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Novel chondroitin sulfate-modified ligands for
L-selectin on lymph node high endothelial venules
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The migration of lymphocytes into lymph nodes via high endothelial venules (HEV) is depen-
dent on the expression of L-selectin on the lymphocyte cell surface. HEV express several L-
selectin ligands including CD34, GlyCAM-1, MAdCAM-1 and two sulfated glycoproteins
(Sgp) of 200 kDa and 170 kDa which remain to be identified. In this investigation, labeling
with sodium [35S]sulfate, which is incorporated into and forms part of the functional carbohy-
drate ligand, has been used to isolate and characterize macromolecular L-selectin ligands.
High endothelial cells (HEC) cultured from rat lymph node HEV were shown to express
ligands for L-selectin. HEC synthesized two groups of sulfated glycoproteins of 150 kDa and
G 200 kDa, which were present in conditioned medium. These coeluted on anion exchange

chromatography at 1.0–1.2 M NaCl and supported calcium-dependent L-selectin-mediated
cell adhesion. In common with known L-selectin ligands, Sgp 150/ G 200 were shown to be
O-sialoglycoproteins; however, in contrast to other ligands, Sgp 150/ G 200 contained chon-
droitin sulfate glycosaminoglycan modifications which were required for L-selectin recogni-
tion. Chondroitin sulfate-modified ligands for L-selectin were expressed at the HEC surface
and by HEV in lymph nodes, suggesting that they may participate in lymphocyte interactions
with HEV in vivo.
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1 Introduction

The cells of the immune system are unique in their ability
to migrate around the body, ensuring continuous
immune surveillance. In particular, naive lymphocytes
constitutively migrate from the blood into lymph nodes
(LN), where they encounter and respond to antigen. Ini-
tial identification of L-selectin as the peripheral LN hom-
ing receptor [1] has been confirmed in L-selectin-
deficient mice, which have severely reduced levels of
lymphocyte migration to peripheral LN and an inability to
mount immune responses in these organs [2, 3]. L-
selectin is also required for migration of lymphocytes to
mesenteric lymph nodes and, to a lesser extent, Peyer’s
patches [4]. The predominant function of the three mem-
bers of the selectin family of adhesion molecules L-, E-
and P-selectin, is to mediate the tethering and rolling

step of leukocyte binding to endothelium. This is the first
of a series of interactions that constitute the adhesion
cascade, allowing leukocytes to bind and transmigrate
across endothelium into the underlying tissue [5].

L-selectin, in common with E- and P-selectin, contains
an amino terminal C-type lectin domain, that binds car-
bohydrate ligands in a calcium-dependent manner [5]. In
LN, this interaction occurs between L-selectin-positive
naive lymphocytes and ligands expressed on the luminal
surface of specialized high endothelial venules (HEV).
HEV have been shown to synthesize several ligands for
L-selectin: a specific glycoform of CD34 [6], glycosyla-
tion-dependent cell adhesion molecule (GlyCAM)-1 [7]
and a specific glycoform of MAdCAM-1 [8]. In addition,
several other sulfated glycoproteins (Sgp) have been
shown to bind to soluble forms of L-selectin: in the
mouse glycoproteins of 200 kDa and 170 kDa [9] and in
the rat glycoproteins of 55, 65, 120, 190, G 250 kDa and
G 500 kDa [10]. However, none of these molecules have

been fully characterized to date.

CD34, GlyCAM-1 and Sgp 200 all contain sulfate-
modified carbohydrate groups and sulfation is required
for L-selectin recognition [9, 11]. In this study, we have
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Figure 1. Binding of soluble L-selectin to cultured HEC.
Confluent primary cultures of HEC were fixed in 0.04 % glu-
taraldehyde and incubated with an L-selectin fusion protein
(LEC-Ig) or a control fusion protein (VCAM-Ig) at 50 ? g/ml, in
the presence or absence of LAM1–101 (200 ? g/ml), MEL 14
(200 ? g/ml), fucoidan (500 ? g/ml), PPME (500 ? g/ml) or
EGTA (10 mM). Absorbance values for VCAM-Ig were sub-
tracted from those for LEC-Ig to give specific LEC-Ig bind-
ing. Assays were performed two to three times and pooled
results were expressed as absorbance at 450 nm ± SEM
(n = 8–12). MEL-14, fucoidan, PPME and EGTA all signifi-
cantly (p X 0.001) reduced LEC-Ig binding in comparison
with untreated/LAM-101 samples.

used metabolic labeling with Na2
35SO4 to isolate sulfated

L-selectin ligands. High endothelial cells (HEC) cultured
from rat LN HEV were used as a source of L-selectin
ligands. We demonstrate here that HEC express ligands
for L-selectin. Specifically, sulfated glycoproteins of
150 kDa and G 200 kDa have been co-purified from
HEC-conditioned media and shown to support calcium-
dependent, L-selectin-mediated cell adhesion. Sgp 150/
G 200 contain chondroitin sulfate glycosaminoglycan

(GAG) modifications which are required for L-selectin
recognition and L-selectin ligands with these modifica-
tions are expressed on the surface of HEC and by HEV in
LN.

2 Results

2.1 Expression of L-selectin ligands by cultured
HEC

To determine whether cultured HEC express ligands for
L-selectin, binding of a soluble L-selectin fusion protein
(LEC-Ig) to confluent monolayers of HEC was measured
by ELISA (Fig. 1). VCAM-Ig was used as a control since
HEC do not express § 4 integrins [12], and therefore
should not bind VCAM-Ig. LEC-Ig bound to HEC at
8–14-fold higher levels than VCAM-Ig. Absorbance val-
ues were low ( X 0.03) for VCAM-Ig and were not affected
by the various treatments used to detect L-selectin-
dependent binding. The absorbance values, of identi-
cally treated HEC, for VCAM-Ig were subtracted from
those for LEC-Ig to give specific LEC-Ig binding. LEC-Ig
bound to HEC in an L-selectin-dependent manner, inhib-
itable by a blocking antibody to mouse L-selectin, MEL-
14 (69 % inhibition). The interaction was inhibited by the
L-selectin ligand mimics, fucoidan (74 %) and PPME
(65 %), and by the Ca2+ chelator EGTA (99 %). LAM101, a
non-blocking antibody [13], had no effect on binding of
LEC-Ig and the results were pooled with those of
untreated HEC. Similar results were obtained in ELISA on
three different primary cultures of HEC, and at passage
numbers up to 25, and therefore the data were pooled
(Fig. 1). HEC were lightly fixed to prevent loss of HEC
during the multiple incubation and washing steps for the
ELISA. Viable, unfixed HEC gave similar levels of specific
LEC-Ig binding (data not shown), indicating that the fixa-
tion step did not affect detection of ligand.

2.2 Metabolic labeling with Na2
35SO4 and

isolation sulfated glycoproteins

Since sulfation is required to form a functional carbohy-
drate ligand, we metabolically labeled HEC with
Na2

35SO4, isolated labeled metabolites and determined

whether they supported L-selectin-dependent cell adhe-
sion. SDS-PAGE and PhosphorImager analysis of super-
natants harvested from Na2

35SO4-labeled HEC revealed
the presence of several Na2

35SO4-labeled macromole-
cules (Fig. 2 A). These separated into two major groups
on SDS PAGE: one of approximately 150 kDa and the
other with G 200 kDa.

Anion exchange chromatography of HEC supernatant
demonstrated one peak of Na2

35SO4-labeled molecules
(Fig. 2 B). This eluted in the range 1.0–1.2 M NaCl and
SDS-PAGE analysis revealed that it contained several
Na2

35SO4-labeled macromolecules. The major species
were approximately 150 kDa and G 200 kDa, which cor-
responded to the high molecular mass species seen
prior to anion exchange chromatography (Fig. 2 A). Anal-
ysis of individual fractions by SDS-PAGE showed the
presence of both 150 kDa and G 200 kDa molecules in
each fraction. Silver staining of SDS-PAGE gels revealed
the absence of detectable protein following anion
exchange chromatography. Since it was likely that these
molecules were heavily glycosylated and therefore diffi-
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Figure 2. Analysis of HEC and LN extracts following metabolic labeling. (A) Cultured HEC were labeled for 16 h with 50 ? Ci/ml
Na2

35SO4 or TRAN35S-LABELTM and media collected. Labeled components (20 000 cpm/lane) were analyzed by non-reducing
5–15 % gradient SDS-PAGE before separation (Pre-) and following separation (Post-) by anion exchange chromatography. (B)
Na2

35SO4-labeled supernatants were separated on a Hi Trap Q anion exchange cartridge (Pharmacia). Bound material was eluted
with a continuous salt gradient (0.2–1.5 M NaCl). Fractions were analyzed for incorporation of Na2

35SO4 (cpm) and marked fractions
pooled for SDS-PAGE analysis. (C) LN slices were labeled for 16 h with 50 ? Ci/ml Na2

35SO4 and media analyzed by SDS-PAGE
before separation (Pre-). Pool x was separated by anion exchange chromatography (Post-). (D) Na2

35SO4-labeled supernatants were
separated by anion exchange chromatography as described in (B) and marked fractions pooled for SDS-PAGE analysis.

cult to detect by silver staining, we used TRAN35S
LABELTM to label the protein backbone in order to assess
purity. As shown in Fig. 2 A, two groups of proteins
eluted at 1.0 − 1.2 M NaCl. These corresponded to the
35SO4-labeled species of 150 kDa and G 200 kDa. By
analogy with the nomenclature used in the mouse [9], the

high molecular mass molecules will be referred to as sul-
fated glycoproteins (Sgp) 150/ G 200. On Western blot-
ting, purified Sgp150/ G 200 was not detected by anti-
CAMO2, an antibody to a GlyCAM-1 peptide (data not
shown).
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Figure 3. Adhesion of lymphoid cells to Sgp 150/ G 200. EL4
(L-selectin–) or RM1 cells (L-selectin+) were allowed to
adhere to immobilized Sgp 150/ G 200 for 30 min at 4°C with
rotation. Cells were preincubated for 30 min at 4 °C in the
presence or absence of blocking (HRL-1) or non-blocking
(HRL-2) antibodies to rat L-selectin at 50 ? g/ml, fucoidan
(500 ? g/ml) or EGTA (10 mM). Adherent cells were counted
by light microscopy and pooled results are expressed as
cells bound/mm2 ± SEM (n = 9). HRL-1, EGTA and fucoidan
all significantly (p X 0.001) inhibited binding of RM1 cells to
GlyCAM-1 and Sgp150/ G 200. HRL-2 had no significant
effect.

2.3 Isolation of GlyCAM-1 from peripheral lymph
nodes

GlyCAM-1, a soluble ligand for L-selectin, was isolated
for direct comparison with Sgp 150/ G 200. Since
GlyCAM-1 is anionic, we used anion exchange chroma-
tography as a first step for isolation. LN synthesized one
major component of 46 kDa (Fig. 2 C). This corresponds
to the molecular mass of the rat L-selectin ligand,
GlyCAM-1 [14].

Two peaks of Na2
35SO4-labeled molecules were sepa-

rated by anion exchange chromatography of LN super-
natants (Fig. 2 D). One eluted in the range 0.5–0.7 M
NaCl (Pool x) and the other in the range 1.0–1.2 M NaCl
(Pool y). Pool x contained a Na2

35SO4-labeled molecule
of 46 kDa which corresponded to the major metabolite
seen prior to anion exchange chromatography (Fig. 2 C).
Pool y contained several Na2

35SO4-labeled macromole-
cules which ran as a smear on SDS-PAGE and were
G 150 kDa. The latter molecules were present in trace

amounts in unpurified supernatants (data not shown).
Because the high molecular mass species did not give a
clear banding pattern on SDS-PAGE they were not ana-
lyzed further.

The identity of the 46 kDa molecule in Pool x was con-
firmed as rat GlyCAM-1 by Western blotting with an anti-
body raised to a C-terminal peptide of GlyCAM-1 [14]
(data not shown). The quantity of GlyCAM-1 in Pool x, as
measured by Na2

35SO4-labeling, was enriched approxi-
mately tenfold by purification on a wheat germ agglutinin
affinity column, which has been shown to bind GlyCAM-
1 [7]. This step was used to enrich GlyCAM-1 following
anion exchange chromatography.

2.4 Adhesion of L-selectin positive cells to
immobilized ligands

To determine whether Sgp150/ G 200 contain ligands for
L-selectin, an adhesion assay was established using
GlyCAM-1 as a positive control. Binding of the mouse
EL4 lymphoma which had been stably transfected with
cDNA encoding full length rat L-selectin (RM1 cells) [10]
was compared with that of untransfected EL4 cells. At
least 85 % of RM1 cells expressed cell surfce rat L-
selectin, as detected by flow cytometry. EL4 cells did not
express endogenous L-selectin (data not shown). The
adhesion of RM1 cells to immobilized GlyCAM-1 was
four- to sixfold higher than that of EL4 cells (Fig. 3). RM1
cell binding to GlyCAM-1 was reduced to the back-
ground level of EL4 cells in the presence of an antibody
to rat L-selectin, HRL-1, which blocks L-selectin ligand
interactions [10]. In contrast, HRL-2, a non-blocking anti-

body to rat L-selectin, did not inhibit binding of L-
selectin-positive cells. The interaction of L-selectin-
positive cells with GlyCAM-1 was completely inhibited in
the presence of the Ca2+ chelator, EGTA. Similarly, inclu-
sion of the L-selectin ligand mimic fucoidan prevented
cell adhesion to GlyCAM-1 (Fig. 3). The binding of EL4
cells to GlyCAM-1 represented nonspecific adhesion,
since EL4 cells showed similar levels of binding to an
irrelevant protein (BSA: 66 ± 8 cells/mm2; GlyCAM-1:
70 ± 8 cells/mm2).

The adhesion of L-selectin-positive RM1 cells to
Sgp150/ G 200 was six- to sevenfold higher than that of
EL4 cells (Fig. 3). As found for RM1 cell binding to
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Figure 4. SDS-PAGE analysis of isolated L-selectin ligands digested with proteolytic or glycosaminoglycan degrading enzymes.
Na2

35SO4-labeled L-selectin ligands, (a) GlyCAM-1 and (b) Sgp150/ G 200, were treated with the following enzymes at 37 °C for
3 h: trypsin (50 ? g/ml), OSGP (500 ? g/ml), chondroitinase ABC (Chond. ABC) (0.05 U/ml) and chondroitinase ACI (Chond. AC)
(0.05 U/ml), heparinase I (Hep. I) (5 U/ml) and heparinase III (Hep. III (2.5 U/ml). Digested samples were analyzed by 5–15 % gra-
dient SDS-PAGE, and gels dried for PhosphorImager analysis.

GlyCAM-1, this interaction was inhibited by fucoidan,
EGTA and the antibody HRL1, but not HRL-2. There was
no change in morphology, or clumping, of adherent EL4
compared with RM1 cells, or when RM1 cells were prein-
cubated with antibodies to rat L-selectin. L-selectin-
negative EL4 cells showed similar levels of binding to
BSA and purified Sgp150/ G 200, indicating nonspecific
adhesion (BSA: 66 ± 8 cells/mm2; Sgp150/ G 200:
76 ± 10 cells/mm2). Since Sgp150/ G 200 was purified
from HEC conditioned medium, we checked whether
FCS contained similar L-selectin ligands. An equivalent
volume of FCS containing media was fractionated by
anion exchange chromatography and the fractions elut-
ing at 1.0–1.2 M NaCl pooled, dialyzed and tested in an
adhesion assay. There was no difference in the binding
of RM1 and EL4 cells (data not shown), indicating that
the source of Sgp150/ G 200 was indeed cultured HEC.

2.5 Characterization of Sgp150/ G 200 as
chondroitin sulfate modified O-
sialoglycoproteins

Since carbohydrate modifications, including sulfate
incorporation, are important for L-selectin/ligand inter-

actions, we compared Sgp150/ G 200 with GlyCAM-1 for
sensitivity to various proteases and glycosidases (Fig. 4).
As found previously, GlyCAM-1 was digested by trypsin
and O-sialoglycoprotein endopeptidase (OSGP), an
enzyme that selectively degrades O-sialoglycoproteins.
GlyCAM-1 was not affected by the GAG degrading
enzymes chondroitinases ABC or ACI or by heparinases
I or III (Fig. 4 a) [15].

Like GlyCAM-1, Sgp150/ G 200 were sensitive to trypsin
and OSGP (Fig. 4 b). Increases in the mobility of digested
components on SDS-PAGE were observed following
both trypsin and OSGP treatment. Trypsin-digested
material separated on SDS-PAGE was detectable by sil-
ver staining and even after 3 h digestion of Sgp150/
G 200 there were still large molecules ( G 50 kDa) present

(data not shown) that might support binding of L-
selectin. In contrast to GlyCAM-1, Sgp150/ G 200 was
degraded by chondroitinase ABC (Fig. 4 b). On SDS-
PAGE analysis, this was seen as complete removal of
incorporated Na2

35SO4. Chondroitinase ACI, which is
more selective for chondroitin sulfate, also completely
removed incorporated Na2

35SO4. However, treatment
with heparinase I or III had no effect on the migration pat-
tern of Sgp150/ G 200 on SDS-PAGE (Fig. 4 b). Activity of
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Figure 5. Adhesion of lymphoid cells to chondroitinase
digested L-selectin ligands. EL4 and RM1 cells were allowed
to adhere to immobilized Sgp150/ G 200 or Biglycan with
rotation. Sgp150/ G 200 were pretreated for 3 h at 37 °C with
chondroitinase ABC (Chond. ABC) or chondroitinase ACI
(Chond. ACI) at 0.05 U/ml. Results are as given in legend to
Fig. 3. Chondroitinase treatment of Sgp150/ G 200 signifi-
cantly (p X 0.001) reduced binding of RM1 cells. The binding
of EL4 and RM1 cells to biglycan were not significantly dif-
ferent.

the heparinases was confirmed by test digestions of
heparan sulfate for heparinase I and heparin for hepari-
nase III, according to the manufacturer’s protocol
(Sigma, Poole, Dorset, GB), and was measured as
200 U/mg for heparinase I and 300 U/mg for heparinase
III. The lack of effect of chondroitinases and heparinases
on GlyCAM-1 demonstrates the lack of proteolytic activ-
ity in the glycosidases used. Having identified Sgp 150/
G 200 as chondroitin sulfate-modified proteins, the

BlySCAN dye-binding assay was used to determine the
yield of Sgp150/ G 200 from HEC at 5 ? g/107 cells/16 h.

To determine the importance of chondroitin sulfate modi-
fications for Sgp150/ G 200 function, the effect of chon-
droitinase digestion of immobilized Sgp150/ G 200 on
the adhesion of L-selectin-positive cells was determined
(Fig. 5). Chondroitinase ABC inhibited RM1 cell binding
by 84 % and chondroitinase ACI inhibited binding by
64 %. The chondroitin sulfate-modified proteoglycan
biglycan was tested for L-selectin ligand activity. As
shown in Fig. 5 there was no specific binding of L-
selectin transfectants to biglycan.

2.6 Cell-associated chondroitin sulfate-modified
L-selectin ligands are expressed by cultured
HEC and in lymph node HEV

Chondroitin sulfate-modified L-selectin ligands were iso-
lated from HEC-conditioned media. To determine
whether chondroitinase sensitive ligands for L-selectin
are expressed at the cell surface, HEC were treated with
chondroitinases ABC or ACI for 3 h prior to measure-
ment of specific LEC-Ig binding. As shown in Fig. 6 A,
chondroitinase ABC reduced LEC-Ig binding by 54 %
and chondroitinase ACI by 50 %. Trypsin pretreatment
reduced LEC-Ig binding by 66 %.

To determine whether chondroitin sulfate-modified L-
selectin ligands are expressed by HEV in lymph nodes,
the Stamper Woodruff frozen section assay was per-
formed. The blocking antibody to rat L-selectin HRL-1
abolished the binding of lymphocytes to HEV, whereas
the non-blocking antibody HRL-2 had no effect as found
previously [10] (data not shown). Sections were pre-
treated with chrondroitinases for the shorter period of 1 h
to ensure maintenance of tissue architecture for subse-
quent image analysis. Chondroitinase ABC or ACI
reduced the binding of lymphocytes to HEV, relative to
untreated sections, as demonstrated by confocal
microscopy (Fig. 6 C). The efficacy of chondroitinase
ABC digestion was demonstrated by staining with 2B6
(data not shown), a monoclonal antibody that recognizes
the 4,5 unsaturated saccharides formed after chondroitin-
ase ABC digestion [16], and which has been shown to

bind to chondroitinase ABC-treated rat LN HEC [17].
Quantitation of lymphocyte binding revealed a decrease
in the number of HEV with 6 or more lymphocytes bound
and an increase in the number with 0–5 lymphocytes
bound. The effects of chondroitinase ABC and ACI were
similar giving increases of 59 and 68 %, respectively, in
the number of HEV with 0–5 lymphocytes bound,
decreases of 34 and 40 %, respectively, in the number of
HEV with 6–15 lymphocytes bound and 50 or 55 %,
respectively, in the number of HEV with more that 15
lymphocytes bound (Fig. 6 B).

3 Discussion

In this study we have used GAG degrading enzymes to
demonstrate novel ligands for L-selectin containing
functional chondroitin sulfate modifications. Three sepa-
rate assays have been used: lymphocyte binding to HEV,
binding of soluble L-selectin to cultured HEC and lym-
phocyte binding to isolated ligands. Two groups of chon-
droitin sulfate-modified glycoproteins of 150 kDa and
G 200 kDa were co-purified from HEC conditioned

media at 1.0–1.2 M NaCl and shown to support L-
selectin-dependent adhesion. Identical analysis of con-
ditioned media from LN organ cultures demonstrated
sulfated macromolecules of G 150 kDa which eluted at
1.0–1.2 M NaCl, but these species did not give a clear
banding pattern on SDS-PAGE. Sulfated macromole-
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Figure 6. Cell associated chondroitin sulfate-modified ligands for L-selectin. (A) Cultured HEC were fixed and pretreated with
chondroitinase ABC (Chond. ABC) or ACI (Chond. ACI) at 0.05 U/ml or trypsin at 50 ? g/ml for 3 h at 37 °C prior to measuring
specific LEC-Ig binding as described in legend to Fig. 1. All enzyme treatments significantly (***p X 0.001) reduced LEC-Ig bind-
ing. (B) LN sections were incubated at 37 °C for 1 h in the presence or absence of Chond. ABC or Chond. ACI at 0.25 U/ml prior
to the adhesion assay. Lymphocytes bound to HEV were counted by light microscopy. Pooled results from three experiments
were expressed as the percentage of HEV with 0–5, 6–15 and G 15 cells bound ± SEM. ***p X 0.001 and *p X 0.05 relative to
untreated sections. (C) Confocal microscope images of CFSE-labeled lymphocytes adhering to untreated or Chond. ACI-treated
LN sections. HEV were stained with a GlyCAM-1 antisera, anti-CAMO2. Magnification x200.

cules of G 150 kDa, which ran as a smear on SDS-PAGE,
were also isolated from detergent lysates of cultured
HEC (C. Derry, K. Mordsley and A. Ager, unpublished).
Therefore, further studies are required to determine
whether the chondroitin sulfate-modified ligands
expressed by HEV and at the HEC surface contain
Sgp150/ G 200. Identification of the protein backbone(s)
of Sgp150/ G 200 will assist in this analysis and also
resolve the issue of whether Sgp150 and Sgp G 200 rep-
resent one or more proteins with chondroitin sulfate
modifications.

Thus far, the best characterized ligand for L-selectin is
GlyCAM-1 and a major carbohydrate capping group
which demonstrates L-selectin ligand function is 6-
sulfated sialyl Lewis x [18]. The insensitivity of GlyCAM-1
to chondroitinases demonstrates clearly that the carbo-
hydrate ligands identified in this study are distinct from
those presented by GlyCAM-1. L-selectin ligand function
in all assays was equally sensitive to degradation by
chondroitinases ABC and ACI suggesting that the func-
tional GAG modifications are unlikely to be dermatan sul-
fate (chondroitin sulfate B). The relative contribution of
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chondroitin-4-sulfate (A) and chondroitin-6-sulfate (C) to
L-selectin ligand function remain to be determined. Early
studies failed to identify a role for chondroitin sulfate in
L-selectin-dependent assays. Chondroitin sulfate from
bovine trachea did not block lymphocyte adhesion to
HEV in the frozen section assay [19], binding of anti-L-
selectin antibodies to lymphocytes [20] or migration of
lymphocytes into LN [21]. In this study, biglycan from
bovine articular cartilage, a 200–350 kDa proteoglycan
containing chondroitin sulfate side chains did not sup-
port L-selectin-dependent adhesion. Together, these
results suggest that chondroitin sulfate per se does not
necessarily have L-selectin ligand function. The precise
composition of the GAG side chains (e.g. chondroitin A
vs. C), the protein backbone on which it is presented and
the degree of clustering of the GAG side chains on indi-
vidual proteins may all contribute to generating a func-
tional ligand. Sulfation is just one of several requirements
for L-selectin ligand function. The others are sialylation
and fucosylation, as demonstrated by the lack of L-
selectin ligand in HEV of the fucosyltransferase VII
knockout mouse [22]. All three are contained within the
carbohydrate (6-sulfated sialyl Lewis x) modifications on
GlyCAM-1 [18]. But, by analogy with PSGL-1 where the
protein backbone rather than the oligosaccharide is sul-
fated [23], sulfation, sialylation and/or fucosylation of
Sgp150/ G 200 could occur in different areas of the mol-
ecule. Chondroitin sulfate, although clearly an important
constituent, may therefore constitute just a part of the
functional carbohydrate ligand.

The relationship between Sgp150/ G 200 and other L-
selectin ligands expressed by HEV, such as mouse
Sgp 170 and Sgp 200, remain to be determined. Like
Sgp150/ G 200, mouse Sgp 170 and 200 exist in soluble
forms [24]. MECA 79, a rat anti-mouse mAb that recog-
nizes sulfate modifications on L-selectin ligands, binds
to mouse Sgp 200 and blocks L-selectin-dependent rec-
ognition [9], but the sugar modifications in Sgp 200 have
not yet been characterized. MECA 79 does not detect
sulfated ligands in the rat and therefore cannot be used
to study Sgp150/ G 200. Non-lymphoid endothelial cells
have been shown to express GAG-modified ligands for
L-selectin. Norgard-Sumnicht et al. [15, 25] demon-
strated heparinase, but not chondroitinase sensitive,
proteoglycans synthesized by cultured calf pulmonary
aortic endothelial (CPAE) cells and human umbilical vein
endothelial cells (HUVEC), which are also secreted into
the medium. These high molecular mass ( G 200 kDa)
heparan sulfate-modified proteoglycans bind LEC-Ig in a
calcium-dependent manner. CPAE ligands migrated on
SDS-PAGE as a broad smear between 50–100 kDa with
a second band at G 200 kDa, whereas HUVEC showed
broadly smeared material of G 200 kDa. Interestingly, the
interaction between CPAE-derived ligands and L-

selectin was dependent on the presence of the heparan
sulfate GAG chains [15, 25]. Similarly, Giuffrè et al. [26]
demonstrated heparinase, but not chondroitinase sensi-
tive, ligands for L-selectin that supported monocyte
adhesion to activated bovine aortic endothelium under
flow. Thus, HEC-derived Sgp150/ G 200 is clearly dis-
tinct from heparan sulfate modified L-selectin ligands
synthesized by non-lymphoid endothelial cells.

Miyasaka et al. [10] have shown that an L-selectin fusion
protein will bind to HEC-derived sulfated molecules of
similar molecular mass to those identified in this study. In
addition to confirming that soluble L-selectin detects
Sgp150/ G 200, it would be interesting to determine
whether Sgp150/ G 200 contains podocalyxin. The
human homologue, podocalyxin – like protein, has
recently been identified as a 160 kDa L-selectin ligand
[27]. Although we did not identify Sgp150/ G 200
expressed by cultured HEC, it was clear that these cells
to not synthesize GlyCAM-1. GlyCAM-1 expression by
LN HEV is down-regulated by ligation of afferent lym-
phatics [28] and also 3–4 days following antigen activa-
tion [24]. In contrast to HEV in LN, cultured HEC are
maintained in isolation from an intact LN microenviron-
ment and the cells are rapidly proliferating [32], a
response that is only seen in HEV after antigen activation
[29]. The fact that cultured HEC do express macromolec-
ular ligands for L-selectin ([10] and this study) indicates
that the expression of individual L-selectin ligands is
independently regulated, as previously shown for
GlyCAM-1 and Sgp 200 [24].

It is clear from this and previous studies that chondroitin
sulfate-modified ligands represent just one of several
L-selectin ligands expressed by HEV in LN. Interestingly,
L-selectin ligands are either soluble (GlyCAM-1 [7]), cell
associated (CD34 [6]) or both (Sgp200 [24]). GlyCAM-1
up-regulates integrin function on naive lymphocytes [30]
and thus could activate these cells, perhaps in combina-
tion with chemokines on the surface of HEV, to convert
rolling to stable adhesion from flow. Cell associated
chondroitin sulfate-modified L-selectin ligands could
play a key role in presenting chemokines to rolling lym-
phocytes [31].

4 Materials and methods

4.1 Cell culture

Individual primary cultures of HEC were isolated from cervi-
cal LN of single AO(RT1u) rats and cultured as previously
described [32]. Three different HEC primary cultures were
used at between passage number 5 and 25. EL4, a mouse T
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cell lymphoma and RM1, the parent EL4 cell line transfected
with rat L-selectin [10] were kindly provided by Dr. Masa
Miyasaka (Osaka University, Japan).

4.2 Reagents

The following Ab to L-selectin were used: MEL-14 (rat
IgG2a) from ATCC; LAM101 (rat IgG2a) from Dr. T. Tedder
[13] (Duke University Medical Center, Durham, NC); HRL-1
and HRL-2 from Pharmingen (San Diego, CA). GlyCAM-1
was detected using anti-CAM02 from Steve Rosen [7]. An
antibody, 2B6, that detects chondroitin-4-sulfate “stubs”
after digestion with Chondroitinase ABC [16], was from ICN
(Thame, GB). Fucoidan and biglycan (B8041)
were from Sigma (Poole, Dorset, GB) and polyphosphoman-
nan (PPME) was a kind gift of Dr. Chris Parish (University of
Canberra, Australia). The following enzymes were used:
Chondroitinases ABC (EC. 4.2.2.4) and ACI (EC. 4.2.2.5)
from ICN (Thame, GB); Heparinases I (EC. 4.2.2.7) and III
(EC. 4.2.2.8) and trypsin (EC. 3.4.21.4) from Sigma (Poole,
Dorset, GB); O-sialoglycoprotein endopeptidase (OSGP)
(EC. 3.4.24.57) from Cedarlane Labs (Hornby, Ontario, Can-
ada). The L-selectin fusion protein [33] was kindly provided
by Dr. Larry Lasky (Genentech, CA) and VCAM-Ig by Dr. Roy
Lobb (Biogen, Cambridge, MA) [34]. D-PBS is defined as
0.9 mM Ca2+ and 0.49 mM Mg2+ containing PBS. All other
reagents were purchased from standard laboratory suppli-
ers.

4.3 Na2
35SO4 and TRAN35S-LABELTM metabolic labeling

and isolation of 35S-labeled material

Confluent HEC monolayers (approximately 7 × 106 cells in a
175-mm2 tissue culture flask) or 2–3 mm slices of pooled
axillary, brachial and cervical LN from five 6–8-week-old
LOU (RT1u) rats (1.5–2.0 g in a 75-mm2 tissue culture flask),
were each incubated overnight in 20 ml RPMI containing
2 % FCS and 50 ? Ci/ml Na2

35SO4 or 50 ? Ci/ml TRAN35S-
LABELTM (ICN, Thame, GB). Labeled supernatants were har-
vested and analyzed by SDS-PAGE or dialyzed against
75 mM Tris, pH 7.7 for anion exchange chromatography.

4.4 Anion exchange chromatography

Labeled supernatants, containing 0.2 M NaCl, were recircu-
lated for 2 h through HiTrap Q columns (Pharmacia Biotech,
St. Albans), which had been preequilibrated in 75 mM Tris,
pH 7.7 containing 0.2 M NaCl, before washing off unbound
material. Bound material was eluted with a linear gradient of
0.2–1.5 M NaCl and 35S-label in 1.0 ml fractions measured
on a g -counter (Wallac 1205, Milton Keynes, GB). Collected
fractions were dialyzed against PBS for SDS-PAGE and for
adhesion assays.

4.5 Wheat germ agglutinin affinity chromatography

Wheat germ agglutinin conjugated to agarose beads (Vector,
Burlington, CA) was used to enrich further LN anion
exchange purified material for GlyCAM-1 [7]. Bound material
was eluted with 0.2 M N-acetylglucosamine (Sigma, Poole,
Dorset, GB) in PBS. Collected fractions were analyzed for
35S-label by g -counting and by SDS-PAGE. The presence of
GlyCAM-1 in LN preparations was confirmed by Western
blotting with an antibody raised to a C-terminal GlyCAM-1
peptide, anti-CAMO2 [7].

4.6 SDS-PAGE

35S-labeled components were separated by non-reducing
SDS-PAGE on a Hoefer SE400 gel apparatus (Hoefer, San
Francisco, CA) using a gradient of 5–15 % polyacrylamide.
Gels were dried and exposed on a PhosphorImager (Molec-
ular Dynamics, Chesham, GB) overnight to reveal the pres-
ence of 35S-labeled components. Densitometry analysis was
carried out using ImageQuant software (Molecular Dynam-
ics, Chesham, GB). In some experiments, equal aliquots of
35S-labeled material were treated with one of the following
enzymes at 37 °C for 3 h: trypsin (50 ? g/ml), OSGP (500 ? g/
ml), chondroitinase ABC (0.05 U/ml), chondroitinase ACI
(0.05 U/ml), heparinase I (5 U/ml) or heparinase III (2.5 U/
ml). Reactions were stopped by acetone precipitation, and
precipitates redissolved in 50 ? l of Laemlli buffer for SDS-
PAGE analysis.

4.7 BlySCAN assays

The BlySCAN assay is a quantitative dye-binding method for
the in vitro analysis of proteoglycans and sulfated GAG. The
method is based on the specific binding of the cationic dye
1,9-dimethylmethylene blue to sulfated GAG and was used
here to determine the concentration of isolated Sgp150/
G 200. Assays were performed according to manufacturer’s

instruction (Biocolor Ltd., Belfast, GB). A standard curve,
from 0–100 ? g/ml, was constructed using the chondroitin
sulfate standard provided.

4.8 Lymphocyte adhesion to immobilized ligands

Triplicate wells of PTFE coated multispot slides (Hendley,
Loughton, Essex, GB) were coated with 50 ? l/well of purified
Sgp150/ G 200 at 9 ? g/ml overnight at + 4 °C. GlyCAM-1,
50 ? l/well, was coated at a concentration of approximately
100-fold that of original supernatant. Sgp150/ G 200 was
digested for 3 h using 0.05 U/ml chondroitinases at 37 °C,
and slides were washed three times with PBS. Unbound
sites were blocked by treatment with 1 % BSA in D-PBS, for
1 h at 22 °C. Slides were cooled to + 4 °C, and 100 ? l of EL4
and RM1 cells (106 cells) in 1 % FCS/RPMI pipetted onto
each well. Cells treated with antibodies, fucoidan or EGTA
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were preincubated with the appropriate concentration of
inhibitor, for 0.5 h at + 4 °C, prior to inclusion in the assay.
Slides were rotated at 65 rpm for 30 min at 4°C and
unbound cells removed by two to three washes in PBS. The
number of cells bound was counted under phase contrast
microscopy (Olympus CK2 microscope with a x20 objective)
using a graticule with an area of 0.137 mm2. Each assay was
performed three times. Pooled results are expressed as cells
bound/mm2 ± SEM (n = 9). Percentage inhibition of adhe-
sion was calculated following subtraction of nonspecific
binding to BSA blocked wells.

4.9 Binding of LEC-Ig to cultured HEC by ELISA

HEC were grown to confluence in Nunc 96-well plates (Life
Technologies, Glasgow, GB), fixed in 0.04 % glutaraldehyde
in D-PBS for 10 min, and stored for up to 7 days at 4 °C.
Nonspecific binding sites were blocked with 1 % BSA in D-
PBS for 1 h at 22 °C (300 ? l/well). HEC were incubated in
quadruplicate with 50 ? g/ml LEC-Ig or VCAM-Ig in D-PBS
containing 1 % BSA (50 ? l/well), in the presence or absence
of L-selectin inhibitors for 1 h at 22 °C. Plates were washed
three times with D-PBS, and incubated for 1 h in HRPO-
conjugated F(ab')2 fragments of rabbit anti-human IgG at 1
in 500 (Dako, Glostrup, Denmark) (50 ? l/well). After washing,
bound enzyme was detected using 0.1 mg/ml 3,3',5,5'-
tetramethylbenzidine (TMB) in 0.05 M phosphate-citrate
buffer, pH 5.0 (50 ? l/well), the reaction stopped using 50 ? l
2 M H2SO4/well and absorbance measured at 450 nm.
Calcium-dependent binding of LEC-Ig to cultured HEC was
detected by co-incubation with 10 mM EGTA. Lectin-
dependent binding was determined by preincubation of
LEC-Ig with 500 ? g/ml fucoidan or PPME, or with 50 ? g/ml
MEL-14 or LAM101 for 30 min at room temperature, prior to
inclusion in the assay. For enzyme treatments, fixed HEC
were pretreated with chondroitinase ABC (0.05 U/ml),
chondroitinase ACI (0.05 U/ml) or trypsin (50 ? g/ml) for 3 h
at 37 °C prior to the blocking step. Absorbance values for
identically treated HEC using VCAM-Ig were subtracted
from those for LEC-Ig to give specific LEC-Ig binding. Each
assay was performed two to three times, and pooled results
were expressed as absorbance at 450 nm ± SEM (n = 8–12).

4.10 Lymphocyte-HEV adhesion assay

The Stamper Woodruff frozen section assay was performed
as described previously [35] with some modifications. Three
to six 8 ? m cryostat sections of rat cervical LN were air dried
onto each well of PTFE-coated multispot slides (Hendley,
Loughton, Essex, GB) and stored for up to 2 weeks at
− 70 °C. Triplicate wells were digested at 37 °C for 1 h using
0.25 U/ml chondroitinase ABC or ACI. To check for chon-
droitinase ABC digestion, treated sections were stained with
200 ? g/ml 2B6, and bound antibody detected with Texas
Red-conjugated anti-mouse IgG at 20 ? g/ml (Southern Bio-
technology, Birmingham, AL).

LN sections were washed once in D- PBS, cooled to
+ 4 °C and 100 ? l of rat LN lymphocytes (3 × 106 cells) in
1 % FCS/RPMI were allowed to adhere at 4 °C for 30 min
with rotation at 65 rpm. Nonadherent cells were gently
tipped off and bound cells fixed in 2 % formalin in D-
PBS. Sections were counterstained with 1 % methyl
green/2 % pyronin and cells bound to HEV counted by
light microscopy (Olympus BH2 microscope with a x20
objective). Pooled results from three experiments were
expressed as the percentage of HEV with 0–5, 6–15 and
G 15 lymphocytes (± SEM) bound, thus taking into

account the different sizes of HEV present in LN cryostat
sections. At least 100 HEV were counted per experiment,
with a total count of 364 HEV for untreated sections and
350 or 364 HEV for chondroitinase ACI or chondroitinase
ABC treated sections respectively.

For confocal microscopy, rat lymphocytes were labeled
at 5 × 107/ml with the green fluorescent dye CFSE [5(6)-
carboxyfluorescein diacetate, succinimidyl ester]
(Molecular Probes, Leiden, The Netherlands) at 2 ? M in
Ca2+- and Mg2+-free PBS, for 15 min at 37 °C. After fixing
in 2 % formalin, HEV were stained with the GlyCAM-1
antisera, anti-CAMO2 at 250 ? g/ml, for 1 h at 22 °C and
bound antibody was detected with Texas Red-
conjugated anti-rabbit IgG at 20 ? g/ml (Southern Bio-
technology, Birmingham, AL). Slides were viewed on the
MRC 600 confocal microscope (Bio-Rad, Hemel Hemp-
stead, GB).

4.11 Statistical analysis

Data are presented as mean ± SEM. A Student’s t-test
was used for multiple comparisons.
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