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Dual roles of sialyl Lewis X oligosaccharides in
tumor metastasis and rejection by natural killer cells

Chikara Ohyama, Shigeru Tsuboi and leukocytes (Lowe, 1994; Rosen and Bertozzi, 1996). When
Minoru Fukuda? lymphocytes recirculate from the intravascular compart-
ment to the lymphatic compartment, circulating lympho-

C_ancer Research Center, The Burnham Institute, 10901 North Torrey cytes are Captured to high endothelial venules. This process
Pines Road, La Jolla, CA 92037, USA is initiated by binding of L-selectin on lymphocytes to
'Corresponding author sulfated sialyl Lewis X present in receptors that are
e-mail: minoru@burnham-inst.org restricted to high endothelial venules (Imeti al, 1993;

_ Tsuboi et al, 1996). These results clearly indicate that
Aberrant expression of cell surface carbohydrates such  gja1y| Lewis X and its sulfated form play critical roles in
as sialyl Lewis X is associated with tumor formation  {he interaction between leukocytes and endothelial cells
and metastasis. In order to determine the roles of sialyl (Lowe, 1994; Rosen and Bertozzi, 1996).

Lewis X in tumor metastasis, mouse melanoma B16- In parallel with these studies, several laboratories have
F1 cells were stably transfected withal,3-fucosyl-  renorted that expression levels of sialyl Lewis X are

transferase Il to express sialyl Lewis X structures. The ; ; : ;
transfect.ed I_316-F1pcellsz Bl()S/-FTIII, were separated by g]nc(;egiekde;lijg: t?gﬂsﬂgr:rmgm;i cleglgsél?ulzcgkﬁzaceirgnomas
cell sorting into three different groups based on the  1ggg. gaitohet al, 1992: Shimodairzet al, 1997). In
expression levels of sialyl Lewis X. When these trans- g carcinoma cells, the amount of sialyl Lewis A,
fepted cells were injected into .ta|l veins of C57BL/6 NeuNA2 - 3GaPl - 3(Fuaml - 4)GIcNAC R, is also
mice, B16-FTIII-M cells expressing moderate amounts - roased (Magnaret al, 1982; ltzkowitzet al, 1988).

of sialyl Lewis X in poly-N-acetyllactosamines produced 'y eat and colonic carcinoma patients, the presence of

large numbers of lung tumor nodules. Surprisingly, ; : ; : -
B16-FTIII-H cglls expressing the highe_st amount of ;Igg;l pl'rgg&gi(sa&daf;ﬂ?géeg{ :slgg\év;a;ec:krgilgrt:tda\llylth
sialyl II‘eW'Sé( In short?r N-Iglycansddlled In Igzg IEI'?I(IDIdN 1997; Shimodairaet al, 1997). A recent study demon-
Zgﬁ:?/vsh'igr:olaglf IQi%IaISLSVV\\/Iisqulr?%o%t?Zs?sBlG-f;l||-H. strated that expression of sialyl Lewis X and sialyl Lewis
cells formed more t>L/Jmors in Beige mice and NK cell- 2 In mucin-type O-glycans is highly correlated with
d . ; lymphatic and venous invasion (Shimodadétaal., 1997).
epleted C57BL/6 mice than did B16-FTII-M cells. Consideri . . ; .
B16-FTIlI-H cells bound to E-selectin better than did onsidering j[hat sialyl Lews A_ is also a ligand for E-
B16-FTIII-M cells, but both cells grew at the same f‘hnd P-selelftmt (BerI@t al, 19t9t1h- ;rgraddaebt al, %991), |
rate. These results indicate that excessive expression ese rﬁ_su S sl rongysubgghesd at blood- .ornehumor Cells
of sialyl Lewis X in tumor cells leads to rejection by MY utiize selectin—carbohydrate interaction when tumor
NK cells rather than tumor formation facilitated by ce]ls adhere to the endothelia distant from the site of
attachment to endothelial cells. primary tumor gr_owth. In fact, we and others have shown
Keywords NK cells/selectin/sialyl Lewis X/tumor cell previously that highly metastatic tumor cells adhere more
rejection/tumor metastasis strongly to E-selectin than do their poorly,metastatlc
counterparts (Sawadat al, 1994; Martn-Satieet al,
1998). Tumor formation in lung was diverted to livers by
making transgenic mice expressing E-selectin in livers
(Bianconeet al,, 1996). These results strongly suggest that
carbohydrates on tumor cell surfaces may be recognized by
Cell surface carbohydrates are characteristic of different selectins on the endothelium. However, no studies have
stages of differentiation, and distinct carbohydrates are determined how different amounts of sialyl Lewis X play
expressed in tissue- and cell-specific manners during different roles in tumor metastasis.
development and in adulthood (Feizi, 1985; Rademacher Sialyl Lewis X is formed at termini oN- andO-glycan
et al, 1988; Fukuda, 1996). Although the physiological precursor carbohydrates that were pre-assembled. In par-
roles for these carbohydrates are not understood, many ofticular, polyN-acetyllactosamines are often modified to
these carbohydrates are thought to play a role in cell—cell express sialyl Lewis X (Leet al, 1990; Saitohet al,
interaction. Among various cell type-specific carbo- 1992; Wilkins et al, 1996). PolyN-acetyllactosamine is

Introduction

hydrates, sialyl Lewis X, NeuNA2-3GaPpl- composed of N-acetyllactosamine repeats and the
4(Fuml- 3)GIcNAc- R, is expressed on neutrophils, increased amount of poli-acetyllactosamine is parallel
monocytes and certain T lymphocytes (Fukuelaal., with the increase of side chain synthesizedN»acetyl-

1984; Mizoguchiet al, 1984) and plays a key role in the glucosaminyltransferase V (GnT-V) (Sasaitial, 1987;
recruitment of leukocytes. E- and P-selectin expressed Van den Eijnderet al,, 1988). Because of this biosynthetic
on activated endothelial cells capture these leukocytes,relationship, it has been observed repeatedly that trans-
allowing them to roll, which leads to extravasation of formed cells and metastatic tumor cells contain more
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Fig. 1. Cell sorting and flow cytometric analysis of B16-FTIII cell&)(B16-FTllI cells were stained with anti-sialyl Lewis X antibody followed by
FITC-conjugated secondary antibody and sorted by FACStar. Cells indicated by open bars were pooled and designated B16-FTIII-N (negative), B16-
FTIII-M (moderate) and B16-FTlII-H (highly positive), respectively. (B—F) Cultured B16-FTIII:N (N), B16-FTllI-M (M) and B16-FTIII-H (H) cells

were subjected to flow cytometry after staining with anti-sialyl LewisB¥, @nti-sialyl Lewis A C) or anti-Lewis X antibody D), followed by
FITC-conjugated secondary antibody, or FITC-conjugated SEPof FITC-conjugated LEAK). HL-60 cells were also stained in (B). The staining

by FITC-conjugated MAA gave the same results as FITC-conjugated SNA.

poly-N-acetyllactosamine and side chains synthesized by as did those expressing no sialyl Lewis X in wild-type
GnT-V than the parent cells or low metastatic counterparts and SCID mice. B16-FTIII-H cells were found to undergo
(Yamashitaet al,, 1984; Saitohet al, 1992; Demetriou apoptosis in those mice. In contrast, B16-FTIII-H cells
et al, 1995). These results indicate that it is important to produced more lung nodules in beige mice or C57BL/6
understand the formation of terminal structures such as mice depleted of natural killer (NK) cells than did B16-
sialyl Lewis X in conjunction with the synthesis of FTIII-M cells. These results demonstrate for the first time
underlying backbone carbohydrates (Fukuda, 1994). that acquisition of sialyl Lewis X leads to lung tumor
To determine whether sialyl Lewis X and underlying formation or rejection by NK cells, depending on the
carbohydrates play a role in tumor metastasis, we testedamount of sialyl Lewis X and underlying glycans
the ability of mouse melanoma B16 cells (Fidler, 1973) expressing sialyl Lewis X.
to form tumors after injection into a tail vein. We reasoned
that adhesion of tumor cells to the endothelium in this Results
system plays a primary role in establishing tumor nodules,
since tumor cells are already in the bloodstream and no Isolation of B16-FTIIl cells expressing different
escape from the primary tumor site is involved. B16-FI amounts of sialyl Lewis X
cells were thus transfected with a cDNA encodingy,3- Since Fuc-Tlll is distributed widely in various tissues and
fucosyltransferase 11l (Fuc-TIIl) (Kukowska-Latalks al., directs expression of both sialyl Lewis X and sialyl
1990), which is distributed widely in various tissues and Lewis A, B16-F1 cells were transfected with Fuc-TIII.
directs the synthesis of both sialyl Lewis X and sialyl Stably transfected B16-FTIII cells were subjected to cell
Lewis A. Transfected B16-FI cells expressing a moderate sorting with anti-sialyl Lewis X (CSLEX1) antibody. As
amount of sialyl Lewis X in longN-glycans (B16-FTIII-M) shown in Figure 1A, B16-FTIIl cells can be sorted into
produced significantly increased lung tumor nodules in three groups: those highly positive for sialyl Lewis X
C57BL/6 mice. On the other hand, those transfected cells (B16-FTIlI-H), those moderately positive for sialyl Lewis
expressing the highest amount of sialyl Lewis X in short X (B16-FTIlI-M) and those negative for sialyl Lewis X
N-glycans (B16-FTIII-H) scarcely produced lung nodules (B16-FTIlI-N). As shown in Figure 1B, B16-FTIII-H cells
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Fig. 2. Representative lungs and number and weight of lung tumor
nodules in BALB/c mice after intravenous injection of B16-FTIII-N,
B16-FTIII-M or B16-FTlII-H cells. A) The lungs were examined

3 weeks after injection. (B and C) B16-FTIII-N (N), B16-FTIII-M (M)
and B16-FTIII-H (H) cells were injected intravenously, and tumors
formed after 3 weeks were countel) (and the weight of lungs was
measured@). B16-FTIII-M cells were incubated with anti-sialyl

Lewis X antibody (anti-sL® or anti-Lewis X antibody (anti-L’§ at

4°C for 30 min and injected intravenously under the same conditions.
The differences in both tumor nodule nhumber and lung weight,
denoted by asterisks, are statistically significant by the Mann—Whitney
U-test p <0.01 andp <0.05, respectively).

express as much sialyl Lewis X as promyelocytic HL-60

FTII-N (Figure 1B). The expression levels of sialyl
Lewis X in different B16-FTIII cells were stable even
after five passages (see also Discussion). To ensure that
the phenotype was maintained, fluorescence-activated cell
sorting (FACS) analysis was always carried out before
further experiments.

Metastatic properties of B16-FTIlI cells expressing
different amounts of sialyl Lewis X

To determine if the metastatic properties of these B16-
FTIII cells differ, the three cell populations were injected
into tail veins of C57BL/6 mice. We found that only a
few lung nodules were formed 3 weeks after injection of
wild-type B16-F1 cells or B16-FTIII-N cells (Figure 2A,
top). In contrast, B16-FTIII-M cells produced a large
number of lung nodules under the same conditions (Figure
2A, middle). These results, reproduced more than five
times using different B16-FTIII-M clones, indicate that
the metastatic potential of B16-F1 cells was remarkably
increased after transfection of Fuc-Tlll. To determine if
sialyl Lewis X plays a critical role in this process, B16-
FTII-M cells were incubated with anti-sialyl Lewis X
antibody and then injected into tail veins of mice. Tumor
formation was suppressed completely by this pre-
treatment, while it was not suppressed by pre-incubation
with an antibody specific to Lewis X (Figure 2B and C),
which is a negligible ligand for selectins (Lowe, 1994;
Rosen and Bertozzi, 1996).

Surprisingly, B16-FTIII-H cells, which were highly
positive for sialyl Lewis X, produced as few tumor nodules
as did B16-FTIII-N or the parent B16-F1 cells (Figure 2A,
bottom). This observation was confirmed by comparing the
number of lung nodules and weight of the lungs (Figure
2B and C). The same experiments also showed that
melanin synthesis was not influenced by transfection of
Fuc-Tlll, since a good correlation exists between the
number of lung nodules, determined by counting pig-
mented B16-FTIII cells, and the weight of lungs. These
results indicate that B16-FTIII-M cells became highly
metastatic after expressing a moderate amount of sialyl
Lewis X, while B16-FTIII-H cells expressing the highest
levels of sialyl Lewis X were poorly metastatic.

Expression of sialyl Lewis X does not increase cell
growth

It is possible that B16-FTIII-M cells are more metastatic
because they grow faster than B16-FTIII-N or B16-FTIII-H
cells. To address this question, the cells were plated at
low density and the growth rate was determined. The
results clearly demonstrate that expression of sialyl
Lewis X did not alter the rate of tumor cell growth when
assayed by a cell proliferation assay (Figure 3). These
results exclude the possibility that B16-FTIII-M cells grow
faster than the other two cell lines, demonstrating that a
difference other than growth rate contributed to the forma-
tion of lung tumor nodules.

Binding of an E-selectin chimeric protein to
different B16-FTIII cells
To determine whether these different B16-FTIII cells differ

cells. B16-FTII-M cells express a moderate amount of in E-selectin binding, cells were incubated with an

sialyl Lewis X, showing five times the intensity of anti-
sialyl Lewis X antibody staining compared with B16-
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Fig. 3. Comparison of tumor cell growth. Growth kinetics of
B16-FTII-N (J), B16-FTIII-M (@) and B16-FTlII-H (\) cells are
shown. Living cells were measured each day by the MTT assay.
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Fig. 4. Flow cytometric analysis of E-selectin binding to different
B16-FTIII cells. Monodispersed different B16-FTIII cells were
incubated with E-selectin—IgM chimeric protein followed by
FITC-conjugated goat anti-human IgM, and then subjected to flow
cytometric analysis (closed figures). The open figures indicate control
experiments in the presence of 10 mM EDTA) (B16-FTIII-N;

(B) B16-FTIII-M; (C) B16-FTIII-H.

As shown in Figure 4A and B, much more E-selectin
chimeric protein was bound to B16-FTIII-M cells than to
B16-FTII-N cells. The highest amount of E-selectin
binding was, however, observed in B16-FTIlI-H cells
(Figure 4C). When E-selectin-IgG chimeric protein
(Sueyoshiet al, 1994) was used, the difference in

Sialyl Lewis X in tumor metastasis and rejection

Characterization of cell surface oligosaccharides of
different B16-FTIII cells

The results above indicate that B16-FTIII-M and B16-
FTIII-H cells may differ in glycan structures and that
such a difference may contribute to different metastatic
potentials.

To address this question, B16-FTIII-N, B16-FTIII-M and
B16-FTII-H cells were stained with anti-sialyl Lewis A
antibody or various lectins. As shown in Figure 1B
and C, the expression profiles of sialyl Lewis X and sialyl
Lewis A in different cell lines were similar, and B16-
FTIII-H showed the strongest expression of sialyl Lewis A.
These results exclude the possibility that sialyl Lewis A
may be more abundant in B16-FTIII-M cells, contributing
to higher metastatic potentials.

We then stained cells with anti-Lewis X antibody,
Maackia amurensisgglutinin (MAA), Sambucus nigra
agglutinin (SNA) and tomato lectin (LEA). However,
different B16-FTIII cell lines did not show detectable
differences in staining either by anti-Lewis X antibody
(Figure 1D), SNA (Figure 1E) or MAA (data not shown).
The results indicate that these different B16-FTIlI cells
did not vary in their expression of Gil - 4(Fual - 3)
GIcNAc- R (Lewis X), NeuNA@?2 - 3Gal- R (detected
by MAA; Wang and Cummings, 1988) or NeuN&z2 -
6Gal- R (detected by SNA; Shibuyat al, 1987). In
contrast, B16-FTIII-M cells were stained more strongly
by fluorescein isothiocyanate (FITC)-LEA than were B16-
FTHI-H or B16-FTIII-N cells (Figure 1F). LEA was
shown to bind preferentially to poli-acetyllactosamines
(Merkle and Cummings, 1987; Lest al, 1990). It was
also demonstrated that sialylation or fucosylation does not
weaken this binding (Leet al, 1990; Saitotet al., 1992).
These results thus strongly suggest that B16-FTIII-M
and B16-FTIII-H cells differ in their amount of poly-
acetyllactosamines.

To corroborate the findings above, the carbohydrate
structures of glycoproteins present in different B16-FTIII
cells were examined. The cells were metabolically labeled
with [®H]galactose, from which glycopeptides were pre-
pared. The glycopeptides were then fractionated by serial
lectin affinity chromatography. Both B16-FTII-N and
B16-FTIII-M cells produced high levels of glycopeptides
that bound to and eluted from LEA—agarose (Figure 5B
and E). When glycopeptides which did not bind to LEA-
agarose were applied toatura stramoniumagglutinin
(DSA)-agarose column, a large quantity of those glycopep-
tides bound to DSA-agarose (Figure 5F). In contrast,
glycopeptides from B16-FTIII-H cells were barely bound
to either LEA—-agarose or DSA—agarose (Figure 5H and I).

The glycopeptides bound to LEA-agarose (IB) and
DSA-agarose (IA2) were digested by erfdlgralactosid-
ase before and after defucosylation as described previously
(Leeet al, 1990; Saitoret al, 1992). The results indicate
that IB and IA2 fractions from B16-FTIlI-M cells con-
tained highly sialylated glycopeptides having two to three
N-acetyllactosamine repeats. Moreover, IB contained sub-

E-selectin binding was less significant, but greater binding stantial amounts of sialyl Lewis X as determined by the

was observed to B16-FTIII-H cells than to B16-FTIII-M

method described (Sueyosti al, 1994). 1Al contained

cells (data not shown). These results indicate that binding the largest amount of radioactively labeled glycopeptides,
of E-selectin chimeric proteins was proportional to the which represent all of th€©-glycans and the rest of the

amount of sialyl Lewis X as estimated by anti-sialyl Lewis
X antibody staining.

N-glycans. The amount of IB and 1A2 glycopeptides thus
constitutes a substantial portion dEglycans, although
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Fig. 5. Serial lectin affinity chromatography offijgalactose-labeled glycopeptides. B16-FTIII-N, 8 andC), B16-FTIII-M (D, E andF) and

B16-FTIII-H (G, H and!) cells were metabolically labeled witAH]galactose and glycopeptides prepared were applied sequentially to ConA—
Sepharose, LEA—-agarose and DSA-agarose. The glycopeptides subjected to the next step are indicated by horizontal bars. Vertical arrows indicate
the initiation of elutions by a mixture of chitotriose and chitobiose.

they do not appear that way in Figure 5. These results, arrested within lung blood vessels 3 h after the injection
taken together, indicate that B16-FTIII-M cells contained and did not show any extravasation into the interstitial
more sialyl Lewis X and possibly sialyl Lewis A in poly- stroma 24 or 48 h after injection (Figure 6B and C). In
N-acetyllactosamines than did B16-FTIII-H cells. B16- contrast, B16-FTIII-M cells were found to arrest in lung
FTIII-H cells, in contrast, express the highest amount of blood vessels 3 h after injection, apparently invading

sialyl Lewis X in shortN-glycans. parenchyma cells and extravasating into the interstitial

stroma (Figure 6D, insert). The tumor cells started dividing
B16-FTIIl-M but not B16-FTIIl-H cells extravasate in and growing 24 and 48 h after the injection, respectively
lung tissues (Figure 6E and F).

The results above demonstrate that B16-FTIII-H and B16- B16-FTIlI-H cells displayed a more complex profile.
FTIII-M cells do not differ in presentation of selectin The cells appeared to arrest within lung blood vessels and
ligands but differ in metastatic potential and glycan extravasate into the interstitial stroma 3 h after the injection
structures. These results suggest that both of these cel(Figure 6G). These cells, however, were apoptotic, dis-
types may attach to endothelial cells in lungs but the fate playing condensed nuclei, which were even broken in
of those cell types may differ. some cells (see the cell indicated by an arrowhead and
To follow the fate of these cells, animals were sacrificed that in the left insert, Figure 6G). The cells then dis-
3, 24 and 48 h after injection of different B16 cells, appeared 24 h after the injection (Figure 6H and I). These
and lung tissue sections were examined using antibodiesresults strongly suggest that B16-FTIII-H cells died during
specific to a melanoma antigen (HMB-45) (Kapairal, or after penetration of lung tissue, while B16-FTIII-M
1992). As shown in Figure 6A, B16-FTIII-N cells cells established tumor growth during the same process.
expressing no detectable amount of sialyl Lewis X barely  To determine whether B16-FTIII-H cells underwent
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Fig. 6. Immunostaining of tumor cells in C57/BL6 mice by anti-melanoma antibody. Lungs were exammed after |nject|0n of BlG-I;N’,IIBI‘ar(d

C), B16-FTIII-M (D, E andF) and B16-FTIII-H G, H andl) cells by anti-melanoma antibody (HMB-45), followed by biotinylated anti-mouse 1gG
and avidin—biotin reagent. The sections were prepared at 3 (A, D and G), 24 (B, E and H) and 48 h (C, F and H) after injection. Lung endothelial
cells are shown by the arrow in (A). Bar, 20n.

apoptosis in lung tissues, TUNEL assays were performedcells produced a large number of lung tumor nodules in
on tissue sections. A very small number of TUNEL- beige mice which are deficient in NK cells and macro-
positive cells were observed 3 or 24 h after injection of phages (Figure 8A and C). Finally, B16-FTIlI-H cells
B16-FTHI-N or B16-FTHI-M cells (Figure 7A-D). In  produced a large number of lung tumor nodules in
contrast, a large number of TUNEL-positive cells were C57BL/6 mice, which had been depleted of NK cells by
detected 3 h after injection of B16-FTIlI-H cells anti-asialo-GM1 (Figure 8A and D). In beige mice and
(Figure 7E), but they were no longer detected after 24 h NK cell-depleted mice, the number of tumor nodules
(Figure 7F). These TUNEL-positive cells were also posit- produced by different B16-FTIlI cells was proportional to
ive for the melanoma antigen as described above. More-the amount of sialyl Lewis X expressed on the cell surface.
over, some of those apoptotic cells were engulfed by These results strongly suggest that B16-FTIlI-H cells
macrophage 3 h after injection (data not shown). underwent apoptosis subsequent to attack by NK cells in
C57BL/6 mice and SCID mice.
B16-FTIII-H cells were eliminated due to attack by
NK cells
The results above demonstrate that overexpression of
sialyl Lewis X on B16-F1 melanoma cells leads to This study demonstrates that B16-FI melanoma cells
apoptosis in lung tissues where they arrest, suggestingbecome highly metastatic by acquisition of sialyl Lewis X
that those cells may be attacked by immune cells. To through expression of fucosyltransferase 1l (Figures 1
address this question, the three different B16-FTIII trans- and 2). This increase of metastatic capability was due to
fectants were injected into SCID and beige mice in the expression of the E-selectin ligand, but not due to increased
same manner as described for injection into C57BL/6 mice. growth rate (Figures 3 and 4). Such expression of
The results shown in Figure 8A illustrate that B16- E-selectin ligand resulted in the arrestin lung blood vessels
FTIII-H and B16-FTIII-N cells barely formed lung tumor  (Figure 6). Moreover, tumor formation was inhibited by
nodules when injected into SCID mice (deficient in both pre-incubation of those cells with anti-sialyl Lewis X
B and T cells), while B16-FTIII-M cells produced a large antibody but not by incubation with a control antibody
number of lung tumor nodules. In contrast, B16-FTIII-H specific to Lewis X. These results demonstrate that acquisi-

Discussion
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Fig. 7. Apoptosis of B16-FTIlI cells after injection into mice. B16-FTIII-M @ndB), B16-FTIII-M (C andD) and B16-FTIlI-H E andF) cells

were injected into tail veins of C57BL/6 mice, and lung sections were prepared 3 (A, C and E) and 24 h (B, D and F) after injection. Apoptotic cells
were detected by Frag EL DNA Fragmentation Detection Kits. Bar20

A SCID beige NK cell-depleted
mice mice C57BL/6 mice
B16-FTIlI*N
B16-FTlll*M
B16-FTill-H
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Fig. 8. Lung tumor nodules formed in various immunodeficient migg.B16-FTIII-N (N), B16-FTIlI-M (M) and B16-FTIII-H (H) cells were injected
into tail veins of C57BL/6 SCID mice (SCID), C57BL/6 bg/bg mice (beige) and C57BL/6 mice that had been depleted of NK cells by anti-asialo-GM1
antibody (NK). (B—D) The number of lung tumor nodules formed in SCH),(beige C) and NK cell-depleted C57BL/6 mic®j.

tion of sialyl Lewis X resulted in the increased metastatic acetyllactosamines than do poorly metastatic B16-FTIII-H

capability of B16-F1 melanoma cells. cells (Figures 1 and 5). B16-FTIlI-H cells, however,
This study also demonstrates that highly metastatic contain more sialyl Lewis X in shofi-glycans than do
B16-FTIII-M cells express more sialyl Lewis X in poN- B16-FTII-M cells. Similarly, it was shown previously
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that highly metastatic colonic carcinoma cells express
more sialyl Lewis X in polyN-acetyllactosamines than

do their poorly metastatic counterparts, when both were

derived from the same patient (Saitat al, 1992).
Moreover, the total amount of sialyl Lewis X does not
differ between these carcinoma cells, and sialyl Lewis X
in shortN-glycans is more abundant in poorly metastatic
colon carcinoma cells (Saita#t al,, 1992). These findings

Sialyl Lewis X in tumor metastasis and rejection

populations is caused solely by the difference in sialyl
Lewis X content.

It has been shown that NK cells express the C-type lectin-
like receptor Ly-49A (Phillipgtal., 1996; Matsumotetal,,
1998). C-type lectin is the collective name for lectins
dependent on G4 for their activity which share a conserved
domain structure (Weigt al, 1992). Selectins are also
members of this gene family (Lowe, 1994; Rosen and

are in agreement with those obtained in the present study.Bertozzi, 1996). The C-type lectin domain of Ly-49A was

Our preliminary studies indicate that almost identical

results were obtained using human MeWo melanoma cells.

Cells expressing high levels of sialyl Lewis X, similar
to B16-FTIII-H cells, were not metastatic, while those
corresponding to B16-FTIII-M cells produced a large

number of lung tumor nodules. Under the same conditions,

shown to bind to MHC class | antigen in a carbohydrate-
independent manner (Matsumatb al., 1998). The same
domain also bound well to fucoidin, an inhibitor of
L-selectin, and such binding was shown to inhibit the bind-
ing of Ly-49A to H-2d, triggering an attack by NK cells
(Matsumotoet al., 1998). Crystallographic studies on the

the parent MeWo cells barely formed tumors. Structural tertiary structure of mannose-binding protein and E-selectin

characterization ofN-glycans attached to MeWo trans-

demonstrated that these two C-type lectins share conserved

fectants also showed a similar difference among thosetertiary structures (Weist al, 1992; Gravegt al,, 1994).

three different cells as for the different B16-FTIII cells.
The present study provides direct evidence that sialyl
Lewis X plays a critical role in tumor metastasis. Preferen-
tial arrest of sialyl Lewis X-expressing tumor cells on
lung epithelium is probaby due to their binding to E- and

Itis thus likely that the NK cell receptor Ly-49A also shares
a tertiary structure with other C-type lectins and binds to
sialyl Lewis X structures. This hypothesis is supported by
areportthatan NK cell lectin-like receptor recognizes sialyl
Lewis X (Bezouskat al., 1994), although its avidity is not

possibly P-selectin, although this mechanism has not beenas strong as originally reported (Bezouskaal., 1996). It

shown in the present study. In support of this hypothesis,

is tempting to speculate that binding of Ly-49A to sialyl

it has been demonstrated that sialyl Lewis X-expressing Lewis X interferes with its recognition of MHC class |
B16-F10 cells lodged in liver that expresses an E-selectin antigen and that such interference triggers an attack on
transgene, while the same cells formed tumors in the lungstumor cells by NK cells.

of wild-type mice (Bianconeet al, 1996). In breast

Previously, it was demonstrated that T cells were

carcinoma patients, carcinoma cells expressing sialyl involved in the rejection of B16-F10 melanoma cells when

Lewis X were found to arrest to endothelial cells expressing
E-selectin (Renkoneet al,, 1997). These results, together

interleukin-12 (IL-12) was administered (Brunds al.,
1993). In contrast, IL-10-stimulated tumor rejection was

with the results obtained in the present study, strongly found to be due to an NK cell-mediated attack (Zheng

suggest that the interaction between sialyl Lewis X and
selectin plays a key role in tumor metastasis.

One of the striking discoveries presented in our study
is that overexpression of sialyl Lewis X on tumor cells,
as seen in B16-FTIII-H cells, can be unfavorable to tumor
metastasis in wild-type and SCID mice (Figures 6 and 7).
In contrast, B16-FTIII-H cells formed tumor nodules more
efficiently in beige mice or NK cell-depleted mice than
did B-FTII-M cells (Figure 8). As discussed above,
B16-FTIII-H cells express significant quantities of sialyl
Lewis X in shortN-glycans. These results, taken together,
indicate that overexpression of sialyl Lewis X in short
N-glycans may be recognized by NK cells. Our histochem-

et al, 1996). Moreover, it was demonstrated that NK
cells together with CD8-positive cells attack tumor cells
(lwanumaet al, 1997). These findings are similar to the
results presented in this study and indicating a critical
role for NK cells in tumor rejection. Moreover, the
results obtained in this study provide an insight into the
mechanism of NK cells recognition of tumor cells. The
present study, as a whole, demonstrates that the amount
of sialyl Lewis X and the structure of backbone glycans
containing sialyl Lewis X determine whether tumor cells
form tumor metastasis or are rejected by NK cells, pointing
toward an exciting possibility that tumor metastasis may
be inhibited by carbohydrate-based antagonists or up-

ical analysis demonstrated that the mice used in the presentegulation of ami1,3-fucosyltransferase.

study express small but detectable amounts of sialyl

Lewis X as determined by mouse monoclonal 2H5 anti-
body (Sawadaet al., 1993) (data not shown). We thus
conclude that NK cells do not recognize low levels of
sialyl Lewis X as foreign and suggest that only sialyl
Lewis X overexpressed in shok-glycans is recognized
by NK cells. This conclusion is corroborated by the
experiments employing B16-FTIII-H cells afterl5 pas-
sages of culture. Those cells tend to lose sialyl Lewis X

expression and became stable once they expressed &

moderate amount of sialyl Lewis X, which corresponds
to B16-FTII-M cells. Such a change in sialyl Lewis X

Materials and methods

Transfection of B16-FI cells with pcDNA3-Fuc-TIll

The cDNA encoding Fuc-TllI was excised biindlll and Xbd digestion

from pcDNAI-Fuc-TlI (Kukowska-Latalloet al, 1990; Sueyoshét al.,

1994) and was cloned into the same sites of pcDM&8, resulting

in pcDNA3(neg-Fuc-TIIl. B16-F1 cells, completely negative for sialyl
Lewis X expression as assessed by immunostaining, were transfected
with pcDNA3(neg-Fuc-TIII by electroporation as described previously
ukudaet al, 1995). B16-F1 cells were purchased from the American
Type Culture Collection. Transfected cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS)

express|on was aISO accompanled by a Conver5|0n from and G418 (1 mg/ml, G|bC0-BRL) for 2 weeks and several S|ng|e colonies

poorly to highly metastatic potentials in wild-type mice.

were selected for screening. The isolated clones were dissociated into
monodispersed cells using an enzyme-free cell dissociation solution

These resu[tsa taken tqgether, strongly suggest th_e ProposalHank's based, purchased from Cell and Molecular Technologies,
that the difference in metastatic potentials in these Lavellette, NJ). Monodispersed cells were incubated withugiml of
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mouse anti-sialyl Lewis X antibody (CSLEX1, Becton Dickinson), fol-
lowed by FITC-conjugated goat affinity-purified (Fhfragment specific

equilibrated with water and then fractionated sequentially by serial lectin
affinity chromatography employing ConA—-Sepharose, LEA—-agarose and

to mouse IgM (Cappel). The cells were then separated by FACS using DSA—agarose (Saitoét al, 1992). Briefly, the glycopeptides were first

FACStar (Becton Dickinson) into cells negative for sialyl Lewis X expres-
sion (B16-FTIII-N), cells expressing moderate amounts of sialyl Lewis X
(B16-FTIII-M) and cells strongly positive for sialyl Lewis X (B16-
FTII-H).

Tumor formation in mice
The above cell populations were cultured for ~1 week to obtain sufficient

applied to a column of ConA-Sepharose, and unbound glycopeptides
containing tri-antennary and tetra-antennbliryand O-glycans (Fraction

1) were separated from the others. Fraction | was then applied to a
column of LEA-agarose and separated into unbound (lA) and bound
fractions directly (IB). The unbound fraction (IA) was fractionated
further by a column of DSA—-agarose into unbound (IA1) and bound
(IA2) fractions. LEA—agarose binds to glycopeptides containing three

numbers of cells. The cloned cells were dissociated into monodispersedor more N-acetyllactosamine units (Merkle and Cummings, 1987; Lee

cells as described above. A total ok10® of cells exhibiting>90%
viability were suspended in 100 of serum-free DMEM and injected
into a tail vein of C57BL/6, SCID (C.B.-13cid) and beige (C.B.-17
scid-beigé mice (6—8 weeks, female). After 2 weeks (for beige and NK
cell-depleted mice, see below) or 3 weeks (for C57BL/6 and SCID),
mice were sacrificed, lung, liver, spleen and lymph nodes were fixed
with Bouin’s solution, and tumor nodules were counted under a dissecting
microscope. Since the majority of tumors were formed in lung, the
weight of the lung was also measured. In this protocol, wild-type B16-F1
cells or mock-transfected B16-F1 cells barely formed tumors. C57BL/6
mice were purchased from B&K Universal, Fremont, CA, and SCID
and beige mice were from Taconic, Germantown, NY.

Monoclonal antibody treatment of B16-FTIIl-M cells and NK
cytotoxic activity depletion

B16-FTIII-M cells were pre-incubated with CSLEX 1 (3@/ml) for

30 min at 4°C before tail vein injection into C57BL/6 mice. For control,
10 pg/ml of anti-Lewis X monoclonal antibody (CD15 monoclonal
antibody, Immunotech) was used. For experiments with mice depleted
of NK cells, C57BL/6 mice were injected intraperitoneally with @b

of anti-asialo GM1 1 day before tumor injection and every 5 days during
the experiment, as described previously (Brurdaal, 1993). Anti-
asialo GM1 antibody was purchased from Wako Chemicals.

Cell proliferation assay

B16-FTIII-N, B16-FTIlI-M and B16-FTlII-H cells were seeded in 96-well
plates at 18 cells/ml in DMEM containing 10% FCS and 1 mg/ml of
G418, and cultured for various times. The number of living cells was
measured each day using Cell Titer®8queous One Solution Cell
Proliferation Assay (Promega). Triplicate cultures were used for each
sample (Qiaret al, 1994).

Binding of E-selectin to different B16-FTIll cells

A cDNA encoding a chimeric protein of mouse E-selectin fused with hinge
and constant regions of human IgM was kindly provided by Dr John Lowe
(Maly et al, 1996). This vector, pcDNAI-E-selectin—IgM, was transfected
into COS-1 cells using Lipofectamine™. Three days after transfection, the
culture medium was used directly without dilution as a source of
E-selectin—IgM. B16-FTIII-N, B16-FTII-M and B16-FTIII-H cells were

et al, 1990; Saitohet al, 1992). DSA—agarose binds to glycopeptides
containing two or moreN-acetyllactosamine units (Cummings and
Kornfeld, 1984; Leeet al., 1990; Saitofet al., 1992). Highly fucosylated
N-glycans, however, are not bound to DSA—agarose even when they
contain polyN-acetyllactosamines (Yamashigt al, 1987; Leeet al,
1990; Saitohet al, 1992). IB and IA2 glycopeptides were subjected
to endoB-galactosidase digestion (Fukuda, 1981) before and after
defucosylation as described previously (Saigttal, 1992).

Immunocytochemical detection of tumor cells and apoptotic

cells

The lungs of mice injected with tumor cells were removed 3, 24 and
48 h after injection and fixed. Tissue was embedded in paraffin and
5 pm thick sections were cut and mounted on glass slides. After
deparaffination and rehydration, the sections were incubated with mouse
anti-melanoma antibody (HMB-45, Dako) followed by biotinylated anti-
mouse IgG and avidin—biotin reagent (Vectastain ABC Kit, Vector) as
described (Shimodairat al, 1997). HMB-45 antibody was shown to
bind to a melanoma-specific antigen (Kagtal, 1992). TUNEL assays
were performed on paraffin sections of lungs using Frag EL DNA
Fragmentation Detection Kits (Oncogene Research Products) as described
previously (Yuet al, 1997).
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