Differential Requirements for Core2 Glucosaminyltransferase
for Endothelial L-Selectin Ligand Function In Vivo1
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L-selectin is a calcium-dependent lectin on leukocytes mediating leukocyte rolling in high endothelial venules and inflamed
microvessels. Many selectin ligands require modification of glycoproteins by leukocyte core2 ␤1,6-N-acetylglucosaminyltransferase (Core2GlcNAcT-I). To test the role of Core2GlcNAcT-I for L-selectin ligand biosynthesis, we investigated leukocyte rolling
in venules of untreated and TNF-␣-treated cremaster muscles and in Peyer’s patch high endothelial venules (HEV) of
Core2GlcNAcT-I null (core2ⴚ/ⴚ) mice. In the presence of blocking mAbs against P- and E-selectin, L-selectin-mediated leukocyte
rolling was almost completely abolished in cremaster muscle venules of core2ⴚ/ⴚ mice, but not littermate control mice. By contrast,
leukocyte rolling in Peyer’s patch HEV was not significantly different between core2ⴚ/ⴚ and control mice. To probe L-selectin
ligands more directly, we injected L-selectin-coated beads. These beads showed no rolling in cremaster muscle venules of core2ⴚ/ⴚ
mice, but significant rolling in controls. In Peyer’s patch HEV, beads coated with a low concentration of L-selectin showed reduced
rolling in core2ⴚ/ⴚ mice. Beads coated with a 10-fold higher concentration of L-selectin rolled equivalently in core2ⴚ/ⴚ and control
mice. Our data show that endothelial L-selectin ligands relevant for rolling in inflamed microvessels of the cremaster muscle are
completely Core2GlcNAcT-I dependent. In contrast, L-selectin ligands in Peyer’s patch HEV are only marginally affected by the
absence of Core2GlcNAcT-I, but are sufficiently functional to support L-selectin-dependent leukocyte rolling in Core2GlcNAcTI-deficient mice. The Journal of Immunology, 2001, 167: 2268 –2274.

L

eukocytes are migratory cells characterized by their ability to leave the vascular system and transmigrate into sites
of inflammation or into lymphoid tissue during lymphocyte homing. The recruitment of leukocytes requires a multistep
adhesion cascade that begins with leukocyte capture and rolling
and leads to firm adhesion and transmigration (1–3). The early
steps of leukocyte recruitment, capture, and rolling are largely mediated by E-, P-, and L-selectin (4). L-selectin (CD62L) is constitutively expressed on most leukocytes, including granulocytes,
monocytes, and naive and some memory lymphocytes.
Observation of inflamed venules in vivo has shown that leukocytes (5, 6) and L-selectin transfectants (7) can roll by binding to
unidentified endothelial L-selectin ligands. Usually, L-selectin cooperates with P- and E-selectin to mediate rolling, but L-selectindependent rolling can be isolated in E/P⫺/⫺ mice (8) or in mice in
which P- and E-selectin are blocked by mAbs (9). The physiologically relevant L-selectin ligands in inflamed venules are unknown.
L-selectin ligand activity can be induced by cytokine treatment of
cultured endothelial cells (10), but the relevant glycoprotein bearing the ligand has not been identified. L-selectin ligands on inflamed endothelial cells express fucosylation-dependent epitopes
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such as HECA452 (11). In addition, sensitivity to chlorate treatment (12) and data from two newly identified carbohydrate sulfotransferases, CHST1 and CHST2 (13), suggest that sulfotransferase activity is required for L-selectin ligand expressed by
inflamed venules.
In high endothelial venules (HEV)3 of secondary lymphoid organs, L-selectin is the predominant selectin mediating leukocyte
rolling (14). The importance of L-selectin for lymphocyte trafficking is evident in L-selectin-deficient mice. These mice show small,
lymphocyte-depleted peripheral lymph nodes with reduced binding of lymphocytes to HEV using the Stamper-Woodruff assay
(15). L-selectin is also required for most leukocyte rolling in Peyer’s patch HEV (16), but ␣4␤7 integrin mediates sufficient rolling
in L-selectin-deficient mice to ensure normal size and cellularity of
Peyer’s patches.
L-selectin ligands on HEV of secondary lymphoid organs
require carbohydrate-based post-translational modifications for
recognition. Similar to ligands for P- and E-selectin, L-selectin
ligands are thought to carry sialylated and fucosylated sequences
on core2 ␤1,6-N-acetylglucosaminyltransferase (Core2GlcNAcTI)-modified O-linked glycans (17, 18). L-selectin ligands on HEV
also require sulfation on C-6 of N-acetylglucosamine and/or C-6 of
galactose of sialyl Lewis x (sLex) (19, 20). The L-selectin ligand
function of HEV can be blocked by the carbohydrate-binding mAb
MECA-79, which helped to identify candidate L-selectin ligands
on HEV, including glycosylation-dependent cell adhesion molecule-1 and CD34 (21). It is thought that L-selectin ligands on HEV
are distinct from those expressed on inflamed venules.
Because of the transient nature of the bond formed between
L-selectin and its ligands, the direct demonstration of functional

3
Abbreviations used in this paper: HEV, high endothelial venule; FucT, fucosyltransferase; Core2GlcNAcT-I, core2 ␤ 1,6-N-acetylglucosaminyltransferase;
core2⫺/⫺, Core2GlcNAcT-I deficient.
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L-selectin ligands has been difficult (22). To circumvent this problem, gene-targeted mice have been developed lacking glycosylation enzymes such as fucosyltransferase VII (FucT-VII) (23) and
IV (24) or Core2GlcNAcT-I (25). Fucosyl and Core2GlcNAc
transferases are likely to be involved in the post-translational modification of functional L-selectin ligands. Gene targeting shows
that FucT-VII, but not FucT-IV, is required for L-selectin ligand
activity in HEV (23, 24). Recent work by Ellies et al. (25) using a
parallel plate flow chamber-controlled detachment assay provided
evidence that leukocytes isolated from Core2GlcNAcT-I-deficient
mice (core2⫺/⫺) show reduced rolling on L-selectin. This finding
addresses leukocyte L-selectin ligands, but not endothelial L-selectin ligands.
The present study was designed to investigate endothelial Lselectin ligand function in the absence of leukocyte
Core2GlcNAcT-I. To this end we investigated L-selectin-dependent leukocyte rolling in unstimulated and TNF-␣-stimulated cremaster muscle venules. In cremaster muscle venules mild trauma
caused by exteriorization of the cremaster muscle leads to induction of leukocyte rolling that is initially P- and later also L-selectin
dependent (26). TNF-␣ treatment leads to L-selectin-mediated
rolling starting at ⬎4 h after TNF-␣ administration (8). In addition,
L-selectin-mediated rolling was studied in high endothelial
venules of Peyer’s patches.

Materials and Methods
Animals
Mice lacking a functional gene encoding the leukocyte Core2GlcNAcT-I
(EC 2.4.1.102) were generated as described previously (25) and maintained
as a heterozygous breeding colony at the University of Virginia (Charlottesville, VA). The wild-type Core2GlcNAcT-I allele was detected using
PCR primers located adjacent to the deleted region (W5⬘, 5⬘-GGGTTACGGAT
GAGCTCTGTGTC; W3⬘, 5⬘-CCCTGGAAGCAAGGACAATTCTG-3⬘), resulting in a 304-bp fragment, while the mutant allele was detected using W5⬘ and
a loxP primer (M3⬘, 5⬘-CTCGAATTGATCCCCGGGTAC-3⬘), yielding a
200-bp fragment. Control experiments were performed in heterozygous (⫹/⫺)
and homozygous (⫹/⫹) littermates. All experiments were performed on
healthy mice that were at least 8 wk of age. All mice were housed in a barrier
facility under specific pathogen-free conditions. All animal experiments were
approved by the institutional animal care and use committee.

Abs and cytokines
The P-selectin mAb RB40.34 (rat IgG1, 30 g/mouse) blocking P-selectindependent adhesion and recruitment (27) and P-selectin-dependent leukocyte rolling in vivo (26) was a gift from Dr. D. Vestweber (University of
Munster, Munster, Germany). mAb 9A9 was a gift from Dr. B. Wolitzky
(Hoffman-LaRoche, Nutley, NJ) and blocks E-selectin-mediated rolling in
vivo (9). The L-selectin mAb MEL-14 (rat IgG2a, 50 g/mouse) was purified from hybridoma supernatant (American Type Culture Collection,
Manassas, VA). This Ab blocks L-selectin-dependent leukocyte rolling in
vivo (16, 26). The mAb PS/2 is specific for the ␣4 integrin chain (rat IgG
2b; 30 g/mouse) and was purified from hybridoma supernatant (American
Type Culture Collection). This mAb blocks ␣4␤7-dependent binding of
lymphocytes to recombinant mucosal addressin cell adhesion molecule-1
in vitro (28) and lymphocyte homing to Peyer’s patches in vivo (29).

L-selectin IgG chimera coupled microbeads in vivo
A murine L-selectin IgG fusion protein (30) (provided by Dr. Susan
Watson) was bound to protein G-coupled fluorescent 2-m microbeads
(Polysciences, Warrington, PA) and injected into mice as described previously (16). Briefly, recombinant protein G (Sigma, St. Louis, MO) was
covalently coupled to fluorescent-carboxylated (2-m diameter) YG microspheres using a carbodiimide-coupling kit according to the manufacturer’s directions (all from Polysciences). One hour before use, 25 l protein
G-coupled beads were washed in PBS and mixed with either PBS-1% BSA
solution (control beads) or two different concentrations of the L-selectin
IgG chimera (10 g/ml for Llow and 100 g/ml for Lhigh). The mixture was
allowed to incubate for 1 h, washed in PBS-1% BSA, resuspended in 0.3
ml isotonic saline, and vortexed. Injection of control, Llow, and Lhigh beads
was performed after pretreatment with the P-selectin-blocking mAb
RB40.34. Almost all circulating beads were cleared within 5–10 min fol-
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lowing injection. As a specificity control, Lhigh beads were injected after
pretreatment with L-selectin-blocking mAb MEL-14 (50 g/ml).

Flow cytometry
Flow cytometry was used to detect L-selectin expression on peripheral
blood leukocytes of control and Core2GlcNAcT-I-deficient mice and on
microbeads coated with L-selectin chimera. The preparation of L-selectincoupled beads was performed with carboxylated (2 m diameter) nonfluorescent YG microspheres as described above. Whole blood was centrifuged, and RBC lysis was conducted with PharM-Lyse-10X solution
(PharMingen, San Diego, CA). Blood cells were suspended in PBS-1%
BSA (Sigma) solution and incubated in the dark with either MEL-14 conjugated with PE or rat IgG2a conjugated with PE (both from PharMingen)
for 30 min on ice (0.5 g/106 cells). Subsequently, cells were washed twice
in PBS-1% BSA solution and then incubated with FITC-conjugated mAb
Ly-6G directed against the neutrophilic surface Ag GR-1 (PharMingen) for
30 min on ice (0.5 g/106 cells). L-selectin-coated microbeads and control
microbeads were suspended in PBS-1% BSA solution and incubated with
goat serum (2 l/106 cells) for 30 min on ice to block unspecific binding
sites. Thereafter, beads were washed twice in PBS-1% BSA solution and
incubated with either MEL-14 conjugated with PE or rat IgG2a conjugated
with PE (both from PharMingen) for 30 min on ice (0.5 g/106 cells).
L-selectin expression on cells and beads was determined on 10,000 leukocytes/beads per mouse using a 4-decade FACScan with the CellQuest
software package (Becton Dickinson, San Jose, CA).

Intravital microscopy
Mice were anesthetized with i.p. injection of ketamine (125 mg/kg body
weight; Ketalar; Parke-Davis, Morris Plains, NJ), xylazine (12.5 mg/kg
body weight; Phoenix Scientific, St. Joseph, MO), and atropin sulfate (0.25
mg/kg body weight; Elkins-Sinn, Cherry Hill, NJ) and placed on a heating
pad to maintain body temperature.
Microscopic observations were conducted on an intravital microscope
(Axioskop; Zeiss, Thornwood, NY) with a saline immersion objective (SW
40/0.75 numerical aperture). The trachea was intubated, followed by cannulation of the right jugular vein for administration of anesthetic. Thereafter, the left carotid artery was cannulated for blood pressure monitoring,
blood samples, and systemic mAb injections. Blood pressure was monitored intermittently during the experiment (model BPMT-2; Stemtech,
Menomonee Falls, WI). During the experiment mice received 0.2 ml/h,
diluted pentobarbital in saline i.v. to maintain anesthesia, and a neutral fluid
balance.

Cremaster muscle preparation
The cremaster muscle was prepared for intravital microscopy as previously
described (9). Microscopic observation was conducted on postcapillary
venules ranging from 20 –50 m in diameter. The epididymis and testis
were gently pinned to the side, and the cremaster muscle was superfused
with thermocontrolled (35°C) bicarbonate-buffered saline. To detect possible changes in systemic white blood cell count after injection of the
various Abs, systemic blood samples (10 l) were taken after each mAb
injection. Blood samples were diluted 1:10 with Kimura (11 ml 5% (w/w)
toluidine blue, 0.8 ml 0.03% light green SF yellowish, 0.5 ml saturated
saponin, and 5 ml 0.07 M phosphate buffer, pH 6.4; all from Sigma) and
analyzed for leukocyte concentration (expressed as number of leukocytes
per microliter of whole blood).

Peyer’s patch preparation
A Peyer’s patch was prepared for intravital microscopy as described previously (31, 32). Briefly, a 1.5-cm incision was made along the linea alba
to open the peritoneal cavity and expose the cecum and small intestine. The
mouse was then turned on its side, and the intestines were pushed out of the
peritoneal cavity by gently pressing on the back. The intestines were superfused with thermocontrolled (35°C) bicarbonate-buffered saline as previously described. The small intestine was placed between two parallel
strips of clear silicone, high vacuum grease (Dow Corning, Midland, MI)
on a plastic coverslip (Baxter, Deerfield, IL). To visualize intravascular
leukocytes by epifluorescence microscopy, each mouse was given a
0.15-ml i.v. injection of 2 mg/ml rhodamine 6G (Molecular Probes, Eugene, OR) 15 min before intravital microscopy. The intravital microscope
(Axioskop; Zeiss) was equipped with a saline immersion objective (SW
63/0.9 numerical aperture). For observation of Peyer’s patch HEV, epifluorescence illumination (60/s; Strobex 236; Chadwick Helmuth, Mountain
View, CA), and filter block Zeiss 9) was used. Each venule was observed
for 60 s. Venules with diameters between 12 and 35 m were observed and
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recorded via a CCD camera system (model VE-1000CD, Dage-MTI, Michigan City, IN) on a Panasonic S-VHS recorder (Panasonic, Secaucus, NJ).

Data analysis
Microvessel diameter and length were measured using a digital image processing system (33). Centerline RBC velocity in the cremaster muscle
preparation was measured using a dual photodiode and a digital on-line
cross-correlation program (Circusoft Instrumentation, Hockessin, DE).
Centerline velocities were converted to mean blood flow velocities by multiplying with an empirical factor of 0.625 (34). Centerline blood flow velocity in venules of Peyer’s patches was determined after i.v. injection of
2-m diameter fluorescent YG microspheres (Polysciences) by measuring
frame-to-frame displacement of single beads (three microspheres per
venule). Wall shear rates (␥w) were estimated as 2.12 (8vb/d), where vb is
the mean blood flow velocity, d is the diameter of the vessel, and 2.12 is a
median empirical correction factor obtained from actual velocity profiles
measured in microvessels in vivo (35).
The rolling leukocyte flux fraction was determined as the number of
rolling leukocytes expressed as a percentage of all leukocytes passing
through the venule per unit time. Rolling flux fraction in cremaster muscle
venules was calculated as previously described (26) by dividing leukocyte
rolling flux by total leukocyte flux estimated as [WBC] vb  (d/2)2, where
[WBC] is the actual systemic leukocyte count, vb is the blood flow velocity,
and d is the venular diameter. In Peyer’s patch HEV, the number of rolling
leukocytes was consistently higher (by 60%) than the product of the flow
rate and the systemic leukocyte concentration, possibly because of the preferential delivery of leukocytes to the terminal capillaries in microvascular
networks (36, 37). The flux fraction in venules of Peyer’s patch from untreated control mice was set at 100%, and the flux fractions in mAb-treated
controls and in untreated and mAb-treated Core2GlcNAcT-I-deficient mice
were expressed relative to control.

Statistics
Statistical analysis was performed using SigmaStat 2.0 software package
(SPSS, Chicago, IL). Average vessel diameter, leukocyte rolling flux fractions, leukocyte rolling velocities, and shear rates between groups and
treatments were compared by one-way ANOVA on ranks (Kruskal-Wallis)
with a multiple pairwise comparison test (Dunn’s test). Leukocyte counts
and differentials were compared with Student’s t test or by the Wilcoxon
rank-sum test as appropriate. Statistical significance was set at p ⬍ 0.05,
indicated by an asterisk.

Results

Core2⫺/⫺ mice were fertile and healthy under vivarium conditions. There was no difference in systemic blood pressure between
core2⫺/⫺ mice and control mice (Table I). Systemic leukocyte
counts were significantly higher in core2⫺/⫺ mice than in control
mice ( p ⬍ 0.05; Table I). This was mainly due to a significantly
higher number of polymorphonuclear cells in core2⫺/⫺ mice ( p ⬍
0.05; Table I) and is consistent with similar results reported previously (25, 38).
Leukocyte rolling in untreated venules of the cremaster muscle
We analyzed leukocyte rolling in 41 venules of six core2⫺/⫺ mice
and compared the results to those in 13 venules of three littermate
controls. Microvascular parameters between Core2GlcNAcT-Ideficient mice and control mice are presented in Table II and show

Table I. Systemic arterial blood pressure, systemic leukocyte counts,
and PMN differential in untreated and TNF␣-treated micea

⫺/⫺

Core2
Control

a

Mice (n)

Systolic
Blood Pressure
(mm Hg)

Systemic
Leukocyte Count
(cells/l)

PMN (%)

28
18

86 ⫾ 3
89 ⫾ 4

5800 ⫾ 400
3500 ⫾ 300

47 ⫾ 4
34 ⫾ 5

NS

p ⬍ 0.05

p ⬍ 0.05

Systemic arterial blood pressure, systemic leukocyte count, and PMN are presented as mean ⫾ SEM.

no significant differences regarding diameter, blood flow velocity,
and wall shear rate. Leukocyte rolling in untreated venules is initially P-selectin dependent (26, 39), followed by a second phase
that begins 1 h after exteriorization that is both L-selectin and
P-selectin dependent (26, 40). To study L-selectin-dependent rolling, the P-selectin-blocking mAb RB40.34 was injected into control mice at ⬎60 min after exteriorization. This completely eliminated rolling during the first hour (data not shown) and led to a
marked decrease in rolling flux fraction from 23 to 4% at later
times (Fig. 1). The residual rolling was completely L-selectin dependent, as confirmed by blocking residual rolling after injection
of L-selectin blocking Ab MEL-14 (Fig. 1).
In untreated Core2GlcNAcT-I-deficient mice, we observed a
dramatically reduced rolling flux fraction of 3%, which was totally
blocked by the injection of P-selectin-blocking mAb RB40.34 ⬎60
min after exteriorization (Fig. 1). The absence of leukocyte rolling
in P-selectin-blocking mAb RB40.34-treated core2⫺/⫺ mice
shows that L-selectin-mediated rolling in this model is completely
Core2GlcNAcT-I dependent.
Leukocytes of gene-targeted mice with null mutations for certain adhesion molecules (41, 42) exhibit a lower surface expression
of L-selectin. To exclude the possibility that a different L-selectin
expression on leukocytes accounts for the absence of L-selectinmediated rolling in core2⫺/⫺ mice, L-selectin expression was analyzed in peripheral blood leukocytes by flow cytometry. We
found that L-selectin expression was similar in Core2GlcNAcT-Ideficient and control mice (Fig. 2, A and B).
To directly show that L-selectin ligand expression in cremaster
muscle venules is severely affected by the absence of
Core2GlcNAcT-I, microbeads coated with L-selectin at a low (10
g/ml, Llow) or a high (100 g/ml, Lhigh) concentration of Lselectin IgG-chimera were injected into the left carotid artery.
Coupling of the L-selectin chimera to the beads was verified by
flow cytometry (Fig. 2, C and D). The L-selectin concentration on
Llow beads (Fig. 2C) was similar to the L-selectin expression observed on leukocytes of core2⫺/⫺ mice or control mice. Lhigh
beads had a stronger intensity signal (Fig. 2D) than leukocytes.
Rolling of microbeads in vivo was analyzed in 26 venules of nine
core2⫺/⫺ mice and compared with rolling in 23 venules of eight
control mice. Injected control beads showed no detectable rolling
in venules of the cremaster muscle in either core2⫺/⫺ or control
mice (Fig. 3). Injection of Llow microbeads into control mice
showed some rolling in cremaster muscle venules (3%), which
increased to 6% for Lhigh microbeads (Fig. 3). In contrast, no rolling was observed after injection of either Llow or Lhigh microbeads
into cremaster muscle venules of core2⫺/⫺ mice (Fig. 3). This
confirms that L-selectin ligands are not functional in inflamed
venules of core2⫺/⫺ mice.
Long term (⬎4 h) TNF-␣-induced inflammation
Treatment with TNF-␣ for 4 h or more leads to significant Lselectin-mediated rolling that is sufficient for near-normal leukocyte recruitment (8). We assessed leukocyte rolling in 46 venules
of 10 TNF-␣-treated (4 – 6 h) mice lacking Core2GlcNAcT-I and
compared the results to rolling in 16 venules of four control animals. Microvascular parameters for both groups are presented in
Table II and show similar results for vessel diameter, centerline
velocity, and wall shear rate. Leukocyte rolling flux fraction after
TNF-␣ treatment was reduced to 10% in untreated core2⫺/⫺ mice
from 27% in untreated control mice ( p ⬍ 0.05; Fig. 4A). Injection
of both the P-selectin-blocking mAb RB40.34 and the E-selectinblocking mAb 9A9 into core2⫺/⫺ mice removed almost all rolling
cells, whereas significant rolling remained in the control group
(rolling flux fraction, 7%; p ⬍ 0.05; Fig. 4A). The residual rolling
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Table II. Microvascular parameters in cremaster muscle venules of untreated and TNF␣-treated mice and
in HEV of Peyer’s patchesa
Mice
(n)

Venules
(n)

Diameter
(m)

Centerline Velocity
(mm/s)

Wall Shear Rate
(s⫺1)

6
3

41
13

TNF-␣-treated cremaster
Core2⫺/⫺
Control

37 ⫾ 2
32 ⫾ 2
NS

3.6 ⫾ 0.4
3.7 ⫾ 0.4
NS

1100 ⫾ 100
1300 ⫾ 200
NS

10
4

46
16

36 ⫾ 1
34 ⫾ 2
NS

2.3 ⫾ 0.2
1.9 ⫾ 0.2
NS

680 ⫾ 60
580 ⫾ 70
NS

Untreated Peyer’s patch
Core2⫺/⫺
Control

12
11

31
35

19 ⫾ 1
19 ⫾ 1
NS

1.6 ⫾ 0.2
1.3 ⫾ 0.1
NS

880 ⫾ 80
740 ⫾ 60
NS

Mouse Genotype

Untreated cremaster
Core2⫺/⫺
Control

a

Diameters, centerline velocity, and wall shear rate are presented as mean ⫾ SEM.

in control mice was completely blocked by injection of the Lselectin-blocking mAb MEL-14 (Fig. 4A). This provides direct
evidence that TNF-␣-induced L-selectin ligands are completely
Core2GlcNAcT-I dependent.
To further characterize L-selectin-dependent rolling in this
model, we investigated leukocyte rolling velocity distributions in
TNF-␣-treated cremaster muscle venules. TNF-␣-treated core2⫺/⫺
mice showed an average rolling velocity of 11 ⫾ 1 m/s, identical
with that of control mice (11 ⫾ 1 m/s; Fig. 4B). Injection of
P-selectin-blocking mAbRB40.34 and E-selectin-blocking mAb
9A9 led to a significant increase in rolling velocity in control mice
(59 ⫾ 8 m/s; Fig. 4B). This suggests a higher rolling velocity for
L-selectin-mediated rolling in this model, similar to findings in
cremaster muscle venules not treated with TNF-␣ (8).
Core2GlcNAcT-I-deficient mice injected with blocking mAbs
against P- and E-selectin showed no rolling.
Leukocyte rolling in high endothelial venules of Peyer’s patch
Leukocyte rolling was analyzed in 39 venules of 11 core2⫺/⫺ mice
and compared with rolling in 35 venules in 12 control mice. Microvascular parameters are presented in Table II and show no significant differences regarding vessel diameter, centerline velocity,
and wall shear rate. In control mice, injection of the P-selectin
mAb RB40.34 led to a modest decrease in the rolling flux fraction
from 100 to 84% (Fig. 5), which confirms earlier observations of
a contribution of P-selectin to rolling in this setting (16). In untreated core2⫺/⫺ mice, the rolling flux fraction also was slightly
reduced by injection of P-selectin-blocking mAb RB40.34 into

FIGURE 1. Leukocyte rolling flux fraction (mean ⫾ SEM) in venules
of the cremaster muscle of untreated Core2GlcNAcT-I-deficient mice (f)
and control mice (u) at ⬎60 min after exteriorization. anti-P, mAb
RB40.34; anti-L, mAb MEL-14. ⴱ, Significant differences (p ⬍ 0.05) in
leukocyte rolling flux fraction between core2⫺/⫺ and control groups.

core2⫺/⫺ mice (from 84 to 74%). Injection of the L-selectin-blocking mAb MEL-14 into core2⫺/⫺ mice reduced leukocyte rolling to
14%, similar to the rolling flux fraction seen in MEL-14-treated
control mice (18%; Fig. 5). This demonstrates that
Core2GlcNAcT-I deficiency does not detectably impair L-selectinmediated rolling in Peyer’s patch HEV. Injection of P-selectinblocking mAb RB40.34 and L-selectin-blocking mAb MEL-14 reduced rolling flux fraction to 10% in controls and 9% in core2⫺/⫺
mice, respectively (Fig. 5). The residual rolling was entirely ␣4
integrin dependent, because it was completely abolished by the
additional injection of the ␣4 integrin-blocking mAb PS/2 (Fig. 5).
For a more detailed investigation of L-selectin ligands in Peyer’s patch HEV, we injected L-selectin-coated microbeads and assessed rolling of the beads in high endothelial venules. Llow microbeads rolled (rolling flux fraction, 13%) in core2⫺/⫺ mice.
However, this rolling was reduced from a rolling flux fraction of
50% in control mice (Fig. 6). The lower rolling flux fraction of
Llow microbeads in core2⫺/⫺ mice suggests a somewhat decreased
activity of L-selectin ligands on Peyer’s patch HEV of core2⫺/⫺
mice. Beads coated with a higher concentration of L-selectin
(Lhigh-microbeads) rolled equally well in HEV of core2⫺/⫺ mice

FIGURE 2. L-selectin expression on core2⫺/⫺ and control neutrophils
and on L-selectin-coupled beads. L-selectin expression was analyzed on
neutrophils (gated by GR-1) by flow cytometry using PE-labeled L-selectin
mAb MEL-14. A, Controls; B, core2⫺/⫺ neutrophils (solid line) and isotype-controls (shaded line); C, Llow beads; D, Lhigh beads.
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FIGURE 3. L-selectin-coated microbead rolling. Beads coated with Lselectin IgG chimera at 10 (Llow) and 100 (Lhigh) g/ml roll in cremaster
muscle venules of control mice (u), but not of core2⫺/⫺ mice (f). ⴱ,
Significant differences (p ⬍ 0.05) in rolling flux fraction (mean ⫾ SEM)
between core2⫺/⫺ and control groups.

(rolling flux fraction, 43%) and control mice (rolling flux fraction,
63%; Fig. 6). To demonstrate that bead rolling was specific for
L-selectin, core2⫺/⫺ mice and control mice were treated with the
L-selectin-blocking mAb MEL-14 before injection of Lhigh beads.
MEL-14 abolished rolling in both core2⫺/⫺ mice and control mice,

FIGURE 5. Leukocyte rolling flux fraction (mean ⫾ SEM) in HEV of
Peyer’s patches of Core2GlcNAcT-I-deficient mice (f) and control mice
(u). anti-P, mAb RB40.34; anti-L, mAb MEL-14; anti-␣4, PS/2. ⴱ, No
significant differences (p ⬍ 0.05) in leukocyte rolling flux fraction between
core2⫺/⫺ and control mice.

confirming that bead rolling is L-selectin mediated (Fig. 6). Taken
together these findings suggest that L-selectin ligands in Peyer’s
patch HEV are slightly less efficient in core2⫺/⫺ mice than in
control mice. However, at the site density of L-selectin expressed
on leukocytes in vivo, this does not lead to impaired rolling in
Peyer’s patch HEV.

Discussion
We show that L-selectin-dependent rolling of leukocytes and microbeads in venules of the untreated and TNF-␣-treated cremaster
muscle is absent in core2⫺/⫺ mice, but not in control mice. This
novel finding shows that Core2GlcNAcT-I is required for biosynthesis of functional L-selectin ligands in inflamed venules of the
cremaster muscle. This shows that L-selectin ligands, like most Pand some E-selectin ligands (25, 38, 44) require modification by
Core2GlcNAcT-I. Second, these findings unequivocally demonstrate that the relevant L-selectin ligands expressed on inflamed
endothelial cells are O-linked glycans attached to mucin-like glycoproteins. This is significant, because the nature of L-selectin
ligands on inflamed venules has remained elusive.
Previous studies have shown that L-selectin participates in leukocyte rolling in mesenteric and cremaster muscle venules (5, 7, 8,

FIGURE 4. A, Leukocyte rolling flux fraction (mean ⫾ SEM) in TNF␣-treated venules at ⬎4 h in Core2GlcNAcT-I-deficient mice (f) and control mice (u). anti-P, mAb RB40.34; anti-E, mAb 9A9; anti-L, mAb MEL14. ⴱ, Significant differences (p ⬍ 0.05) in leukocyte rolling flux fraction
between core2⫺/⫺ and control mice. B, Leukocyte rolling velocity distribution in TNF-␣-treated cremaster muscle venules. Cumulative histograms
of leukocyte rolling velocities measured in cremaster muscle venules
of core2⫺/⫺ mice (OO), control mice (䡠䡠䡠䡠䡠), and control mice treated
with P- and E-selectin-blocking mAbs RB40.34 (anti-P) and 9A9 (antiE; – – –). Core2⫺/⫺ mice treated with RB40.34 and 9A9 showed no
rolling.

FIGURE 6. Rolling of control beads or L-selectin-coated beads (10
g/ml for Llow and 100 g/ml for Lhigh) on Peyer’s patch HEV of
Core2GlcNAcT-I-deficient mice (f) and control mice (u). anti-L, mAb
MEL-14. ⴱ, Significant differences (p ⬍ 0.05) in rolling flux fraction between core2⫺/⫺ and control group.
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15, 26). At least one of the candidate molecules, CD34, is not a
major ligand for leukocyte rolling, because L-selectin-dependent
rolling was normal in CD34⫺/⫺ mice (45). A recent study reported
that endothelial ligands for L-selectin bear the HECA-452 epitope
(46), an indicator of post-translational modification by fucosyltransferase VII (47, 48). The present study reveals that these endothelial L-selectin ligands are completely Core2GlcNAcT-I dependent. This was confirmed with L-selectin-coated beads at low
and high site densities. L-selectin ligands on inflamed endothelial
cells are not functional when Core2GlcNAcT-I is absent.
The L-selectin ligands investigated here are physiologically important. First, an L-selectin-dependent pathway can mediate significant leukocyte accumulation in E/P⫺/⫺ selectin double-knockout mice (8). Second, L-selectin-deficient mice have consistent
reduction in leukocyte recruitment to inflammatory sites (15, 49).
Some of this defect may be due to absence of secondary capture of
leukocytes by other leukocytes, which is L-selectin dependent
(50). Interestingly, the ligands responsible for leukocyte-leukocyte
interactions through L-selectin are also Core2GlcNAcT-I dependent, because neutrophils from core2⫺/⫺ mice do not roll on Lselectin (25). Our data demonstrate that L-selectin ligands on inflamed endothelium require modification by Core2GlcNAcT-I to
support leukocyte or bead rolling and thus unequivocally show that
these ligands are O-glycans.
In contrast to the findings in the cremaster muscle, leukocyte
rolling in Peyer’s patch HEV was not significantly different between Core2GlcNAcT-I-deficient mice and control mice. This is
consistent with results showing normal secondary lymphoid organ
size and structure in Core2GlcNAcT-I-deficient mice (25). Also,
HEV in secondary lymphoid organs of core2⫺/⫺ mice can be
stained with an L-selectin IgM chimera (25). We found a partial
reduction of rolling L-selectin IgG chimera-coupled beads (Llow)
along the Peyer’s patch HEV, which could not be observed after
injection of Lhigh beads. Taking into account that L-selectin on
leukocytes is concentrated in clusters on the tips of microvilli (51),
these findings suggest that core2⫺/⫺ mice exhibit a minor reduction in L-selectin ligand activity in Peyer’s patch HEV, which does
not lead to detectable impairment of lymphocyte homing. However, it cannot be excluded that homing may be reduced in lymphocyte subsets exhibiting low surface expression of L-selectin.
Recent studies showed that B lymphocytes have a 30 –50% lower
surface expression of L-selectin than T lymphocytes (52). In addition, lymphocytes from hemizygous L-selectin⫹/⫺ mice showed
a 50% reduction in L-selectin expression, which resulted in a 40 –
50% decrease in short term lymphocyte migration into Peyer’s
patches (52). Earlier reports on leukocyte rolling in Peyer’s patch
HEV found that P-selectin contributes to rolling. However, this
contribution appeared to be of minor significance (16). Our results
demonstrate a modest, but not significant, reduction in leukocyte
rolling on Peyer’s patch HEV after injection of a P-selectin-blocking mAb. The observed reduction in rolling flux on Peyer’s patch
HEV in untreated core2⫺/⫺ mice compared with control mice may
relate to some impairment in P-selectin ligand function on lymphocytes and/or granulocytes (38). However, reduced rolling of
L-selectin-coated beads in core2⫺/⫺ mice clearly demonstrated a
small impairment in L-selectin ligand function on HEV.
The cause of the differential reduction in L-selectin ligand function on inflamed endothelial cells, where L-selectin-mediated rolling is completely absent, compared with almost normal L-selectin
ligand function on HEV of Peyer’s patches is currently unknown.
However, multiple Core2GlcNAcT-I exist, showing different tissue distribution and specificity. The first Core2GlcNAcT identified
by transfection cloning is widely expressed, functions only in
core2 synthesis (53, 54), and resembles the leukocyte
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Core2GlcNAcT activity identified by Williams and Schachter (55).
The impact of absence of this enzyme on selectin ligand function
was investigated here and in two previous reports (25, 38). Another Core2GlcNAcT was identified by expressed sequence tag
cloning strategy and has a less restricted acceptor specificity (54,
56). It resembles the mucus Core2GlcNAcT activity and is mainly
expressed in mucus-secreting organs (54, 56). It is thought that the
leukocyte Core2GlcNAcT-I controls synthesis of core2-dependent
selectin ligands in leukocytes and lymphoid tissues, but other, not
yet identified, Core2GlcNAcT may exist. Recently, Schwientek et
al. (57) cloned a novel Core2GlcNAcT, which shows a restricted
expression pattern in human organs with high expression in thymus and weak expression in small intestine and peripheral blood
leukocytes. In view of the fact that lymphoid tissue and lymphocyte homing are not significantly affected in Core2GlcNAcT-I
mice as shown here and by Ellies et al. (25), it is possible that other
forms of Core2GlcNAcT could account for selectin ligand function in lymphoid tissue. Another reason for the different L-selectin
ligand function on inflamed endothelium and on HEV could lie in
the existence of Core2GlcNAcT-I-independent selectin ligands as
previously shown for P-selectin glycoprotein ligand-1-dependent
rolling (38). Further research is needed to identify the molecular
nature of the Core2GlcNAcT-I-independent L-selectin ligands.
In conclusion, the present study reveals a third mechanism by
which the absence of Core2GlcNAcT-I impairs neutrophil recruitment to sites of inflammation, in addition to impaired P- and Eselectin ligand function (25, 38). L-selectin-dependent leukocyte
or bead rolling at sites of inflammation is completely absent in
core2⫺/⫺ mice. In contrast, L-selectin-dependent leukocyte rolling
in Peyer’s patch HEV is not significantly impaired in core2⫺/⫺
mice. These findings 1) unequivocally show that L-selectin ligands
on inflamed endothelium are O-glycans; and 2) are fundamentally
different from L-selectin ligands constitutively expressed in high
endothelial venules. The knowledge that the relevant L-selectin
ligands in inflammation are present on O-glycans should invigorate the search for the endothelial glycoproteins presenting these
ligands.
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