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The N-glycolyl form of mouse sialyl Lewis X is recognized
by selectins but not by HECA-452 and FH6 antibodies
that were raised against human cells
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Abstract E-, P- and L-selectins critically function in
lymphocyte recirculation and recruiting leukocytes to in-
flammatory sites. MECA-79 antibody inhibits L-selectin-
mediated lymphocyte adhesion in several species and does
not require sialic acid in its epitope. Many other antibodies,
however, recognize human selectin ligands expressing N-
acetylneuraminic acid but not mouse selectin ligands
expressing N-glycolylneuraminic acid, suggesting that dif-
ference in sialic acid in sialyl Lewis X leads to differential
reactivity. We found that HECA-452 and FH6 monoclonal
antibodies bind Chinese hamster ovary (CHO) cells express-
ing N-acetylneuraminyl Lewis X oligosaccharide but not its
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N-glycolyl form. Moreover, synthetic N-acetylneuraminyl
Lewis X oligosaccharide but not its N-glycolyl oligosaccha-
ride inhibited HECA-452 and FH6 binding. By contrast, E-,
P- and L-selectin bound to CHO cells regardless of whether
they express N-acetyl or N-glycolyl form of sialyl Lewis X,
showing that selectins have a broader recognition capacity
than HECA-452 and FH-6 anti-sialyl Lewis x antibodies.
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Abbreviations

NeuGe N-glycolylneuraminic acid

NeuAc N-acetylneuraminic acid

HEV high endothelial venule

DMB  1,2-diamino-4.5-methylene-dioxybenzene
Cmah  CMP-NeuAc hydroxylase

Introduction

As a major activity in innate immunity, E- and P-selectin
appear on their surface when pathogenic agents such as
lipopolysaccharide and IL-2 activate endothelial cells [1-3].
The appearance of E- and P-selectin then recruits neutrophils
and induces an inflammatory response, a response initiated
by recognition of neutrophil cell surface carbohydrates by E-
and P-selectin on endothelial cells. That recognition leads to
tethering and rolling of neutrophils on activated endothelium,
promoting chemokine-induced activation of integrins on
neutrophils and eventually leading to extravasation and
attack of pathogenic agents by neutrophils.

E- and P-selectin on activated endothelial cells recognize
a specific carbohydrate, sialyl Lewis X, on neutrophils in a
Ca”*-dependent manner. Sialyl Lewis X is formed as a
capping structure of core 2 branched O-glycans present as
sialic acid «2—3Galp1—4(Fucxl—3)GIcNAcR1—6
(£siaic acidx2—3Galp1—3)GalNAcxl—Thr/Ser [4, 5]
and formed by Core2[31,6-N-acetylglucosaminyltransferase
1 (Core2GlcNACcT-1) [6, 7]. While E-selectin binds to sialyl
Lewis X on various counter-receptors, P-selectin recogni-
tion requires sulfated tyrosine residues and sialyl Lewis X
on core 2 oligosaccharides close to the NH,-terminal
domain of PSGL-1 [8-10]. In mice deficient in either
PSGL-1 or P-selectin, neutrophil adhesion and the inflam-
matory response are impaired [11, 12].

A third selectin, L-selectin, plays a critical role in
lymphocyte recirculation [13—17]. Lymphocyte recircula-
tion through lymph nodes and Peyer’s patches is important
to detect foreign antigens and for an immune attack of
pathogens. The process of lymphocyte recirculation
requires entry of lymphocytes from the blood system into
secondary lymphoid organs through specialized vasculature
called high endothelial venules (HEV), a process known as
lymphocyte homing. L-selectin on lymphocytes recognizes
specific carbohydrate ligands, 6-sulfo sialyl Lewis X on
HEV, whose structure is sialic acida2—3Galf31—4
[Fucaxl—3 (SO3—6)]GlcNAcB1—R [18-21].

6-sulfo sialyl Lewis X in L-selectin ligands forms as a
capping structure on N-glycans [22] and either core 2 or
extended core 1 structures on O-glycans. The latter
structure, sialic acida2—3Galp 1—4[Fucx1—3(SO;—6)]
GlcNAcpB1—3GalB 1—3GalNAcxl—Thr/Ser, is also rec-
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ognized by the MECA-79 antibody [21]. MECA-79 binds
to 6-sulfo N-acetyllactosamine in extended core 1 O-
glycans, regardless of whether sialic acid and fucose are
attached [21]. MECA-79 inhibits lymphocyte homing in
vivo and lymphocyte binding ex vivo [23, 24]. MECA-79
antibody binds to HEV of numerous animals including
mice, rats, sheep, and humans [17].

Sialyl Lewis X on human neutrophils is detected by
CSLEX1 and FH6 monoclonal antibodies [25, 26], which
were raised against human cancer cells and human glyco-
lipids, respectively. Similarly, HECA-452 antibody was
raised against human tonsils in mice [27]. CSLEX1, FH6
and HECA-452 apparently do not require a particular
underlying glycan and bind to sialyl Lewis X (for CSLEX1,
FH6 and HECA-452) and 6-sulfo sialyl Lewis X (for
HECA-452) on both O-glycans and N-glycans [28, 29]. In
contrast to MECA-79, recognition by FH6, CSLEX1 and
HECA-452 requires sialylation and fucosylation. FH6,
CSLEX1 and HECA-452, however, were shown not to bind
to mouse and other rodent neutrophils, thus raising the
possibility that mouse selectin ligands may differ from those
identified in humans [30]. On the other hand, it has been
shown that both mouse and human selectin ligands include
fucose and sialic acid as integral components [31-33]. A
critical role of sulfation has also been shown for L-selectin
ligands in humans and mice [17, 34, 35].

In contrast to FH6, CSLEX1 and HECA-452, MECA-79
binds to HEV in both humans and mice. Since MECA-79
does not recognize a sialic acid residue, these results
suggest that different forms of sialic acid might account
for differential recognition of CSLEX1, FH6 and HECA-
452 toward mouse and human sialyl Lewis X.

Here, to test this hypothesis, we first show that FHO,
CSLEX1 and HECA-452 bind to human but not to C57BL/
6 mouse neutrophils. We then show that C57BL/6 mice
contain almost exclusively the N-glycolylneuraminic
(NeuGc) in contrast to the N-acetylneuraminic acid
(NeuAc) found in humans. Chinese hamster ovary (CHO)
cells, which almost exclusively express NeuAc, were
converted to NeuGc-expressing cells by transfection with
CMP-NeuAc hydroxylase-encoding cDNA [36]. Sialyl
Lewis X on CHO cells expressing NeuGc was not
recognized by HECA-452 or FH6 antibody. This observation
was further supported by assaying inhibition of HECA-452
and FH6 antibody binding by N-glycolylneuraminyl or N-
acetylneuraminyl Lewis X oligosaccharide. Using CHO cells
we demonstrate that E-, P- and L-selectin bind to sialyl
Lewis X and 6-sulfo sialyl Lewis X carrying either the N-
acetyl or N-glycolyl form of sialic acid. These combined
results indicate that sialyl Lewis X can be recognized by
selectins irrespective of the different forms of the N-acyl
group of sialic acid, while HECA-452 and FH6 antibodies
bind only to the N-acetyl form of sialyl Lewis X.
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Materials and methods

Antibodies and IgM chimeric proteins Culture supernatants
of hybridomas producing FH6, HECA-452 or CSLEX1
(American Type Culture Collection) were used for cell
staining without purification. In some cases, HECA-452
antibody was purified by an ImmunoPure IgM Purification
Kit (Pierce), followed by ultrafiltration with an Ultracel
Amicon Ultrafiltration Disc YM-100 (Millipore, Billerica,
MA).

Cloning of mouse CMP-N-acetylneuraminic acid hydroxylase
(mCmah) Mouse thymus total RNA was extracted with
TRIzol (Invitrogen, Carlsbad, CA), and a mouse cDNA
library was prepared from total RNA using Superscript reverse
transcriptase (Invitrogen). Mouse CMP-N-acetylneuraminic
acid hydroxylase [36] was amplified from the cDNA library
using Expand high fidelity PCR system (Roche Applied
Science). Oligonucleotide pairs used for the amplification
were 5'-TCAAGCTTAAATACCCTGGAGCTGGCAG
ATGA-3" and 5'-TGTCTAGACAGGTCCAGACTAAT
CACAGTGCA-3' (HindIII and Xbal restriction sites denoted
by underlines). The PCR product was inserted into the
pCR2.1TOPO vector (Invitrogen) and sequenced. Inserts
with the correct sequence were digested with Xhol-BamHI
(New England Biolabs) and cloned into the same sites of
pcDNA3.1(N-), which was created by digestion of
pcDNA3.1/Zeo(+) with Sphl (New England Biolabs) and
BspLUI11I (Roche Applied Science), followed by filling in
and self-ligation to remove the Zeocin resistance gene and
the f1 origin.

Cell culture and transfection CHO and COS-1 cells were
cultured in x-MEM and DMEM, respectively, supplemented
with 10% fetal bovine serum (FBS). Transfection was
performed with Lipofectamine and PLUS reagents (Invitro-
gen) as described [29]. CHO cells expressing PSGL-1,
Core2GIcNAcT-1 (CHO/PSGL/C2/F7) and Fuc-TVII with
or without GIcNAc6ST-2 were previously established [37].

To establish a line stably expressing mouse CMP-N-
acetylneuraminic acid hydroxylase (mCmah) in CHO/
PSGL/C2/F7 cells, pcDNA3.1(N-)/mCmah was co-trans-
fected with pCMV/Bsd (Invitrogen) and colonies were
selected in 10 pg/ml Blasticidin S (Invitrogen) plus G418
(400 pg/ml) and hygromycin (400 pg/ml). Cells were
stained with HECA-452 antibody and HECA-452-nega-
tive single cells, which should express N-glycolylneur-
aminic acid, were sorted into a 96-well cell culture plate
(Corning Life Science, Acton, MA) with FACSDiVa (BD
Biosciences, San Jose, CA). The resultant transformants
were designated CHO/PSGL/C2/F7/Cmah. Two indepen-
dent cell clones (5 and 11) were obtained from the same
transfection.

To obtain selectin-IgM chimeric proteins, COS-1 cells
were transiently transfected with pCDM8/human P-selectin-
IgM [29], pCDM8/mouse E-selectin-IgM [29], pcDNA1/
human E-selectin-IgM [38], and pcDNA 1/human L-selectin-
IgM [38]. Transfected cells were cultured 3—4 days and
conditioned media were collected. For human and mouse E-
selectin-IgM, the conditioned media were concentrated ~10
times using Centriprep YM-30 (Millipore).

Identification of N-glycolylneuraminic acid and N-acetyl-
neuraminic acid Methods used to release sialic acid and
undertake DMB fluorescence labeling were essentially as
reported [39]. Briefly, samples were treated with 1 ml of
25 mM H,SO, at 80°C for 1 h. After adding ammonium
hydroxide to neutralize acid and centrifuged, the superna-
tant was dried under vacuum (SpeedVac concentrator). The
dried material was derivatized with DMB (1,2-diamino-4,5-
methylene-dioxybenzene). After the sample was placed on
ice, the product was isolated after HPLC using an ODS-80T
column (TOSO, 4.5 mm dix250 mm) equilibrated with
water. After applying the product, the column was washed
with water for 10 min and eluted with a linear gradient to
17% of 1% acetic acid in methanol for 10 min, followed by
a linear gradient to 30% over an additional 40 min [40].
DMB derivatives of N-glycolylneuraminic acid and N-
acetylneuraminic acid were eluted at 36 and 40 min,
respectively. DMB fluorescence was detected by excitation
at 373 nm and emission at 448 nm.

Mass spectrometric analysis of O-glycans from transfected
CHO cells Fifty million transfected CHO cells were pre-
treated as described [41, 42]. After digestion by N-glycanase,
the remaining peptides/O-glycopeptides were separated from
N-glycans by Sep-Pak purification. Subsequently, O-glycans
were released by reductive [-elimination (1.0 M KBHy,
0.1 M KOH 45°C for 20 h) and, after desalting, were
permethylated using the sodium hydroxide procedure, as
described [42] MALDI-TOF MS and MALDI-TOF/TOF MS
analysis was performed following published strategies [41,
42].

Assay of antibody binding using ELISA and transfected
CHO cells CHO/PSGL/C2/F7 and CHO/PSGL/C2/F7/
Cmah cells, were seeded onto 96-well culture plates. When
confluent, cells were fixed with 4% formaldehyde for
15 min at room temperature. To quench endogenous
peroxidase activity, cells were treated with 0.3% hydrogen
peroxide in methanol for 30 min and washed with
phosphate-buffered saline (PBS) containing 0.05% Tween
20 and 1 mg/ml bovine serum albumin (BSA) (washing
buffer). In the presence or absence of inhibitory oligosac-
charides, cells were treated with 2 pg/ml HECA-452
antibody, 20 xdiluted FH6 culture supernatant, or CSLEX
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solution in washing buffer for 1 h. Cells were treated with
washing buffer and then with 500xdiluted horseradish
peroxidase-conjugated goat anti-mouse IgM (Pierce) for
1 h. HECA-452 antibody, a rat IgM, can be detected using
anti-mouse IgM due to cross-reactivity. After washing,
100 pl of 1-Step ABTS (Pierce) was applied to cells and
absorbance at 405 nm was read using a microplate reader
(Emax, Molecular Devices).

Flow cytometry Cells were dissociated into mono-dispersed
cells using an enzyme-free cell dissociation solution
(Hanks’ balanced saline solution-based) purchased from
Chemicon. All the following procedures were performed at
4°C. For staining with HECA-452, CSLEX1 and FH6,
mono-dispersed cells were incubated with culture super-
natants of hybridoma cells followed by affinity-purified
fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse or rat IgM antibodies (Pierce). Stained cells were
subjected to FACS analysis using FACSort (BD Bioscien-
ces). Binding of selectin-IgM chimeric proteins was
assayed using culture supernatants of COS-1 cells tran-
siently transfected as described above. After incubation for
30 min, cells were washed with DMEM supplemented with
0.1 mg/ml BSA and 25 mM HEPES. FITC-conjugated goat
anti-human IgM (Pierce) was used to detect the selectin-
IgM chimeric proteins.

Results

HECA-452, FH6, and CSLEXI do not bind neutrophils of
C57BL/6 mice To determine how sialyl Lewis X in mouse
neutrophils differs from that expressed in human neutro-
phils, binding of CSLEX1, FH6 and HECA-452 antibodies
were tested on the neutrophils. Previously it was shown that
HECA-452 could bind both sialyl Lewis X and 6-sulfo
sialyl Lewis X on both O- and N-glycans [28, 29].
However, it was not known if sialic acid has to contain
N-acetyl group.

Figure 1 illustrates that CSLEX1, FH6, and HECA-452
bind to human neutrophils, a finding that is anticipated
because N-acetylneuraminyl Lewis X has been shown to be
present on human neutrophils [4]. By contrast, mouse
neutrophils (Grl1" cells) and lymphocytes (Grl ™ cells) from
C57BL/6 mice did not show positive staining for FH6,
HECA-452 or CSLEX1 (Fig. 1). Similarly, HECA-452 did
not stain HEV of C57BL/6 mouse (Fig. S1). These results
indicate that FH6, HECA-452 and CSLEXI1 distinguish
sialyl Lewis X on human and mouse neutrophils. FH6
weakly binds human neutrophils since FH6 binds more
strongly difucosyl sialyl Lewis X than monofucosyl sialyl
Lewis X, and difucosyl sialyl Lewis X is barely present in
human neutrophils [4, 43].
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C57BL/6 mice contain N-glycolylneuramic acid To deter-
mine if C57BL/6 mice contain the N-glycolyl form of sialic
acid, sialic acid was released by mild acid hydrolysis and
derivatized with DMB. Since it is difficult to isolate
sufficient amounts of mouse neutrophils, sialic acid was
released from the whole lymph node. HPLC analysis of
DMB derivatives of sialic acid showed that greater than
80% of C57BL/6 mouse sialic acid elutes at the same
position that N-glycolylneuramic acid elutes and earlier
than a DMB derivative of N-acetylneuraminic acid (Fig. 2).
N-Acetylneuraminic acid and N-glycolylneuraminic acid
are transferred, respectively, from CMP-NeuAc and CMP-
NeuGc by a sialyltransferase to a non-reducing terminal
galactose. CMP-NeuGec is synthesized from CMP-NeuAc
by CMP-NeuAc hydroxylase (Fig. 3), [36]. CMP-NeuAc
hydroxylase is inactive in all humans due to a 92-bp
deletion, producing an enzyme lacking the NH,-terminus
[44]. C57BL/6 mice expressed CMP-NeuNAc hydroxylase
transcripts, as did BALB/c and 129/Sv] mice, as expected
since these mice express N-glycolylneuraminic acid
(Fig. 4). These results demonstrate that all three mice
express CMP-NeuAc hydroxylase and can thus form N-
glycolylneuraminic acid. Consistent with these findings,
recent studies show that lymph nodes from C57BL/6 mice
exclusively contain N-glycolylneuraminic acid in sialyl
Lewis X and 6-sulfo sialyl Lewis X [22]. These combined
findings indicate that C57BL/6 mouse cells contain N-
glycolylneuraminic acid while human cells contain N-
acetylneuraminic acid.

FH6 and HECA-452 do not bind N-glycolylneuraminyl
Lewis X The above results suggest that both FH6 and
HECA-452 do not bind to mouse neutrophils, most likely
because mouse neutrophils express the N-glycolyl form of
sialic acid. To determine if this is the case, we first prepared
CHO cells expressing sialyl Lewis X on Core 2 branched
O-glycans attached to PSGL-1.

CHO cells expressing PSGL-1, Core2GIcNAcT-1 and
FucT-VII (CHO/PSGL/C2/F7) were further stably trans-
fected with CMP-NeuAc hydroxylase (Cmah). Several
colonies were isolated and assayed for HECA-452 antibody
staining. As shown in Fig. 5, two clones did not express the
HECA-452 antigen. HPLC analysis (Fig. 2) and mass
spectrometric analysis of clone 5 showed that the cell line,

Fig 1 Differential expression of carbohydrate antigens detected by P>
monoclonal antibodies on human and mouse neutrophils. a Leuko-
cytes from C57BL/6 mice were stained with Gr-1 antibody and
HECA-452, and Gr-1" and Gr-1" cells were analyzed for HECA-452
expression. Right panels (upper and lower) were constructed from
results shown in left and middle panel; staining by HECA-452 (blue)
and control mouse IgM (red) is shown. Almost identical results were
obtained using BALB/c mice. b Expression of HECA-452, CSLEX1,
and FH6 antigen on C57BL/6 mouse and human neutrophils. C57BL/
6 mice were negative for all of antibody staining of mouse neutrophils
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Fig 2 HPLC analysis of DMB-sialic acid. Sialic acid was released by p
mild acid hydrolysis, derivatized with DMB, and separated by HPLC
using the elution condition described in “Materials and methods”. The
elution positions of DMB-labeled standard NeuAc and NeuGc, and
sialic acid derived from C57BL/6 lympnodes, parental CHO cells
expressing NeuAc (CHO-NeuAc) and transfected CHO cells express-
ing NeuGc (CHO-NeuGec) are shown in a, b, ¢, d, and e, respectively.
CHO cells expressing NeuAc and NeuGc are designated CHO/PSGL/
C2/F7 and CHO/PSGL/C2/F7/Cmah, respectively (Fig. 5)

which stably expresses CMP-NeuAc hydroxylase (CHO/
PSGL/C2/F7/Cmah-5), contained exclusively NeuGc, while
parental CHO cells exclusively expressed NeuAc (Fig. 6).
The same analysis showed that the mass spectra for
lactosamine repeats were barely detected by those contain-
ing N-glycolylneuraminic acid (m/z=1,794 and 1,968).
While N-glycolyl sialic acid may be more efficiently added
to stop N-acetyllactosamine repeat, this difference may
simply reflect the difference in the signal acquisition since
the noise was higher in Fig. 6b than Fig. 6a. These parental
(CHO/PSGL1/C2/F7) cells are highly positive for HECA-
452 staining (Fig. 7).

CHO/PSGL/C2/F7/GlcNAc6ST-2, which express 6-
sulfo sialyl Lewis X, were then transiently transfected with
a CMP-NeuAc hydroxylase expression vector and assayed
for HECA-452 or FH6 binding. Transfected cells showed
weaker HECA-452 binding than did untransfected cells
(Fig. 7), indicating that 6-sulfo sialyl Lewis X containing
N-glycolylneuraminic acid is not recognized by HECA-
452.

However, CSLEX1 antibody, which binds strongly to
human cells, bound to CHO/PSGL/C2/F7 cells irrespective
of whether NeuAc or NeuGe was expressed (Fig. 7). These
results indicate that HECA-452 and FH6 bind only to the
form of sialyl Lewis X containing NeuAc, while CSLEX1
binds to forms of sialyl Lewis X containing either NeuAc
or NeuGe.

To confirm this finding, CMP-NeuGc was chemically
synthesized from CTP and NeuGc using CMP-sialic acid
synthetase [45]. N-glycolylneuraminyl N-acetyllactosamine
was then synthesized by incubation of CMP-NeuGe and
octyl-N-acetyllactosamine using «2,3-sialyltransferase [46].
The resultant oligosaccharide N-glycolylneuraminyl N-ace-
tyllactosamine was incubated with oc1,3-fucosyltransferase to
yield N-glycolylneuraminyl Lewis X oligosaccharide. NMR
analysis supported the synthesis of those compounds
(Figs. S2 and S3). Similarly, CMP-NeuAc was used in parallel
to synthesize N-acetylneuraminyl Lewis X oligosaccharide.

Binding of HECA-452, CSLEX1 and FH6 antibodies to
CHO/PSGLI1/C2/F7 cells was then assayed in the presence of
different amounts of N-acetylneuraminyl or N-glycolylneur-
aminyl Lewis X oligosaccharide. As shown in Fig. 8,
binding of HECA-452 was inhibited by N-acetylneuraminyl
Lewis X but not by N-glycolylneuraminyl Lewis X
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oligosaccharide. By contrast, CSLEX1 binding was inhibited
by both oligosaccharides. The binding of FH6 was strongly
and weakly inhibited by N-acetyl and N-glycolyl form of
sialyl Lewis X, respectively. These results, combined with
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those shown in Fig. 7, demonstrate that HECA-452 and FH6
preferentially bind N-acetylneuraminyl Lewis X, while
CSLEX1 binds both forms of sialyl Lewis X.

Selectin equally recognizes N-glycolyl and N-acetyl forms
of sialyl Lewis X To determine whether selectins prefer one
form of sialic acid over another, binding of different selectin-
IgM chimeric proteins was tested on CHO/PSGL/C2/F7 and
CHO/PSGL/C2/F7/Cmah cells, which exclusively express
either the N-acetylneuraminyl and N-glycolylneuraminyl
form of sialyl Lewis X, respectively.

As shown in Fig. 9, all E-, P-, and L-selectin-IgM
chimeras bound well to CHO/PSGL/C2/F7 cells, regardless
of whether they contained NeuAc or NeuGc. L-selectin-
IgM chimeric protein bound slightly less to CHO cells
expressing NeuGc than to those cells expressing NeuAc.
However, binding of the mouse E-selectin-IgM chimera on
CHO cells expressing N-glycolylneuraminyl Lewis X was
slightly better compared to those expressing N-acetylneur-
aminyl Lewis X. The binding profile of human P-selectin,
human L-selectin, and mouse E-selectin chimeras became
more uniform toward cells expressing NeuGc, probably due
to increased clonality of cells expressing N-glycolylneur-
amic acid. It is not clear why the human E-selectin-IlgM
chimera exhibited more heterogeneous binding than did

BALB 129
I |

C57BL/6
T 1 | 1

- + - + -

Cmah

G3PDH

Fig 4 Expression of CMP-NeuAc hydroxylase in mice. RNA was
extracted from lymph nodes of BALB/c, 129/Sv] and C57BL/6 mice
and reverse-transcribed to obtain cDNAs. RT-PCR was carried out for
CMP-N-acetylneuraminic acid hydroxylase (Cmah) and glyceraldehyde
3-phosphate dehydrogenase (G3PDH) (plus sign). PCR products without
template cDNAs serve as controls (minus sign)

other selectin-IgM chimeras. Two clones expressing N-
glycolyl neuraminic acid provided almost identical results
(Fig. 9). Together, these results demonstrate that all
selectins bind to both N-acetylneuraminyl and N-glycolyl-
neuraminyl forms of sialyl Lewis X.

Discussion

Our studies demonstrated that HECA-452 and FH6 do not
bind to CHO cells expressing N-glycolylneuraminyl Lewis
X, and that synthetic N-glycolylneuraminyl Lewis X
oligosaccharide does not inhibit binding of HECA-452 or
FH6 to CHO cells expressing sialyl Lewis X linked to core
2 branched O-glycans, while N-acetylneuraminyl Lewis X
oligosaccharide does. As shown previously, C57BL/6
mouse lymph nodes express almost exclusively N-glyco-
lylneuraminic acid [22], and HECA-452 does not stain
mouse HEV. Our results indicate that HECA-452 and FH6
do not bind C57BL/6 neutrophils, lymphocytes, and HEV,
since C57BL/6 mouse express N-glycolylneuraminic
acid.

It has been suggested that rodent cells express selectin
ligands different from those expressed by humans. This
conclusion was, however, based on findings that antibodies,
including FH6, do not bind to rodent neutrophils [30]. We
showed that FH6 binds to N-acetylneuraminyl Lewis X but
not to N-glycolylneuraminyl Lewis X. These results
indicate that the apparent difference in rodent and human
selectin ligands is mostly due to different forms of sialic
acid in sialyl Lewis X and 6-sulfo sialyl Lewis X.

It has been shown that selectins bind to sialyl Lewis X
and 6-sulfo sialyl Lewis X [47]. In contrast to HECA-452
and FH6 antibodies, E- and L-selectin bind both N-glycolyl
and N-acetyl forms of sialyl Lewis X and 6-sulfo sialyl
Lewis X. When co-expressed with PSGL-1, P-selectin also
binds both forms of sialyl Lewis X. These results are
consistent with the findings that removal of sialic acid by
neuraminidase or genetic abrogation of «l,3-linked fucose
inactivates selectin ligands in mice. In addition, L-selectin
preferentially binds to 6-sulfated sialyl Lewis X in both
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Fig 5 Binding of HECA-452 antibody to CHO/PSGL/C2/F7 cells
before and after stable expression of CMP-NeuAc hydroxylase. CHO
cells expressing PSGL-1, Core2GIlcNACT, FucT-VII were stably
transfected with CMP-NeuAc hydroxylase. Resultant cell lines (clones
5 and 11) and the parental line were subjected to flow cytometry

humans and mice, and genetic abrogation of the 6-sulfated
group results in significant loss of L-selectin-mediated
lymphocyte trafficking in mouse.

Recent crystallographic studies show that E- or P-selectin
forms complexes with the sialyl Lewis X oligosaccharide
through Ca** ligation to the 3- and 4-hydroxyl groups of
fucose and through hydrogen bonding to the carboxyl group
of sialic acid [48, 49]. In the P-selectin complex with an
amino terminal glycopeptide of PSGL-1 having tyrosine
sulfates and sialyl Lewis X core 2 oligosaccharide, ionic
interaction of P-selectin with tyrosine sulfates in PSGL-1 is
stronger than the interaction with sialic acid of core 2 O-
glycan-bound sialyl Lewis X in PSGL-1. This finding
suggests that L-selectin interacts with the 6-sulfate group in
6-sulfo sialyl Lewis X, allowing a high affinity interaction
[49]. The findings also indicate that the N-acyl group of
sialic acid is positioned far from the binding site of selectins,
and the difference in the acyl group should not influence the

Fig 6 MALDI/TOF-MS profiles of O-glycans from CHO cells p
transfected with PSGLI1, Core2GIcNACcT, FucTVII ¢cDNAs with or
without CMP-NeuAc hydroxylase cDNA. Shown are comparisons of
MALDI-MS profiles of O-glycans from CHO cells transfected with
cDNA-encoding PSGL-1, Core2GIcNAcT, FucT-VII with (b) or
without (a) CMP-NeuAc hydroxylase. Major peaks representing core
1 and core 2 O-glycans are annotated with structures in symbol form.
Both cell populations exhibit a predominance of core 2 sialylated
structures, and some O-glycans are additionally fucosylated. Trans-
fection with CMP-NeuAc hydroxylase results in exclusive expression
of N-glycolyl neuraminic acid (b), whereas cells lacking this enzyme
only express N-acetyl neuraminic acid (a). N-acetylneuraminic acid
(NeuAc), N-glycolylneuraminic acid (NeuGc), galactose (Gal), N-
acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), fucose
(Fuc)
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analysis using HECA-452 antibody. Binding of HECA-452 antibody
was detected by FITC-conjugated secondary antibody (solid lines).
Mouse IgM served as a control (dotted lines). Cell lines expressing N-
glycolylneuraminic acid (clones 5 and 11) were negative for HECA-
452 staining, while the parental cell line was positive
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Fig 7 CHO/PSGL/C2/F7/Cmah cells expressing N-glycolylneura-
minic acid are negative for HECA-452 and FH6 staining but positive
for CSLEX1. CHO cells were generated to stably express PSGL-1,
Core2GleNACcT, and FucT-VIL, thus expressing N-acetylneuraminyl
sialyl Lewis X (NeuAc) on Core 2 O-glycans attached to PSGL-1.
CHO-Cmah 5 cells were generated to stably express PSGL-1,

Core2GIcNACT, FucT-VII and CMP-NeuAc hydroxylase (NeuGc),
which promotes expression of N-glycolylneuraminyl sialyl Lewis X
on Core 2 branch O-glycans attached to PSGL-1. These two cell lines
were subjected to flow cytometry using HECA-452, CSLEXI1, and
FH6 antibodies (solid lines). Control staining is shown in dotted lines.
Staining was undertaken as described in Fig. 5
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Fig 8 Inhibition of CSLEX1, HECA-452, and FH6 binding by
synthetic sialyl Lewis X oligosaccharides. CSLEX1, HECA-452 or
FH6 antibody was incubated with CHO/PSGL/C2/F7 cells expressing
N-acetylneuraminyl Lewis X in the absence or presence of sialyl
Lewis X oligosaccharide. N-acetylneuraminyl Lewis X oligosaccha-
ride (closed circles) or N-glycolylneuraminyl Lewis X oligosaccharide

inhibitor concentration [M]

inhibitor concentration [M]

—e— NeuAc-sLeX-octyl
——0— NeuGc-sLe*-octyl

acid (squares) was used as an inhibitor. After washing, bound
antibody was detected by horseradish peroxidase-conjugated goat
anti-mouse IgM, and bound horseradish peroxidase was quantitated by
color reaction. The results are shown at different concentrations of
inhibitory oligosaccharides
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Fig 9 Binding of selectin‘IgM chimeric proteins to sialyl Lewis X on
CHO/PSGL/C2/F7 cells expressing N-acetylneuraminic acid or those
cells expressing N-glycolylneuraminic acid. CHO/PSGL/C2/F7 and
CHO/PSGL/C2/F7/Cmah cells express N-acetylneuraminyl Lewis X
and N-glycolylneuraminyl Lewis X, respectively. Cells were dissoci-
ated with enzyme-free dissociation solution and incubated with human
L-selectin-IgM (dark blue-hLM), human P-selectin-IgM (light blue-

binding to selectins [49], consistent with our present
findings.

In contrast to E-, P- and L-selectin, HECA-452 and FH6
recognizes the N-acetyl group of sialic acid, and replace-
ment of N-acetyl group with the N-glycolyl group hinders
its binding to these antibodies. On the other hand, CSLEX1
can also bind N-glycolyl neuraminyl Lewis X, but it cannot
bind mouse neutrophils. Rodents are known to express the
O-acetylated form of sialic acid [50, 51]. These O-acetyl
groups are attached to C-4, C-7, C-8, and C-9 positions of
sialic acid. During methylation analysis, these O-acetyl
groups are removed, thus escaping detection. It is likely that
O-acetylated sialic acid is not recognized by CSLEXI,
although it is difficult to demonstrate this since O-
acetyltransferase has not been cloned. In addition, CSLEX1
does not bind 6-sulfated sialyl Lewis X (Fig. 10) [28, 29].
These results suggest that CSLEX1 binding sites likely
differ from those recognized by HECA-452 and FH6. It is
also possible that mouse cells express sialyl Lewis X on
restricted number of counterreceptors and this may be the

Fig 10 Binding specificity of CSLEX1, FH6, HECA-452 and p
MECA-79. CSLEXI1 binds sialyl Lewis X containing either N-acetyl

or N-glycolyl form of sialic acid but not 6-sulfo sialyl Lewis X.
HECA-452 and FH6 binds both sialyl Lewis X and 6-sulfo sialyl
Lewis X, which contain N-acetyl form of sialic acid but do not bind
their N-glycolyl form. See the text for the evidence of these
conclusions. MECA-79 binds to 6-sulfated N-acetyllactosamine
regardless of the form of sialic acid. The MECA-79 epitope is
indicated by light red [21]. S/T serine/threonine
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hPM), human E-selectin'IgM (green-hEM) or mouse E-selectin-IgM
(orange-mEM) chimeric proteins and subjected to flow cytometry. The
selectin'lgM chimeras were obtained from culture supernatants of
COS-1 cells after transfection with respective cDNAs. Culture
supernatants from COS-1 cells after mock transfection served as
controls (red-COSCM)

reason why mouse cells have limited binding to these anti-
sialyl Lewis X antibodies [52]. Further studies are important
to determine how this difference influences FH6 and
HECA-452 binding.
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Subtle differences in binding specificity of anti-sialyl
Lewis X antibodies may be useful in distinguishing
different cell types. Indeed, it was reported recently that
human lymphocytes, which were positive for HECA-452
but not CSLEX1 or MECA-79 staining, correspond to
cutaneous lymphocyte-associated antigen CLA-positive T-
cells [53]. FH6 does not bind 6-sulfo sialyl Lewis X, and
MECA-79 requires extended core 1 O-glycans as underly-
ing glycans. These results suggest that 6-sulfo sialyl Lewis
X on N-glycans, as reported for L-selectin ligands on HEV
[22], may function to recruit skin-homing T-lymphocytes.
Similarly, human dendritic cells can be classified as
positive or negative for HECA-452 antigen, and HECA-
452-positive dendritic cells roll along non-inflamed dermal
endothelium [54]. L-selectin ligands on these vessels have
not been identified, but they may also play a role in
CCL21-mediated adhesion to non-lymphoid tissues [54].
G-CSF was shown to induce E-selectin ligand in human
peripheral blood leukocytes, and the E-selectin ligand on
CD44, which may be attached to N-glycans, was detected
by HECA-452 antibody [55]. It will be of interest to
determine if some of these selectin ligands are recognized
by FH6 or MECA-79.

In mouse inguinal lymph nodes, HEV can be divided
into orders I-V. Orders III-IV are in sub- and paracortex,
and order V is formed by merging capillaries, while orders I
and II are located mainly in the medulla. Orders I1I-V are
highly positive for MECA-79 antigen, whereas orders I and
I do not express MECA-79 antigen and lack a specific
carbohydrate marker [56]. In mouse thymocyte develop-
ment, P-selectin on thymus epithelial cells interacts with
PSGL-1 on lymphoid progenitor cells, an interaction likely
critical for thymocyte development [57]. L-selectin-medi-
ated fast rolling of lymphoid cells was observed on non-
HEV vessels in mouse [58]. However, the carbohydrate
ligands in these interactions have not yet been identified
due to lack of specific antibodies.

In conclusion, we show that different antibodies appar-
ently bind different portions of sialyl Lewis X and 6-sulfo
sialyl Lewis X, thus exhibiting different profiles of selectin
ligands in humans and rodents. By contrast, E-, P-, and L-
selectin can bind N-glycolyl and N-acetylneuraminyl forms
of sialyl Lewis X and 6-sulfo sialyl Lewis X, and possibly
an O-acetylated form of sialic acid. Development of
antibodies specific to 6-sulfo sialyl Lewis X on N-glycans,
and to the N-glycolyl form of sialyl Lewis X and 6-sulfo
sialyl Lewis X would be very useful in determining the
functions of these selectin ligands in both human and
rodents.
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