Blocking experiments with mAbs that specificaly recognize the
6-O-sulfo-LacNAc moiety (36) did not inhibit the binding NKp30-Ig
and NKp46-1g to tumor cells. In addition, 6-O-sulfotransferase-trans-
fected cells expressng high levels of 6-O-sulfo-LacNAc moiety
within the saccharides of their membrane glycoproteins (36), were not
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FIGURE 1. Effect of 6-O-sulfo-LacNAc-PAA on binding of NKp30- and NKp46-fusion Igs to tumor cells. Ten micrograms of fusion Ig were premixed
with different Glyc-PAAs and cellswere added for 2 h at 4°C (100 ul of total volume, final concentration of the disaccharidesis 0.45 mM). After incubation,
cells were washed and incubated with FITC anti-Fc second Ab. Propidium iodide was added to exclude dead cells. A, Staining of HelLa cells is shown.
Results are presented as MFI (as described in Materials and Methods). Inset shows primary FACS histograms of the effect of 6-O-sulfo-LacNAc-PAA on
binding of NKp30- and NKp46-fusion Igs to HeLa cells. B and C, Staining of HelL.a and PC-3 cells, respectively. Results are presented as percentage of
binding as compared with staining of cells with NKp46D2-1g alone without Glyc-PAA mix. All results are from one representative experiment of three
and are the average of two different samples assayed in the same experiment. Error bars (+SD) of the duplicate, indicating the consistency of the staining

procedure.
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stain positively with NKp30, 46-fusion proteins as compared with
parental mock-transfected cells (data not shown). Therefore, 6-O-
sulfo-LacNAc is not the correct carbohydrate moiety recognized by
NKp30 and NKp46. This also explains the relatively high concentra-
tions (450 uM) of 6-O-sulfo-LacNAc needed to inhibit NKp30-1g and
NKp46D2-1g binding by 50%. To summarize, whether cell mem-
brane-associated oligosaccharides are involved in the binding of
NKp30 and NKp46 to their celular ligands, 6-O-sulfo-N-acetylglu-
cosamine is likely to be a keystone of these oligosaccharides.

Binding of NKp30- and NKp46-fusion Igs to tumor cells is
inhibited by heparin/heparan sulfate, and O-sulfation, and N-
acetylation are involved

N-acetylglucosamine was a component in about half of the Glyc-
PAAs that we screened and four Glyc-PAAs contained 6-O-sulfo-
N-acetylglucosamine (6-O-Su-LacNAc, 6-Su-3'SialLe®, 6-Su-
3'SLN, and 6©'NA9_gu-SLeX). Only the 6-O-sulfo-LacNAc
inhibited binding of NKp30 and NKp46 (Fig. 1 and data not
shown). Yet, 6-O-sulfo-LacNAc was not the precise structure rec-
ognized. Therefore, the nature of the sulfated saccharide involved
in binding of NKp30 and NKp46 to tumor cells was further eval-
uated by determining the possible role of GAGs containing 6-O-
sulfo-N-acetylglucosamine in various variable epitopes/domains
(37, 38). HeLacells were incubated with LMW heparin (10 wg/ml)

A
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and either NKp30-1g, NKp46D2-1g, or LIR1-1g. All three fusion
proteins bound well to HelL a cells and heparin inhibited the bind-
ing of NKp30-1g and NKp46D2-1g, but not the binding of LIR1-Ig
(Fig. 2A). We aso tested killer 1g-like receptor 2 domain long tail
1, KIR2DL 1, which assumes overall structure very similar to that
found for NKp46 (35). KIR2DL1-lg (30) binding to HLA-Cw4-
transfected 721.221 cells (39) was not inhibited by heparin (data
not shown). Chondroitin sulfate A did not inhibit the binding of
any of the three fusion proteins (Fig. 2A). Preincubation of the
cellswith LMW heparin, followed by wash and application of the
fusion proteins did not affect the binding (data not shown). Similar
phenotype was observed when PC-3 prostate cancer and 1106 mel-
anoma were assessed (Fig. 2, B2 and B3). The specific role of
heparin/heparan sulfate in inhibition of NKp46-fusion Ig binding
to all three tumor cell linesisfurther shown in Fig. 2B. Incremental
concentrations of chondroitin sulfate A, chondroitin sulfate C, and
hyaluronic acid up to 10 wg/ml did not inhibit binding of
NKp46D2-1g. In contrast, LMW heparin and heparan sulfate in
concentrations of 0.1 ug/ml (~0.03 M) inhibited binding of
these fusion proteins. Similar results were obtained for NKp30-1g
(data not shown). de Fougerolles et al. (40) reported that the mem-
brane-proximal domain of CD19, CD19-domain 3 (D3), recog-
nizes stromal cell-associated heparan sulfate. The other two extra-
cellular domains of CD19 did not recognize heparan sulfate. CD19

B,

0.1 1
Glycosaminoglycans (ug/ml)
—&— chondroitin A —©— chondroitin C —#— heparin LMW
—&— heparan sulfate - -l- - hyakwonic acid

FIGURE 2. Effect of heparin/heparan sulfate on binding of NKp30- and NKp46-fusion Igs to tumor cells. Ten micrograms of fusion Ig were premixed
with different GAGs and 10° cells were then added for 2 h at 4°C (100 wl of total volume, final concentration of GAGs-proteoglycansis 0.1 to 10 ug/ml).
Heparan sulfate concentration of 0.1 wg/ml is ~0.03 wM. After incubation, cells were washed and incubated with FITC anti-Fc second Ab. Propidium
iodide was added to exclude dead cells. A, Staining of HelLa cells. Concentrations of LMW heparin and chondroitin sulfate A are 10 pg/ml. Results are
presented as MFI. B1-B3, Effect of titrated concentration of different GAGs. Staining of Hela, PC-3, and 1106 cells, respectively, is with NKp46D2-1g.
C, Effect of modified heparin. Staining of Hel a cells. Results are presented as a percentage of binding as compared with staining of cells with NKp46D2-1g
alone without GAG or proteoglycan mix. Results are from one representative experiment of two (for A, B2, B3, and C) and of five (B2). Results are the
average of two different samples assayed in the same experiment. Error bars (=SD) are indicated.
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is a B cell-specific membrane protein that amplifies positive sig-
naling. Similar to our observations with NKp30-1g and NK p46D2-
1g, binding of CD19-D3-Ig to stromal cell lines was inhibited by
soluble heparan sulfate in concentrations of 0.1 pg/ml and
higher (40).

We next examined the influence of variations in O-sulfation and
N-acetylation of heparin on its capacity to inhibit the binding of
NKp30- and NKp46-fusion Igs to tumor cells. N-desulfation of
heparin resulted in 100% removal of the N-sulfate groups whereas
O-desulfation removed 99% of the O-linked sulfates (29). N-des-
ulfated heparin was a potent inhibitor of NKp46D2-1g binding
whereas O-desulfation of heparin reduced significantly the ob-
served inhibition (Fig. 2C). We also tested N-deacetylated heparin,
in which al N-acetyl groups were replaced by N-hexanoyl. This
modification also reduced the capacity of heparin to inhibit binding
of NKp46D2-lg (Fig. 2C). Similar results were obtained for
NKp30-1g (data not shown).

NKp30- and NKp46-fusion Igs bind to heparan sulfate on tumor
cells

We next determined the involvement of cell membrane-associated
GAGs in the binding of NKp30 and NKp46 to their cellular li-
gands. 6-O-sulfo-N-acetylglucosamine is a component of keratan
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HSPGs RECOGNITION BY NCR

sulfate and heparin/heparan sulfate, but not of chondroitin sulfate
and dermatan sulfate. Therefore, we treated tumor cells with 1)
heparin lyase 111, which efficiently degrades heparan sulfate with
broad specificity, and 2) heparin lyase I, which is selective in
cleaving highly sulfated regions in heparan sulfate. Neither, how-
ever, degrade keratan sulfate or chondroitin sulfates A to E (41).
We also treated tumor cells with keratanase, which efficiently de-
grades keratan sulfate, but not other GAGs. Treatment of Hel a,
PC-3, and 1106 cells with heparin lyase | or lyase 111, but not with
keratanase, reduced the binding of NKp30-1g and NKp46D2-1g by
50-70% (Fig. 3A). We studied the specificity of heparin lyase
treatment on binding of LIR1-1g to Hel a cells. Both heparin lyase
| and lyase |11 treatments did not reduce the binding of LIR1-Ig to
HelLa cells (Fig. 3A1). Heparan sulfates are mostly attached to the
core protein by O-linked glycoside bonds, whereas keratan sulfates
are mostly attached by N-linked bonds (42). In accordance, treat-
ment of tumor cells with a blocker of O-glycosylation, «-benzyl-
GaNAc, significantly reduced the binding of NKp30- and NK p46-
fusion Igs (data not shown).

We further stained Eb-SP and Eb T lymphoma cells which ex-
press or fail to express a functional heparanase on their cell sur-
face, respectively (25). Staining of Eb-SP with NKp46D2-1g was
reduced by 50% as compared with parental Eb or mock-transfected
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FIGURE 3. Effect of heparan sulfate-degrading enzymes on binding of NKp30- and NKp46-fusion Igs to tumor cells. HeLa, PC-3, and 1106 (A1-A3)
cells were incubated in reaction buffer alone (mock treatment) or reaction buffer containing a GA G-degrading enzyme. After incubation, cells were washed
and stained with fusion Igs. B, Staining with NKp46D2-lg of Eb lymphoma, mock-transfected Eb and heparanase-transfected Eb cells that express a
functional heparanase on the cell surface (Eb-SP). Inset shows primary FACS histogram overlay from the same experiment. Results are from one
representative experiment of five (A1) and of two (A2, A3, and B). MFI results are the average of two different samples assayed in the same experiment

with error bars (=SD).
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Eb cells (Fig. 3B), and staining with NKp30-1g revealed the same
phenotype (data not shown). These results indicate that NKp30-Ig
and NKp46D2-1g bind to cell membrane-associated heparan sul-
fate. An aternative interpretation is that the binding is to a cell
surface molecule associated with heparan sulfate, but we believe
that this possibility is excluded by the observation that soluble
heparan sulfate directly inhibits the binding of NKp30- and
NKp46-fusion Igs to tumor cells (Fig. 2).

To further demonstrate the interaction of NKp30- and NKp46-
fusion Igs with cell surface heparan sulfate we stained CHO mu-
tants defecting in GAG synthesis. Staining of CHO pgsA-745
cells, which have no heparan sulfate and chondroitin sulfate, with
NKp46D2-1g and NKp30-1g was reduced by 50 and 70%, respec-
tively, as compared with parental CHO-K 1 cells (Fig. 4A). Similar
reduced staining pattern was observed for CHO pgsD-677 (Fig.
4A). The latter result is most revealing because CHO pgsD-677
have no heparan sulfate but produce chondroitin sulfate that ac-
cumulates to levels two to three times higher than in wild-type
cells (27).

Membrane-associated HSPGs are mostly divided into two fam-
ilies: glypicans, which are attached to the plasma membrane via
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GPI anchors, and syndecans, which are transmembrane proteins
(43). We examined the involvement of GPI-anchored proteins in
the binding of NKp30- and NKp46-fusion Igs to tumor cells.
Treatment of cells with b-mannosamine inhibits GPI incorporation
into GPl-anchored proteins, thus converting GPI-anchored mem-
branal proteins to nonpolarized secreted proteins (44). For HeLa
and PC-3 célls, such inhibition reduces binding of NKp30-1g and
NKp46D2-1g by 2- to 4-fold (Fig. 4, B1 and B2). Yet, staining of
p-mannosamine-treated 1106 cells was marginaly affected as
compared with nontreated cells (Fig. 4B3). These results indicate
that glypicans might be involved in binding of NKp46D2-1g and
NKp30-1g in various, but not all, tumors.

To better assess the glypicans involvement we studied the fol-
lowing model: PANC-1 is a human pancreatic ductal carcinoma
over-expressing glypican-1 (26). GAS6 are PANC-1 cells stably
transfected with full-length glypican-1 antisense construct, thus
markedly reducing their glypican-1 expression; sham-PANC-1 are
control-transfected PANC-1 cells, retaining high levels of glypi-
can-1 (26). We stained sham-PANC-1 and GAS6 with NKp30-Ig,
NKp46D2-1g. Fig. 4C shows that staining of GAS6 was markedly
reduced as compared with sham-PANC-1 cells (in MFI, 53 to 27
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FIGURE 4. Effect of heparan sulfate deficiency, b-mannosamine treatment, and glypican-1 suppression on binding of NKp30- and NKp46-fusion Igs
to tumor cells. A, Staining of parental CHO-K 1, heparan sulfate-negative and chondroitin sulfate-negative CHO pgsA-745, and heparan sulfate-negative
and chondroitin sulfate high-positive CHO pgsD-677 by Ig fusion proteins. B1, B2, and B3, Staining with fusion Igs of HelLa, PC-3, and 1106 cells,
respectively, pretreated with 40 mM p-mannosamine overnight. C, Staining with fusion Igs of sham and GAS-6 cells. Results are presented as MFI. Results
are from one representative experiment of four (A and B1) and of two (B2, B3, and C) and are the average of two different samples assayed in the same experiment.

Error bars are +=SD.
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and 61 to 20 for NKp30-1g and NKp46D2-1g, respectively). Both
cells showed dull but similar staining with LIR1-1g. In parallel we
stained the cells with anti-heparan sulfate Ab HS4E4 (37). Results
paraleled to the NKp30-lg and NKp46D2-1g staining: MFI was
103 and 32 for sham-PANC-1 and GAS6, respectively. The re-
duced staining of GAS6 with the anti-heparan sulfate Ab is ex-
pected, because in contrast to the high levels of glypican-1 in
sham-transfected, the other glypicans are not expressed in PANC-1
cells (45). Therefore, a major portion of the PANC-1 membranal
heparan sulfate is conjugated to glypican-1. The parallel reduction
in staining with NKp30-Ig and NK46D2-1g, combined with the
other results illustrated in Figs. 2 to 4 indicate that the heparan
sulfate conjugated to glypican-1 is involved in the recognition of
PANC-1 by NKp30- and NKp46-fusion Igs. The remaining mem-
branal heparan sulfate might be attributed to expression of synde-
can-1 (46), and syndecans 2—4 expression was not assessed.
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HSPGs RECOGNITION BY NCR

Effect on NK cytotoxicity by 6-O-sulfo-LacNAc-PAA and
heparan sulfate

To test therole of NKp30 and NK p46 recognition of carbohydrates
in NK lysis, we studied the lysis of HelLa cells by NK in the
presence of Glyc-PAA. Presence of 6-O-sulfo-LacNAc-PAA, but
not LacNAc-PAA, reduced the lysis of Hela cells by third (Fig.
5A). HelL a cells lysis by NK is mediated by NKp46 because spe-
cific anti-NKp46 serum, produced as described (9), reduced Hel a
lysis by 2-fold (data not shown). The 6-O-sulfo-LacNAc concen-
tration that caused significant reduction of lysis was 900 uM (Fig.
5A). This relatively high concentration of 6-O-sulfo-LacNAc
needed for partia inhibition of lysis is reasonable because 6-O-
sulfo-LacNAc is not the correct ligand of NKp30 and NKp46. This
is aso in the concentration range that reduced the binding of
NKp30- and NK p46-fusion Igs to HeL a and other tumor cells (Fig.
1). However, when we applied LMW heparin to block NK lysis, a
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FIGURE 5. Effect of 6-O-sulfo-N-acetylglucosamine, target cell surface heparanase and heparan sulfate deficiency on lysis by primary NK lines. A,
Primary NK line cells were mixed with incremented amounts of Glyc-PAAs and added to Eu-labeled target cellsfor a4 h lysis assay. Final concentrations
of the disaccharides ranged from 0.225 to 0.9 mM. E:T ratio is 50:1. Results are from one representative experiment of four. B, Inhibition of NK lysis of
Hel a cells by heparin. Primary NK line cells were mixed with incremented amounts of heparin LMW and added to Eu-labeled target cells for a4 h lysis
assay. Results are from one representative experiment of two. C, Lysis by primary NK lines of Eb, Eb-mock transfected, and transfected Eb cells-expressing
afunctional cell surface heparanase (Eb-SP). E:T ratio is 20:1. Two NK lines are representative of seven primary NK lines assayed in different experiments.
D, Lysis by primary NK line of CHO and GAG-deficient CHO cells. E:T ratio ranged from 1:1 to 8:1. Representative of three experiments (E) NK cells
were incubated with control serum, anti-NKp30 or anti-NKp46 serum (1/100 dilution) for 1 h onice. NK cells were then washed and incubated with tumor
cells at 12:1 E:T ratio. Representative of two experiments. F, Lysis by primary NK line of sham-PANC-1 and GAS6 cells. Representative of four
experiments. All results are the average of a duplicate/triplicate assayed in the same experiment and error bars are shown (*=SD).
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significant reduction in lysis of HelLa cells by NK was observed
only at concentrations of 50 wg/ml and higher (Fig. 5B). This
result (studied with comparable heparin concentrations) is in
agreement with previous publications on heparin-mediated inhibi-
tion of NK lysis (47, 48). Yet, contrary to 6-O-sulfo-LacNAc-
PAA, the heparin concentration needed for significant inhibition of
lysis is at least 10-fold higher than the concentration used for
inhibition of NKp30-1g and NKp46D2-Ig binding (Figs. 1 and 2).
A possible explanation is the multitude of heparin functions that
can augment cytotoxicity despite the masking of NKp30 and
NKp46. For example, heparin efficiently potentiates the lytic ac-
tivity of perforin (49). Indeed, opposite effects of heparin on NK
activity, which are time- and concentration-dependent, were re-
ported by Wasik and Gorski (48). Hence, a concentration-depen-
dent balance between lysis augmenting activities of heparin and
masking of NKp30 and NKp46 can result in suppression of lysisin
relatively high concentrations of heparin.

To better study the effect of target membrane-associated HSPGs
on lysis by NK, we compared the lysis of Eb and Eb-SP by NK
cells. Eb-SP lysis by NK cells was reduced 2-fold as compared
with parental Eb or Eb-mock cells (Fig. 5C). Thus, reduction in
binding of NKp30- and NKp46-fusion Igs to tumor cells express-
ing cell surface functional heparanase is correlated with the re-
duced lysis of these cells by NK (Figs. 3B and 5C and data not
shown). Similarly, CHO mutant cells lacking cell surface heparan
sulfate, independently from chondroitin sulfate production (CHO
pgsA-745 and CHO pgsD-677), were lysed to a lesser extent as
compared with parental CHO-K1 cells (Fig. 5D). The 2-fold re-
duction in lysis, observed for mutant CHO cells paralleled with the
2-fold reduction in lysis of parental CHO-K1 cells in the presence
of anti-NKp30 or anti-NKp46 serums (Fig. 5, D and E). Neither
serum was able to inhibit the residual lysis of the mutant CHO
cells. Finaly, GASG6 cellslacking glypican-1 were |ess sensitive to
NK killing as compared with parental sham-PANC-1 cells over-
expressing glypican-1 (Fig. 5F). Therefore, presence of mem-
branal heparan sulfate was correlated with NKp30- and NKp46-
mediated lysis of tumor by NK cells.

Discussion

Thisreport showsthat carbohydrates on target cellsareinvolved in
the binding of NK cytotoxicity receptors, NKp30 and NKp46, to
their cellular ligands. We initially picked the 6-O-sulfo-LacNAc
from a carbohydrate library and further emphasized the signifi-
cance of 6-O-sulfo-N-acetylglucosamine in target cell carbohy-
drate structures for binding of NKp30- and NKp46-fusion Igs (Fig.
1). Because 6-O-sulfo-LacNAc was not the exact structure recog-
nized, we further determined that heparin/heparan sulfate can in-
hibit the binding of these fusion proteins (Fig. 2). Efficient Inhi-
bition was observed even at 0.1 pwg/ml (~0.03 uM) of heparan
sulfate (Fig. 2). In correlation with our observations for 6-O-sulfo-
N-acetylglucosamine, O-sulfation and N-acetylation, but not N-
sulfation, of heparin wereimperative for its efficient blocking (Fig.
2C). We further demonstrated that cell surface HSPGs are recog-
nized by NKp30 and NKp46 and that cells lacking heparan sulfate,
but not chondroitin sulfate, were recognized to a lesser extent by
NKp30 and NKp46 (Figs. 3 and 4A). For PANC-1 cells we dem-
onstrated the involvement of a particular HSPG, glypican-1, in
recognition of tumor cells by NKp30 and NKp46 and this recog-
nition paralleled membranal heparan sulfate expression (Fig. 4C
and Results). As GPI-anchored proteins, glypicans are probably
sorted into membranal lipid rafts (50). Confocal microscopy stud-
ies with NKp30-1g and NKp46-1g revealed that their cellular li-
gands are aggregated on the cell membrane in a pattern reminis-
cent of a lipid rafts pattern (described for PC-3, A. Porgador,
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unpublished observations). Y et, involvement of heparan sulfate on
glypicans is probably not used for al tumors as shown for 1106
melanoma cells (Fig. 4B3). As tumors do not have to express or
over-express glypicans, heparan sulfate chains on other classical
HSPGs, the syndecans, might be involved in the recognition by
NKp30 and NKp46. Additionaly, other membranal proteins on
tumor cells, reported to be modified by sulfated GAG chains, such
as the CD44 (51) or chemokine receptor CXCR4 (52), might be
involved.

Moretta et al. (33) discussed that dthough the cellular ligands for
NCRs appear to be expressed on both normd and tumor cdlls, it is
possible that their expression could be modified by cellular stress, cell
activation, or tumor transformation. Indeed, HSPGs (both glypicans
and syndecans) of transformed cells were reported to be either over-
expressed or modified in their GAG content (42, 45, 46, 53, 54).

In accordance with our binding inhibition results (Figs. 1-4),
NK lysis of tumor cells was reduced in the presence of 6-O-sulfo-
LacNAc-PAA and tumor cells expressing cell surface heparanase
were lysed to a lesser extent as compared with parental cells (Fig.
5, A and C). Similarly, failure to produce heparan sulfate resulted
in reduced NKp30- and NKp46-mediated lysis by NK, indepen-
dently from the levels of cell surface chondroitin sulfate (Fig. 5, D
and E). Involvement of HSPGs in NK lysis was shown for glypi-
can-1 expressed by PANC-1 cells, as specific suppression of its
expression reduced tumor cell lysis by NK cells (Fig. 5F). Pres-
ence of LMW heparin reduced NK lysis only when high heparin
concentrations were applied (Fig. 5B). This probably reflects the
complex contradictory effects of heparin on lytic potential of NK
cells (48). Activation of lysis by NK cellsis aso affected by NK
receptors other than NCRs. The 2B4 receptor is considered a co-
receptor that functions through the simultaneous engagement of
triggering receptors such as the NKp46 (3, 5). The natura ligand
of 2B4 is CD48, a GPl-anchored protein that bind to heparin/
heparan sulfate (55). An intriguing scenario is that engagement of
target-expressed CD48 and HSPGs in lipid rafts of target tumor
cells causes engagement of 2B4 and either NKp30 or NKp46 on
the NK membrane, followed by NK activation signaling.

We previously reported that the NKp44 and NKp46 proteins,
but not the NKp30, recognize viral HAs and that this recognition
requires the sialylation of NKp44 and NKp46 oligosaccharides (9,
10). However, the direct involvement of carbohydrates in binding
of NKp30 and NKp46 to their cellular ligands is probably re-
stricted to carbohydrates expressed on target cells and not to the
oligosaccharides of NKp30 and NKp46. First, desiaylation of
NKp46-1g reduces its binding to viral HAs, but not to cellular
ligands (9, 10) and similarly for NKp30-Ig (data not shown). Sec-
ondly, the absence of the whole oligosaccharide side chain in each
of the three glycosylation sites of NKp46D2 does not reduce its
binding to cellular ligands (11). Thirdly, in this study, preincuba-
tion of target cells with either 6-O-sulfo-N-acetylglucosamine-
based Glyc-PAA or heparin/heparan sulfate, followed by awash of
the unbound carbohydrate excess, did not inhibit the binding of
NKp30- and NKp46-fusion Igs. Thus, these carbohydrates are as-
sociated with the cellular ligands and are recognized by NKp30
and NKp46 and not vice versa.

Lysis experiments based on mAb-mediated masking of NCRs
revealed that different tumor cells appear to lack certain NCR li-
gands and that the ligands for NKp30, NKp44, and NKp46 are
probably different (33). Our results indicate that NKp30 and
NKp46 have similar recognition pattern with regard to carbohy-
drate structures on target cells. These observations are not mutu-
ally exclusive and several models can be brought forward that also
suggest the possible role of HSPGs in recognition of tumors by
NCRs: 1) The model of heparin/heparan sulfate interaction with
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growth factors and growth factor receptors. The most characterized
model is the binding of fibroblast growth factor (FGF) to FGFR.
Both FGF and FGFR contain heparin-binding sequences (56). Two
crystal structures of FGF, FGFR, and a heparin decasaccharide
complex reveal that heparin makes numerous contacts with both
FGF and FGFR, additional to the contacts between FGF and FGFR
(57, 58). From experiments with cells deficient in HSPG synthesis
or sulfation, or cells pretreated with heparan sulfate-degrading en-
zymes, it is clear that interaction between FGF and FGFR involves
membrane-associated HSPGs acting as coreceptors (59). It is pos-
sible that the cellular ligands for NKp30 and NKp46 are different,
yet both contain heparin/heparan sulfate-binding sequences and
the heparan sulfate GAG of target cell membrane-associated
HSPG, acting as a “co-ligand,” stabilizes the binding between the
NCR and its specific cellular ligand. Recognition of stromal cells
by CD19, acoreceptor of the B cell receptor, was shown to involve
HSPGs expressed by the stromal cells (40). 2) The model of in-
teraction of HSPG with a lipid-binding protein. The binding of
membrane-associated HSPG to lipid-binding proteins, e.g., apoli-
poprotein E or annexins, promotes their activities (56). It is pos-
sible that NKp30 and NKp46 bind to different target cell-mem-
branal lipid moieties and the association with membranal HSPG
augments this binding. Despite intensive biochemical efforts, we
and others have been unable to identify a specific protein entity to
account for a cellular ligand for NCR, thus favoring the likelihood
of cellular ligands involving carbohydrates, lipids or both.

A third model in which the cell surface HSPGs are the primary
cellular ligands and not just augment binding of NCRs to yet un-
known ligands. Cell surface HSPGs belong primarily to two fam-
ilies of molecules, the syndecans and glypicans, containing >10
different members (43). A possible interpretation of our findingsis
that both GAG side chains and the core protein of the HSPG con-
tribute to the recognition by NKp30 and NKp46. The difference
between the cellular ligands of NKp30 and NKp46, observed from
lysis assays, is correlated with NKp30 and NKp46 recognition of
distinct HSPGs, differing in the core protein sequences that con-
tribute to the binding. Y et, our results with the PANC-1 and glypi-
can-1 hardly fit within this model. Heparan sulfate exhibits a con-
siderable number of unique overlapping sequences with peculiar
sulfation profiles and these sequences are recognized by specific
complementary proteins (42). A more intriguing scenario is that
the tumor-modified heparan sulfate can express separate unique
carbohydrate epitopes recognized distinctively by NKp30 or
NKp46 and rarely or not expressed on membranal HS of normal
cells. A recent observation indicated that membranal expression of
heparin/HS-degrading endosulfatase (HSulf-1) is evident for nor-
mal, but not cancerous, cells (60). Membranal HS-degrading en-
dosulfatase diminish HSPGs sulfation and its absence on cancer
cells leads to higher HSPG sulfation correlated with better signal-
ing through growth factor receptors involving HSPGs as corecep-
tors (60). In particular, the sulfation state of N-acetylglucosamine
residues on HSPGs is influencing signaling by heparin/heparan
sulfate binding growth factors and corresponding receptors (61). If
unusual heparan sulfate epitopes on cancer cell membranes lead to
better signaling through growth factor receptors, it might be that
NK-expressed NCRs evolved to recognize and penalize the un-
common epitope-expressing transformed cells. If so, this recogni-
tion can be considered as “transformed cell pattern recognition” by
NK cells, similar to pattern recognition of infectious agents used
by innate immunity in which NKs play a central role.

Identification of the cellular ligands recognized by NCRsis one
of the mgjor problems remains to be solved in the NK field. Our
results are the first clue of the identity of these ligands. Further
research is needed to determine whether these ligands are partic-

HSPGs RECOGNITION BY NCR

ular HSPGs or a complex of HSPGs with other protein or lipid
moieties.
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