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The monoclonal antibody CHO-131 binds to a core 2 O-glycan terminated with
sialyl-Lewis x, which is a functional glycan ligand for P-selectin
Bruce Walcheck, Anne Leppanen, Richard D. Cummings, Randall N. Knibbs, Lloyd M. Stoolman,
Shelia R. Alexander, Polly E. Mattila, and Rodger P. McEver

Core 2 O-glycans terminated with sialyl-
Lewis x (sLeX) are functionally important
oligosaccharides that endow particular
macromolecules with high-affinity glycan
ligands for the selectin family. To date,
antibodies that recognize these struc-
tures on leukocytes have not been de-
scribed. We characterize such a monoclo-
nal antibody (mAb) here (CHO-131). The
binding specificity of CHO-131 was di-
rectly examined by means of synthetic
glycopeptides containing precise O-gly-
can structures. CHO-131 bound to sLeX

extended from a core 2 branch (C2-O-
sLeX), but CHO-131 demonstrated no reac-
tivity if this oligosaccharide lacked fu-
cose or if sLeX was extended from a core

1 branch. Using transfected cell lines, we
found that CHO-131 binding required the
functional activity of the glycosyltrans-
ferases �2,3-sialyltransferase, �1,3-fuco-
syltransferase-VII, and core 2 �1,6 N-
acetylglucosaminyltransferase (C2GnT).
The C2-O-sLeX motif occurs primarily on
sialomucins and has been directly shown
to contribute to high-affinity P-selectin
glycoprotein ligand–1 binding by P-selectin.
Indeed, CHO-131 staining of neutrophils
was diminished following sialomucin re-
moval by O-glycoprotease, and its reactiv-
ity with transfected hematopoietic cell
lines correlated with the expression of
P-selectin ligands. CHO-131 also stained
a small population of lymphocytes that

were primarily CD3�, CD4�, and CD45RO�

and represented a subset (37.8% � 18.3%)
of cutaneous lymphocyte-associated an-
tigen (CLA) T cells, distinguished by the
mAb HECA-452, which detects sLeX-
related glycans. Unlike anti-sLeX mAbs,
CHO-131 binding also indicates C2GnT
activity and demonstrates that CLA T
cells are heterogeneous based on the
glycan structures they synthesize. These
findings support evidence that differen-
tial C2GnT activity results in T-cell sub-
sets that express ligands for E-selectin,
P-selectin, or both. (Blood. 2002;99:
4063-4069)

© 2002 by The American Society of Hematology

Introduction

The 3 members of the selectin family facilitate accumulation and
rolling on the blood vessel wall of lymphocytes in secondary
lymphoid organs and of leukocytes at sites of inflammation.
L-selectin (CD62L) is expressed by leukocytes; E-selectin (CD62E)
is expressed by activated endothelial cells; and P-selectin (CD62P)
is expressed by activated endothelial cells and activated platelets.1

The selectins are Ca�2-dependent lectins that bind discrete glycan
structures on particular macromolecules.1,2 The leukocyte-
expressed sialomucin, P-selectin glycoprotein ligand-1 (PSGL-1)
(CD162) is one such macromolecular ligand that is recognized by
P-selectin,3 E-selectin,4-7 and L-selectin.8,9

The glycan modifications of PSGL-1 that are responsible for
high-affinity binding by P-selectin have been extensively examined;
they consist of sialylated and fucosylated, core 2 branched O-glycans.3

In contrast to particular L-selectin glycan ligands expressed by endothe-
lial cells,1 these glycans are not sulfated. Instead, PSGL-1 contains
sulfated tyrosine residues that are required for P-selectin binding.10-14

PSGL-1 on myeloid cells possesses 2 major species of sialylated and
fucosylated core 2 O-glycans. Extended from the core 2 branch is a 3
N-acetyllactosamine repeat terminated with sialyl-Lewis x (sLeX) or a

single N-acetyllactosamine unit terminated with sLeX.15 The latter sLeX

motif (C2-O-sLeX) has been demonstrated to directly confer high-
affinity P-selectin binding by means of glycosulfopeptides that are mod-
eled after the N-terminus of human PSGL-1 and that contain precise
O-glycan structures synthesized on a specific threonine residue.14,16

Although all peripheral blood leukocytes express PSGL-1,3 the
posttranslational glycan modifications that result in selectin ligands
occur differentially and are synthesized by all neutrophils and a
subset of lymphocytes, which preferentially home to sites of
chronic inflammation in the skin.3,17-20 Properly stimulated and
peripheral blood effector/memory T cells in general express
up-regulated messenger RNA levels of �2,3-sialyltransferase-IV,
�1,3-fucosyltransferase-VII (FucT-VII), and the O-glycan branch-
ing enzyme core 2 �1,6 N-acetylglucosaminyltransferase
(C2GnT).18,21-23 Recent findings indicate a distinct requirement for
C2GnT in the synthesis of E- and P-selectin glycan ligands by
stimulated T cells. Snapp et al24 have reported that TH1 cells
derived from C2GnT�/� mice expressed E-selectin, but not P-
selectin, glycan ligands. Moreover, E-selectin–binding TH1 cells
derived from C2GnT�/� mice were heterogeneous for C2GnT
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activity based on the expression of core-2 O-glycan–modified
CD43.24 In the human, T cells that express selectin glycan ligands
are distinguished by their expression of the sLeX-related antigen
(cutaneous lymphocyte-associated antigen [CLA]), in most cases
with the use of the monoclonal antibody (mAb) HECA-452.25,26 A
limitation of anti-sLeX mAbs, however, is that their epitope does
not indicate the functional activity of C2GnT. Moreover, the sLeX

antigen is distributed on numerous leukocyte cell surface macromol-
ecules, including proteins containing N- and O-glycans as well as
lipids,27 and its detection does not directly indicate modification of
T cell sialomucins with P-selectin glycan ligands.17

We report here the structural elucidation and leukocyte distribu-
tion of the epitope for the anticarbohydrate mAb CHO-131. The
antigenic specificity of CHO-131 was assessed by means of
synthetic glycopeptides with precise glycan structures as well as
transfected cell lines expressing specific glycosyltransferases. The
CHO-131 epitope is shown to comprise C2-O-sLeX and indicates
the functional activity of �2,3-sialyltransferase, FucT-VII, and
C2GnT. The CHO-131 epitope primarily occurs on leukocyte
sialomucins, including PSGL-1, and was detected on neutrophils as
well as on a subset of CLA� T cells.

Materials and methods

Antibodies

The mAbs CSLEX-1 (mouse IgM) and HECA-452 (rat IgM), specific to the
sLeX carbohydrate antigen, have been previously described.28,29 The mAbs
PL1 (mouse IgG1), specific to human PSGL-1,30 and DREG-200 (mouse
IgG1), specific to human L-selectin,31 have been previously described. The
mAb 215 is a mouse IgG2a mAb specific to human PSGL-1 (Figures 1, 5,
and 6, and data not shown). Anti-CD11a and the phycoerythrin (PE)–
conjugated mAbs anti-CD4, anti-CD8, anti-CD19, and anti-CD45RO were
purchased from Becton Dickinson (San Jose, CA). A PE-conjugated,
anti-CD3 mAb was purchased from Ancell (Bayport, MN). PE- or
fluorescein isothiocyanate (FITC)–conjugated F(ab�)2 goat anti–mouse IgG
or IgM was purchased from Jackson Immunoresearch (West Grove, PA).
FITC-conjugated, F(ab�)2 goat anti–rat IgM secondary antibody was
purchased from Jackson Immunoresearch. Allophycocyanin (APC)–
conjugated streptavidin was purchased from Biogenesis (Kingston, NH).
The horseradish peroxidase–conjugated antibodies goat anti–mouse IgM
and IgG and goat anti–rat IgM were purchased from Pierce (Rockford, IL).

Cells and transfectants

Peripheral blood was collected from normal healthy donors. The procedures
were performed in accordance with a protocol approved by the Institutional
Review Board: Human Subjects Committee at the University of Minnesota.
Leukocytes were isolated by red blood cell lysis or dextran sedimentation,
plus ficoll-hypaque centrifugation to separate mononuclear and polymorpho-
nuclear cells, as previously described.8,32 The CHO–dihydrofolate reductase–
negative (CHO-dhfr�) (ATCC, Manassas, VA) stable transfectants CHO/
PSGL-1 and CHO/PSGL-1/FucT-VII/C2GnT were constructed as previously
described12,33 with minor modifications. Briefly, the human wild-type
complementary DNAs (cDNAs) encoding PSGL-1, C2GnT, and FucT-VII
were ligated into the expression vectors pcDNA3.1/Zeocin (Invitrogen,
Carlsbad, CA), pcDNA3 (Invitrogen), and pCDM8/puromycin, respec-
tively. The CHO-dhfr� stable transfectants CHO/FucT-VII and CHO/FucT-
VII/C2GnT were constructed as previously described.12,33 The Jurkat/FucT-
VII and Molt-4/FucT-VII stable transfectants were constructed as previously
described.34,35 Cells were treated with neuraminidase (from Clostridium
perfringens, which hydrolyzes �(2-3), �(2-6), or �(2-8) linkages; Roche,
Mannheim, Germany) and O-glycoprotease (O-sialoglycoprotein endopep-
tidase; Accurate Chemical and Scientific, Westbury, NY) to remove
terminal sialic acid moieties and sialomucins, respectively, as previously
described.36-38

Immunization and mAb generation

These procedures were performed in accordance with a protocol approved
by the Institutional Animal Care and Use Committee at the University of
Minnesota. CHO/PSGL-1/FucT-VII/C2GnT transfectants were used as
immunogen for generation of mAb. CHO/PSGL-1/FucT-VII/C2GnT cells
(5 � 107) were injected intraperitoneally into Balb/c mice at biweekly
intervals. The initial injection contained the adjuvant Gerbu (GERBU
Biotechnik, Heidelberg, Germany), whereas subsequent injections did not
contain adjuvant. The SP2/0 myeloma cell line was used as a fusion partner,
and previously described procedures were followed in the generation of
monoclonal hydridomas.38,39 All mAbs produced were expanded by in vitro
tissue-culture procedures. Biotinylation of mAbs was performed by means
of NHS-SS-LC-biotin (Pierce), as per manufacturer’s instructions. The
generated mAb CHO-131 (IgM, kappa light chain) is described in
this report.

Preparation of protein-adsorbed 4-�m latex microspheres

Sulfate polystyrene latex microspheres (Interfacial Dynamics, Portland,
OR) were adsorbed with human PSGL-1 that was immunoprecipitated from
neutrophils. The anti–PSGL-1 mAb PL1 was used to immunoprecipitate
PSGL-1; this was done in buffer containing 50 mM n-octyl-�-glucopyrano-
side. Dilution of this detergent below its critical micelle concentration
allowed for PSGL-1 adsorption.8 Approximately 0.1 �g PSGL-1 was
adsorbed to 1 � 107 microspheres. The microspheres were then blocked
with 5% bovine serum albumin (BSA).

Antibody labeling and flow cytometry

These procedures were performed as previously described.40 Briefly, Fc
receptor and nonspecific antibody-binding sites were blocked by an initial
incubation of the cells with wash buffer (phosphate-buffered saline [PBS]
containing 1% goat serum and 5 mM NaN3). For 1 fluorescent–parameter
flow cytometry, cells or microspheres were labeled with a particular
unconjugated mAb for 15 minutes followed by incubation with FITC-
conjugated, F(ab�)2 goat anti–mouse IgG or IgM or anti–rat IgM. For 2
fluorescent–parameter flow cytometry, cells were stained with CHO-131 for
15 minutes followed by incubation with FITC-conjugated, F(ab�)2 goat
anti–mouse IgM for 15 minutes. Cells were then blocked with 10% normal
mouse serum for 10 minutes followed by incubation with PE-conjugated
anti-CD3, anti-CD4, anti-CD8, anti-CD19, or anti-CD45RO for 15 min-
utes. For 3 fluorescent–parameter flow cytometry, cells were stained in 6
steps: (1) incubation with HECA-452 for 15 minutes; (2) incubation with
FITC-conjugated, F(ab�)2 goat anti–rat IgM for 15 minutes; (3) blocking
with 10% normal mouse serum for 10 minutes; (4) incubation with
biotinylated CHO-131 for 15 minutes; (5) incubation with APC-conjugated
streptavidin for 15 minutes; and (6) incubation with PE-conjugated
anti-CD3 for 15 minutes. All steps were performed at 4°C. Cells were
washed with wash buffer between steps and finally fixed with 0.5%
paraformaldehyde. Isotype-matched negative control mAbs were used to
evaluate levels of background staining. For each sample, 5000 to 10 000
antibody-labeled cells or microspheres were analyzed by flow cytometry on
a FACSCalibur instrument (Becton Dickinson).

Glycopeptide enzyme-linked immunosorbent assay

Glycopeptides (GPs) (GP-1, GP-5, GP-6, and GP-6�) were prepared as
described.16 Microtiter wells (Immulon 2, 96-well plates, Dynatech Labora-
tories, Chantilly, VA) were coated for 1.5 hours with 5 ng individual
glycopeptide in 50 �L PBS, blocked by incubating for 30 minutes with 5%
BSA in PBS, and incubated for 1 hour with 50 �L mAb solutions (5 �g/mL
mAb CHO-131, HECA-452, or PL1, in PBS containing 0.05% Tween-20
and 1% BSA). The wells were subsequently incubated for 1 hour with 50
�L of 1:5000 dilution of peroxidase-conjugated goat anti–mouse IgM or
IgG, or with 50 �L of 1:100 dilution of peroxidase-conjugated goat anti–rat
IgM, followed by incubation with 100 �L 2,2�-azino-di(3-ethyl-benzthiazo-
line-6-sulfonate) (ABTS)/peroxidase substrate (Kirkegaard and Perry Lab-
oratories, Gaithersburg, MD). After a 10-minute incubation with substrate,
absorbance at 405 nm was measured by means of a microtiter plate reader
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(Molecular Devices, Sunnylane, CA). Experiments with mAb CHO-131
were carried out with the use of antibody concentrations of 0, 0.05, 0.5, 5,
and 10 �g/mL in PBS containing 0.05% Tween-20 and 1% BSA. Antigen
coating and all incubations were performed at room temperature, and the
wells were washed 6 times after each incubation on a microtiter plate
washer (Dynatech) with PBS containing 0.05% Tween-20. The assays were
performed in duplicate, and the results represent averages of 2
determinations.

Results

The CHO-131 epitope includes a core-2 O-glycan when terminated
with sLeX. CHO cells expressing transfected human PSGL-1,
FucT-VII, and C2GnT (CHO/PSGL-1/FucT-VII/C2GnT) bind P-
selectin with high affinity.12,33,41 Mice were immunized with the
stable transfectant CHO/PSGL-1/FucT-VII/C2GnT and the subse-
quently generated hybridoma antibodies initially screened for
reactivity with the transfectants CHO/PSGL-1/FucT-VII/C2GnT
and CHO/PSGL-1 to identify antibodies possibly requiring the
expression of FucT-VII and C2GnT. The mAb CHO-131 was found
to stain the transfectant CHO/PSGL-1/FucT-VII/C2GnT, but not
CHO/PSGL-1, as determined by flow cytometry (data not shown;
also see below). Synthetic peptides corresponding to the N-
terminus of human PSGL-1 have been previously used to deter-
mine the contributions of posttranslational modifications, such as
precise O-glycan structures attached to a particular threonine
residue, on binding to P-selectin.14,16 Using different O-glycan
structures modeled on the N-terminal peptide sequence from
PSGL-1, we examined the binding specificity of CHO-131. The
glycopeptides used are shown in Figure 1A, and included GP-6,
which contains sLeX on a core 2 O-glycan (C2-O-sLeX); GP-6�,
which contains sLeX on an extended core 1 O-glycan (C1-O-sLeX);
GP-5, which contains sialylated but nonfucosylated N-acetyllac-
tosamine on a core 2 O-glycan (C2-O-sLN); and GP-1, which
contains an O-linked GalNAc. The glycopeptides were adsorbed to
the wells of a 96-well plate, and antibody reactivity was determined
by enzyme-linked immunosorbent assay (ELISA). The anti-sLeX

mAb HECA-452 bound to the carbohydrate structures C2-O-sLeX

(GP-6) and C1-O-sLeX (GP-6�), but not to C2-O-sLN (GP-5) and
GalNAc (GP-1) (Figure 1B). In contrast, CHO-131 bound only to
C2-O-sLeX (GP-6), indicating the importance of the core 2 branch
for reactivity. However, other determinants, including fucose, also
appear to compose the CHO-131 epitope since the structure
C2-O-sLN was not recognized (Figure 1B). To demonstrate that the
observed reactivities were not due to differences in glycopeptide
coating, the anti–PSGL-1 peptide mAb PL1 was used in the
ELISA. PL-1 detected high levels of all 4 glycopeptides (Figure
1B). The specificity of CHO-131 was confirmed by the observation
that there was no binding to GP-6�, GP-5, and GP-1 even at the
highly saturating concentration of 10 �g/mL (Figure 1C).

CHO-131 recognizes a sialylated and fucosylated core 2
O-glycan when expressed by cells. Particular glycosyltransferases
expressed by transfected cells were examined for their requirement
in the synthesis of the CHO-131 antigen. CHO cells have well
characterized N- and O-glycan structures and express �1,3-
fucosyltransferases and C2GnT at very low levels.42,43 CHO cells
transfected with the cDNA of FucT-VII can efficiently synthesize a
sLeX motif on N-glycans, but not O-glycans. Using flow cytometry,
we observed high levels of staining of the CHO/FucT-VII transfec-
tant by the anti-sLeX mAb CSLEX-1, but at very low levels of
staining by CHO-131 (Figure 2A). Transfected CHO cells express-
ing FucT-VII and C2GnT can synthesize a sLeX motif on both N-

and O-glycans. CHO/FucT-VII/C2GnT transfectants were stained
at high levels by both CHO-131 and CSLEX-1 (Figure 2A). Since
these transfectants do not express PSGL-1, the results demonstrate
that antigen recognition by CHO-131 is independent of the PSGL-1
polypeptide. Mock-transfected CHO cells were not stained by
either CSLEX-1 or CHO-131 (data not shown).

Terminal sialylation of glycans expressed by CHO cells occurs
exclusively in an �2,3-linkage.44 A requirement of sialic acid for
CHO-131 reactivity was examined by treating transfected CHO
cells expressing recombinant PSGL-1, FucT-VII, and C2GnT with
neuraminidase. This treatment was found to abolish staining by
CHO-131 (Figure 2B). The glycosidase activity of neuraminidase
was confirmed by its disruption of staining by the anti-sLeX mAb

Figure 1. CHO-131 recognition of the glycan structure C2-O-sLeX. (A) Structures
of glycopeptides used in the enzyme-linked immunosorbent assay (ELISA). Glycopep-
tides corresponding to the N-terminal peptide sequence of human PSGL-1 and the
O-glycan structures C2-O-sLeX (GP-6), C1-O-sLeX (GP-6�), C2-O-sLN (GP-5), or
GalNAc (GP-1) at threonine residue 57 (arrow) were generated by synthetic
methods. (B) Glycopeptide ELISA. Microtiter wells were coated with individual
glycopeptides as indicated, blocked with BSA, and incubated with the mAbs
CHO-131, HECA-452 (anti-sLeX), or PL1 (anti–PSGL-1 peptide). Bound antibodies
were detected by incubation with horseradish peroxidase–conjugated, goat anti–
mouse IgM (CHO-131) or IgG (PL1), or goat anti–rat IgM (HECA-452) followed by
incubation with ABTS/peroxidase substrate and absorbance measurements at 405
nm. (C) CHO-131 specificity at different antibody concentrations. ELISA assay was
performed as in panel B with the use of different concentrations of CHO-131 (0, 0.05,
0.5, 5, 10 �g/mL).
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CSLEX-1 (data not shown) and its lack of effect on PSGL-1
staining (Figure 2B), which is highly sensitive to protease activity.45

Glycosyltransferase requirements for CHO-131 reactivity were
also examined with the use of transfected human hematopoietic
cell lines. Molt-4 cells transfected with FucT-VII express P-selectin
ligands.35 In contrast, Jurkat cells, which are deficient in core 2 and
core 1 O-glycan synthesis,46 when transfected with FucT-VII do not
express detectable P-selectin ligands (R.N.K., unpublished data,
December 1998 and Knibbs et al35). Using flow cytometry, we
observed that CHO-131 and the anti-sLeX mAb HECA-452 stained
the Molt-4/FucT-VII transfectants (Figure 3). CHO-131, however,
did not bind to Molt-4 parent cells (data not shown), which express
endogenous FucT-IV and bind poorly to P-selectin.35 CHO-131
also did not stain Jurkat/FucT-VII transfectants at a level greater
than that of an isotype negative control mAb, whereas HECA-452
stained this transfectant at high levels (Figure 3). Together, the data
above indicate that cell staining by CHO-131 requires, in part,
�2,3-sialyltransferase, FucT-VII, and C2GnT. Moreover, CHO-131
staining correlated with the expression of P-selectin glycan ligands,
whereas the reactivity of anti-sLeX mAbs did not.

CHO-131 primarily binds to sialomucins. C2-O-sLeX–like
structures are common components of sialomucins.15,47,48 Thus,
consistent with the specificity of CHO-131, it would be predicted
that staining would be affected by the selective removal of cell
surface sialomucins using O-glycoprotease. In contrast, the sLeX

oligosaccharide is broadly distributed on various cell surface
macromolecules, and O-glycoprotease treatment has only a modest
affect on the overall reactivity by anti-sLeX mAbs.17,49 Using flow
cytometry, we observed that both CHO-131 and HECA-452 stained

isolated neutrophils at uniformly high levels (Figure 4A). Neutro-
phils were then treated with O-glycoprotease and stained with
HECA-452 or CHO-131. Neutrophils were also stained with an
anti–PSGL-1 mAb to assess endoprotease efficiency. We found that
staining by CHO-131 was greatly reduced by O-glycoprotease
treatment (Figure 4A). As previously described, O-glycoprotease
treatment also diminished PSGL-1 staining, but had little effect on
sLeX antigen levels (Figure 4A; Alon et al17 and Norgard et al49).
Staining of class 1, a nonsialomucin glycoprotein, was not changed
by O-glycoprotease treatment, indicating insignificant levels of
contaminating proteases (data not shown). These findings show
that CHO-131 selectivity binds O-glycoprotease–sensitive sialomu-
cins, which include PSGL-1 immunopurified from neutrophils
(Figure 4B).

The CHO-131 epitope is distributed on a subset of CLA� T
cells. Using flow cytometry to assess 1-color fluorescence and
side-scatter characteristics, we observed that CHO-131 uniformly
stained human peripheral blood neutrophils and monocytes (Figure
4A and data not shown). In addition, a small population of
lymphocytes were stained. To identify the lymphocyte subsets
expressing the CHO-131 epitope, an electronic scatter gate was set
for lymphocytes, and 2-color flow cytometry was performed with
the use of various lineage markers. The CHO-131 epitope was
detected primarily on CD3� T cells (Figure 5A). CD19� B cells
represented fewer than 1% of the CHO-131� lymphocytes. Further-
more, the CHO-131 epitope occurred primarily on CD4� T cells
(Figure 5A). We consistently found that fewer than 10% of
CHO-131� lymphocytes were CD8�. CHO-131� lymphocytes
would also appear to be effector/memory T cells, as indicated by
their essentially uniform expression of CD45RO (Figure 5A).
Next, we simultaneously examined the distribution of the C2-O-
sLeX and sLeX (CLA) antigens on T cells. By means of 3-color flow
cytometry, CD3� lymphocytes were stained by HECA-452 and
CHO-131. CHO-131 was found to stain HECA-452� T cells, but
only a subset (Figure 5B). Similar results were observed with the
anti-sLeX mAb CSLEX (data not shown). Thus, 3 subsets of T cells
were revealed: (1) CLA�/CHO-131�; (2) CLA�/CHO-131�; and
(3) CLA�/CHO-131�. From healthy donors, 37.8% � 18.3%
(n 	 4) of HECA-452� lymphocytes were found to contain the
CHO-131 epitope.

Discussion

The novel mAb CHO-131 is demonstrated here to specifically bind
the glycan structure C2-O-sLeX, which is a functional sLeX motif
on PSGL-1. Other mAbs have been described that recognize
antigens on human cells that involve a core 2 O-glycan. The mAbs

Figure 3. CHO-131 staining of the transfectant Molt-4/FucT-VII but not of
Jurkat/FucT-VII. The transfected cell lines Molt-4/FucT-VII and Jurkat/FucT-VII were
labeled with CHO-131 (15 �g/mL) or the anti-sLeX mAb HECA-452 (15 �g/mL), as
indicated. Nonspecific antibody labeling was determined with the use of the
appropriate isotype negative control mAbs (dashed line; mouse IgM control is
shown). Cell staining levels were examined by flow cytometry, and 10 000 cells were
examined per sample. Representative data from multiple repetitions are shown.

Figure 2. Expression of the CHO-131 epitope by transfected CHO cells. (A)
CHO-131 stains at a high level the transfectant CHO/FucT-VII/C2GnT (FT-VII/C2),
but not CHO/FucT-VII (FT-VII). The transfectants CHO/FucT-VII/C2GnT and CHO/
FucT-VII were labeled with the indicated concentrations of CHO-131 or the anti-sLeX

mAb CSLEX-1. Nonspecific antibody labeling was determined by the use of an
isotype negative control mAb (thin solid lines). Cell staining levels were examined by
flow cytometry. Representative data from multiple repetitions are shown. (B)
CHO-131 reactivity requires sialic acid. The transfectant CHO/PSGL-1/FucT-VII/
C2GnT was subjected to neuraminidase (0.25 U) or sham treatment and then labeled
with CHO-131 or 215 (anti–PSGL-1) as indicated. Nonspecific antibody labeling was
determined with the use of the appropriate isotype negative control mAbs (dotted line;
mouse IgM control is shown). Cell staining levels were examined by flow cytometry,
and 10 000 cells were examined per sample. Representative data from multiple
repetitions are shown.
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T305 and 1D4 are specific to CD43 modified by core 2 O-
glycans.50,51 The mAb J28 recognizes a fucosylated, core 2
O-glycan–containing antigen; however, its reactivity was shown to
be abrogated by FucT-VII activity.52 The mAb NCC-ST-439 also
binds a fucosylated, core 2 O-glycan–containing antigen; however,
the effects of the leukocyte-specific glycosyltransferases FucT-IV
and FucT-VII on NCC-ST-439 reactivity were not examined.53

Moreover, a direct correlation between the expression of P-selectin
glycan ligands and the epitopes recognized by these mAbs was not
established.

To assess whether CHO-131 also recognized a sialylated and
fucosylated core 2–based O-glycan synthesized by cells, trans-
fected cell lines that express well-described glycan structures were
examined. The expression of FucT-VII and C2GnT by transfected
CHO cells or the expression of FucT-VII by transfected Molt-4
cells resulted in high levels of staining by CHO-131, which was
abolished by neuraminidase treatment. In contrast to anti-sLeX

mAbs, CHO-131 stained at very low levels CHO cells expressing
only transfected FucT-VII, which was abolished by neuraminidase
treatment as well, indicating that it was specific (data not shown).

CHO-131, however, did not stain Jurkat/FucT-VII transfectants.
One explanation for the difference in reactivity of CHO-131 with
the Jurkat/FucT-VII and CHO/FucT-VII transfectants may be that
CHO cells, which synthesize core 1 O-glycans and have been
shown to express low levels of endogenous C2GnT,43 expressed
some sialylated and fucosylated core 2 O-glycans when transfected
with the cDNA for FucT-VII. Jurkat cells, however, are inefficient
at synthesizing core 1 O-glycans, and thus the Jurkat/FucT-VII
transfectants would be unlikely to synthesize sialylated and fucosy-
lated core 2 O-glycans.34,46 These data together indicate that
CHO-131 reactivity requires the functional activity of �2,3-
sialyltransferase, FucT-VII, and C2GnT. At this time, it cannot be
ruled out that CHO-131 also recognizes N-glycans containing �1-6
branches (I-type) terminated with sLeX.27 However, such a struc-
ture would not contribute to CHO-131 staining of human leuko-
cytes since these cells do not express N-glycans with I-type
branching.54,55

Expression of the CHO-131 epitope corresponds with the
synthesis of P-selectin glycan ligands. For instance, the human
hematopoietic cell line Molt-4, but not Jurkat, expresses P-selectin
ligands when transfected with the cDNA for FucT-VII.35 Similarly,
Molt-4/FucT-VII transfectants, but not Jurkat/FucT-VII transfec-
tants, were stained by CHO-131, whereas the anti-sLeX mAb
HECA-452 stained both transfectants. The CHO-131 epitope is
also distributed primarily on sialomucins, which are relevant
macromolecular ligands for P-selectin. In contrast, O-glycopro-
tease digestion of sialomucins has little effect on sLeX antigen
levels on neutrophils and CLA� T cells (Figure 4A; Alon et al17 and
Norgard et al49). Despite the functional importance of sLeX-
modified, core 2 O-glycans, CHO-131 at a concentration as high as
100 �g/mL did not significantly block neutrophil rolling on
platelet-derived P-selectin in an in vitro shear-flow assay, whereas

Figure 4. Preferential binding of CHO-131 to sialomucins. (A) Neutrophil staining
by CHO-131 is diminished following O-glycoprotease treatment. Peripheral blood
neutrophils were subjected to O-glycoprotease (solid line; 48 �g/mL, 5 � 106

neutrophils/mL) or sham treatment (filled histograms), and then labeled with the
mAbs CHO-131, HECA-452 (anti-sLeX), or 215 (anti–PSGL-1) at 15 �g/mL. Nonspe-
cific antibody labeling was determined with the use of the appropriate isotype
negative control mAbs (dashed lines). Cell staining levels were examined by flow
cytometry, and 10 000 cells were examined per sample. Representative data from
multiple repetitions are shown. (B) CHO-131 binds immunoprecipitated PSGL-1.
Human neutrophil PSGL-1 was immunoprecipitated with the anti–PSGL-1 mAb PL1
and adsorbed to 4-�m latex microspheres, as described in “Materials and methods.”
The microspheres were labeled with CHO-131, the anti–PSGL-1 mAbs 215 and PL1,
the anti–L-selectin mAb DREG-200, or an anti-CD11a mAb at 5 �g/mL, as indicated
(filled histograms). Nonspecific antibody labeling was determined with the use of the
appropriate isotype negative control mAbs (solid line). Microsphere staining was
assessed by flow cytometry, and 5000 microspheres were examined per sample.
Representative data from multiple repetitions are shown.

Figure 5. Distribution of the CHO-131 epitope on lymphocyte subsets. (A)
CHO-131 stains CD4� effector/memory T cells. Human peripheral blood, gated on
lymphocytes (10 000 cells), were dual analyzed for their expression of the CHO-131
epitope and CD3, CD4, or CD45RO, as indicated. (B) CHO-131 stains a subset of
CLA� lymphocytes. Peripheral blood lymphocytes, gated on CD3� lymphocytes
(10 000 cells), were dual analyzed for their expression of CLA (HECA-452) and
C2-O-sLeX (CHO-131), as indicated. Nonspecific antibody labeling was determined
with the use of the appropriate isotype negative control mAbs (data not shown).
Cell-staining levels were examined by flow cytometry. Representative data from
multiple repetitions are shown.
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an anti–P-selectin mAb demonstrated complete blocking at 1
�g/mL (data not shown). The lack of blocking function by
CHO-131 may be the result of antibody affinity and/or epitope
position on the oligosaccharide. Certain mAbs that bind sLeX-
containing glycans have been shown to be function blocking,
though this is inconsistent. HECA-452 has been reported to block
E-selectin binding to purified CLA under shear flow,26 but has also
been used to immunopurify CLA T cells with no blocking effects in
assays involving E- and P-selectin.20,56 CSLEX-1 has been reported
to block neutrophil binding to E-selectin in static assays,57,58

whereas HECA-452 and CSLEX-1 ineffectively blocked the
binding of T lymphoblasts to E- and P-selectin under shear flow.35

NCC-ST-439 has been described as blocking the binding of certain
breast cancer cell lines to E-selectin.53

CHO-131 stained all peripheral blood neutrophils and mono-
cytes, as well as a subset of lymphocytes. Lymphocytes expressing
the CHO-131 epitope were primarily CD4� effector/memory T
cells and consistently represented a subset of HECA-452–
distinguished, CLA� lymphocytes (approximately equal to 38%).
The glycosyltransferases �2,3-sialyltransferase-IV, FucT-VII, and
C2GnT are up-regulated in in vitro–stimulated and peripheral
blood effector/memory T cells, resulting in the synthesis of selectin
glycan ligands.18,21-23 Consistent with our data, CHO-131 may
distinguish a subset of T cells that bear the C2-O-sLeX structure

resulting from the activity of �2,3-sialyltransferase, FucT-VII, and
C2GnT. Detection of the CHO-131 epitope on a subset of CLA�

lymphocytes could be the result of differential regulation of
C2GnT. Indeed, E-selectin–binding T cells have been shown to be
heterogeneous for C2GnT activity.24 The differential regulation of
particular glycosyltransferases by effector/memory T cells may
result in ligands for E-selectin, P-selectin, or both. Based on
functional assays, T-cell subsets that bind E-selectin or P-selectin
have been described.17,59

In summary, the CHO-131 epitope is directly relevant to the
expression of high-affinity glycan ligands for P-selectin. CHO-131
may then be an important tool for detecting expression of these
ligands on specific cells: for instance, particular leukocyte subsets
or neoplastic cells. Interestingly, it has been reported that the
expression level of sLeX–modified O-glycans on particular carcino-
mas may be indicative of metastasis.60 CHO-131 may also reveal
novel sialomucins that serve as selectin ligands.

Acknowledgments

The authors thank Michael McDaniel and Dr Erik Matala for flow
cytometry, Sue Anderson for drawing blood, and Lisa Adwan for
proofreading the manuscript.

References

1. Vestweber D, Blanks JE. Mechanisms that regu-
late the function of the selectins and their ligands.
Physiol Rev. 1999;79:181-213.

2. Weis WI, Taylor ME, Drickamer K. The C-type
lectin superfamily in the immune system. Immu-
nol Rev. 1998;163:19-34.

3. McEver RP, Cummings RD. Role of PSGL-1 bind-
ing to selectins in leukocyte recruitment. J Clin
Invest. 1997;100:485-491.

4. Sako D, Chang X-J, Barone KM, et al. Expression
cloning of a functional glycoprotein ligand for P-
selectin. Cell. 1993;75:1179-1186.

5. Moore KL, Eaton SF, Lyons DE, Lichenstein HS,
Cummings RD, McEver RP. The P-selectin glyco-
protein ligand from human neutrophils displays
sialylated, fucosylated, O-linked poly-N-acetyllac-
tosamine. J Biol Chem. 1994;269:23318-23327.

6. Asa D, Raycroft L, Ma L, et al. The P-selectin gly-
coprotein ligand functions as a common human
leukocyte ligand for P- and E-selectins. J Biol
Chem. 1995;270:11662-11670.

7. Lenter M, Levinovitz A, Isenmann S, Vestweber
D. Monospecific and common glycoprotein li-
gands for E- and P-selectin on myeloid cells.
J Cell Biol. 1994;125:471-481.

8. Walcheck B, Moore KL, McEver RP, Kishimoto
TK. Neutrophil-neutrophil interactions under hy-
drodynamic shear stress involve L-selectin and
PSGL-1: a mechanism that amplifies initial leuko-
cyte accumulation on P-selectin in vitro. J Clin
Invest. 1996;98:1081-1087.

9. Guyer DA, Moore KL, Lynam E, McEver RP, Sklar
LA. P-selectin glycoprotein ligand (PSGL-1) is a
ligand for L-selectin in neutrophil aggregation.
Blood. 1996;88:2415-2421.

10. Sako D, Comess KM, Barone KM, Camphausen
RT, Cumming DA, Shaw GD. A sulfated peptide
segment at the amino terminus of PSGL-1 is criti-
cal for P-selectin binding. Cell. 1995;83:323-331.

11. Pouyani T, Seed B. PSGL-1 recognition of P-
selectin is controlled by a tyrosine sulfation con-
sensus at the PSGL-1 amino terminus. Cell.
1995;83:333-343.

12. Li F, Wilkins PP, Crawley S, Weinstein J, Cum-
mings RD, McEver RP. Post-translational modifi-
cations of recombinant P-selectin glycoprotein

ligand-1 required for binding to P- and E-selectin.
J Biol Chem. 1996;271:3255-3264.

13. Wilkins PP, Moore KL, McEver RP, Cummings
RD. Tyrosine sulfation of P-selectin glycoprotein
ligand-1 is required for high affinity binding to P-
selectin. J Biol Chem. 1995;270:22677-22680.

14. Leppanen A, White SP, Helin J, McEver RP, Cum-
mings RD. Binding of glycosulfopeptides to P-
selectin requires stereospecific contributions of
individual tyrosine sulfate and sugar residues.
J Biol Chem. 2000;275:39569-39578.

15. Wilkins PP, McEver RP, Cummings RD. Struc-
tures of the O-glycans on P-selectin glycoprotein
ligand-1 from HL-60 cells. J Biol Chem. 1996;
271:18732-18742.

16. Leppanen A, Mehta P, Ouyang YB, et al. A novel
glycosulfopeptide binds to P-selectin and inhibits
leukocyte adhesion to P-selectin. J Biol Chem.
1999;274:24838-24848.

17. Alon R, Rossiter H, Wang X, Springer TA, Kupper
TS. Distinct cell surface ligands mediate T lym-
phocyte attachment and rolling on P and E selec-
tin under physiological flow. J Cell Biol. 1994;127:
1485-1495.

18. Vachino G, Chang XJ, Veldman GM, et al. P-
selectin glycoprotein ligand-1 is the major
counter-receptor for P-selectin on stimulated T
cells and is widely distributed in non-functional
form on many lymphocytic cells. J Biol Chem.
1995;270:21966-21974.

19. Borges E, Tietz W, Steegmaier M, et al. P-selec-
tin glycoprotein ligand-1 (PSGL-1) on T helper 1
but not on T helper 2 cells binds to P-selectin and
supports migration into inflamed skin. J Exp Med.
1997;185:573-578.

20. Fuhlbrigge RC, Kieffer JD, Armerding D, Kupper
TS. Cutaneous lymphocyte antigen is a special-
ized form of PSGL-1 expressed on skin-homing T
cells. Nature. 1997;389:978-981.

21. Wagers AJ, Waters CM, Stoolman LM, Kansas
GS. Interleukin 12 and interleukin 4 control T cell
adhesion to endothelial selectins through oppo-
site effects on alpha1, 3-fucosyltransferase VII
gene expression. J Exp Med. 1998;188:2225-
2231.

22. Lim YC, Henault L, Wagers AJ, Kansas GS, Lus-

cinskas FW, Lichtman AH. Expression of func-
tional selectin ligands on Th cells is differentially
regulated by IL-12 and IL-4. J Immunol. 1999;
162:3193-3201.

23. Blander JM, Visintin I, Janeway CA Jr, Medzhitov
R. Alpha(1,3)-fucosyltransferase VII and al-
pha(2,3)-sialyltransferase IV are up-regulated in
activated CD4 T cells and maintained after their
differentiation into Th1 and migration into inflam-
matory sites. J Immunol. 1999;163:3746-3752.

24. Snapp KR, Heitzig CE, Ellies LG, Marth JD, Kan-
sas GS. Differential requirements for the O-linked
branching enzyme core 2 beta1–6-N-glucosami-
nyltransferase in biosynthesis of ligands for E-
selectin and P-selectin. Blood. 2001;97:3806-
3811.

25. Picker LJ, Michie SA, Rott LS, Butcher EC. A
unique phenotype of skin-associated lympho-
cytes in humans: preferential expression of the
HECA-452 epitope by benign and malignant T
cells at cutaneous sites. Am J Pathol. 1990;136:
1053-1068.

26. Berg EL, Yoshino T, Rott LS, et al. The cutaneous
lymphocyte antigen is a skin lymphocyte homing
receptor for the vascular lectin endothelial cell-
leukocyte adhesion molecule 1. J Exp Med. 1991;
174:1461-1466.

27. Fukuda M. Cell surface glycoconjugates as onco-
differentiation markers in hematopoietic cells.
Biochim Biophys Acta. 1985;780:119-150.

28. Sawada M, Takada A, Ohwaki I, et al. Specific
expression of a complex sialyl Lewis X antigen on
high endothelial venules of human lymph nodes:
possible candidate for L-selectin ligand. Biochem
Biophys Res Commun. 1993;193:337-347.

29. Berg EL, Robinson MK, Mansson O, Butcher EC,
Magnani JL. A carbohydrate domain common to
both sialyl Lea and sialyl LeX is recognized by the
endothelial cell leukocyte adhesion molecule
ELAM-1. J Biol Chem. 1991;266:14869-14872.

30. Li F, Erickson HP, James JA, Moore KL, Cum-
mings RD, McEver RP. Visualization of P-selectin
glycoprotein ligand-1 as a highly extended mole-
cule and mapping of protein epitopes for mono-
clonal antibodies. J Biol Chem. 1996;271:6342-
6348.

4068 WALCHECK et al BLOOD, 1 JUNE 2002 � VOLUME 99, NUMBER 11

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/99/11/4063/1685365/h81102004063.pdf by guest on 07 M

ay 2024



31. Kishimoto TK, Jutila MA, Butcher EC. Identifica-
tion of a human peripheral lymph node homing
receptor: a rapidly down-regulated adhesion mol-
ecule. Proc Natl Acad Sci U S A. 1990;87:2244-
2248.

32. Walcheck B, Kahn J, Fisher JM, et al. Neutrophil
rolling altered by inhibition of L-selectin shedding
in vitro. Nature. 1996;380:720-723.

33. Ramachandran V, Nollert MU, Qiu H, et al. Ty-
rosine replacement in P-selectin glycoprotein li-
gand-1 affects distinct kinetic and mechanical
properties of bonds with P- and L-selectin. Proc
Natl Acad Sci U S A. 1999;96:13771-13776.

34. Knibbs RN, Craig RA, Natsuka S, et al. The fuco-
syltransferase FucT-VII regulates E-selectin li-
gand synthesis in human T cells. J Cell Biol.
1996;133:911-920.

35. Knibbs RN, Craig RA, Maly P, et al. Alpha(1,3)-
fucosyltransferase VII-dependent synthesis of P-
and E-selectin ligands on cultured T lympho-
blasts. J Immunol. 1998;161:6305-6315.

36. Walcheck B, Watts G, Jutila MA. Bovine gamma/
delta T cells bind E-selectin via a novel glycopro-
tein receptor: first characterization of a lympho-
cyte/E-selectin interaction in an animal model.
J Exp Med. 1993;178:853-863.

37. Jutila MA, Bargatze RF, Kurk S, et al. Cell surface
P- and E-selectin support shear-dependent roll-
ing of bovine gamma/delta T cells. J Immunol.
1994;153:3917-3928.

38. Jones WM, Walcheck B, Jutila MA. Generation of
a new gamma delta T cell-specific monoclonal
antibody (GD3.5): biochemical comparisons of
GD3.5 antigen with the previously described
Workshop Cluster 1 (WC1) family. J Immunol.
1996;156:3772-3779.

39. Jutila MA, Watts G, Walcheck B, Kansas GS.
Characterization of a functionally important and
evolutionarily well-conserved epitope mapped to
the short consensus repeats of E-selectin and
L-selectin. J Exp Med. 1992;175:1565-1573.

40. Alexander SR, Kishimoto TK, Walcheck B. Ef-
fects of selective protein kinase C inhibitors on
the proteolytic down-regulation of L-selectin from
chemoattractant-activated neutrophils. J Leukoc
Biol. 2000;67:415-422.

41. Epperson TK, Patel KD, McEver RP, Cummings

RD. Noncovalent association of P-selectin glyco-
protein ligand-1 and minimal determinants for
binding to P-selectin. J Biol Chem. 2000;275:
7839-7853.

42. Campbell C, Stanley P. Regulatory mutations in
CHO cells induce expression of the mouse em-
bryonic antigen SSEA-1. Cell. 1983;35:303-309.

43. Datti A, Dennis JW. Regulation of UDP-GlcNAc:
Gal beta 1-3GalNAc-R beta 1-6-N-acetylglu-
cosaminyltransferase (GlcNAc to GalNAc) in Chi-
nese hamster ovary cells. J Biol Chem. 1993;268:
5409-5416.

44. Zhang X, Lok SH, Kon OL. Stable expression of
human alpha-2,6-sialyltransferase in Chinese
hamster ovary cells: functional consequences for
human erythropoietin expression and bioactivity.
Biochim Biophys Acta. 1998;1425:441-452.

45. Moore KL, Patel KD, Bruehl RE, et al. P-selectin
glycoprotein ligand-1 mediates rolling of human
neutrophils on P-selectin. J Cell Biol. 1995;128:
661-671.

46. Piller V, Piller F, Fukuda M. Biosynthesis of trun-
cated O-glycans in the T cell line Jurkat: localiza-
tion of O-glycan initiation. J Biol Chem. 1990;265:
9264-9271.

47. Breg J, Van Halbeek H, Vliegenthart JF, Lamblin
G, Houvenaghel MC, Roussel P. Structure of si-
alyl-oligosaccharides isolated from bronchial mu-
cus glycoproteins of patients (blood group O) suf-
fering from cystic fibrosis. Eur J Biochem. 1987;
168:57-68.

48. Lo-Guidice JM, Wieruszeski JM, Lemoine J, Ver-
bert A, Roussel P, Lamblin G. Sialylation and sul-
fation of the carbohydrate chains in respiratory
mucins from a patient with cystic fibrosis. J Biol
Chem. 1994;269:18794-18813.

49. Norgard KE, Moore KL, Diaz S, et al. Character-
ization of a specific ligand for P-selectin on my-
eloid cells: a minor glycoprotein with sialylated
O-linked oligosaccharides. J Biol Chem. 1993;
268:12764-12774.

50. Saitoh O, Piller F, Fox RI, Fukuda M. T-lympho-
cytic leukemia expresses complex, branched O-
linked oligosaccharides on a major sialoglycopro-
tein, leukosialin. Blood. 1991;77:1491-1499.

51. Mukasa R, Homma T, Ohtsuki T, et al. Core
2-containing O-glycans on CD43 are preferen-

tially expressed in the memory subset of human
CD4 T cells. Int Immunol. 1999;11:259-268.

52. Panicot L, Mas E, Pasqualini E, et al. The forma-
tion of the oncofetal J28 glycotope involves
core-2 beta6-N-acetylglucosaminyltransferase
and alpha3/4-fucosyltransferase activities. Glyco-
biology. 1999;9:935-946.

53. Kumamoto K, Mitsuoka C, Izawa M, et al. Spe-
cific detection of sialyl Lewis X determinant car-
ried on the mucin GlcNAcbeta1—6GalNAcalpha
core structure as a tumor-associated antigen.
Biochem Biophys Res Commun. 1998;247:514-
517.

54. Spooncer E, Fukuda M, Klock JC, Oates JE, Dell
A. Isolation and characterization of polyfucosy-
lated lactosaminoglycan from human granulo-
cytes. J Biol Chem. 1984;259:4792-4801.

55. Mizoguchi A, Takasaki S, Maeda S, Kobata A.
Changes in asparagine-linked sugar chains of
human promyelocytic leukemic cells (HL-60) dur-
ing monocytoid differentiation and myeloid differ-
entiation: decrease of high-molecular-weight oli-
gosaccharides in acidic fraction. J Biol Chem.
1984;259:11949-11957.

56. Picker LJ, Kishimoto TK, Smith CW, Warnock RA,
Butcher EC. ELAM-1 is an adhesion molecule for
skin-homing T cells. Nature. 1991;349:796-799.

57. Phillips ML, Nudelman E, Gaeta FCA, et al.
ELAM-1 mediates cell adhesion by recognition of
a carbohydrate ligand, sialyl-Lex. Science. 1990;
250:1130-1132.

58. Walz G, Aruffo A, Kolanus W, Bevilacqua MP,
Seed B. Recognition by ELAM-1 of the sialyl-Lex
determinant on myeloid and tumor cells. Science.
1990;250:1132-1134.

59. Diacovo TG, Roth SJ, Morita CT, Rosat JP, Bren-
ner MB, Springer TA. Interactions of human al-
pha/beta and gamma/delta T lymphocyte subsets
in shear flow with E-selectin and P-selectin. J Exp
Med. 1996;183:1193-1203.

60. Shimodaira K, Nakayama J, Nakamura N,
Hasebe O, Katsuyama T, Fukuda M. Carcinoma-
associated expression of core 2 beta-1,6-N-
acetylglucosaminyltransferase gene in human
colorectal cancer: role of O-glycans in tumor pro-
gression. Cancer Res. 1997;57:5201-5206.

CHO-131 RECOGNIZES SIALYL-LEWIS X ON A CORE 2 O-GLYCAN 4069BLOOD, 1 JUNE 2002 � VOLUME 99, NUMBER 11

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/99/11/4063/1685365/h81102004063.pdf by guest on 07 M

ay 2024


