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Abstract

 

Leukocyte Adhesion Deficiency Type II (LAD II) is a re-
cently described syndrome and the two patients with this
defect lack fucosylated glycoconjugates. These glycoconju-
gates include the selectin ligand, sialyl Lewis

 

X

 

, and various
fucosylated blood group antigens. To date, the molecular
anomaly in these patients has not been identified. We local-
ized the defect in LAD II to the de novo pathway of GDP-
fucose biosynthesis, by inducing cell-surface expression of
fucosylated glycoconjugates after exposure of lymphoblas-
toid cell lines from the LAD II patients to exogenous fucose.
This defect is not restricted to hematopoietic cells, since
similar findings were elicited in both human umbilical vein
endothelial cells (HUVEC) and fibroblasts derived from an
affected abortus. We have used these LAD II endothelial
cells to examine the consequence of fucosylation of endothe-
lial cells on the rolling of normal neutrophils in an in vitro
assay. Neutrophil rolling on LPS-treated normal and LAD
II HUVEC was inhibited by an E-selectin monoclonal anti-
body at both high and low shear rates. LAD II HUVEC
lacking fucosylated glycoproteins supported leukocyte roll-
ing to a similar degree as normal HUVEC or LAD II cells
that were fucose-fed. At low shear rates, an L-selectin anti-
body inhibited neutrophil rolling to a similar degree whether
the LAD II cells had been fucose-fed or not. These findings
suggest that fucosylation of nonlymphoid endothelial cells
does not play a major role in neutrophil rolling and that fu-
cose is not a critical moiety on the L-selectin ligand(s) on en-
dothelial cells of the systemic vasculature. (

 

J. Clin. Invest.

 

1998. 101:2438–2445.) Key words: selectin 

 

•

 

 inflammation 

 

•

 

sialyl Lewis

 

X
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Introduction

 

Leukocyte Adhesion Deficiency Type II (LAD II)

 

1

 

 is a re-
cently described syndrome in which the neutrophils of two un-

related patients do not express sialyl Lewis X (sLe

 

X

 

) (1, 2), the
fucose-containing carbohydrate reported to be the ligand for
adhesion molecules of the selectin family (3, 4). Neutrophils
from both patients fail to bind to E-selectin on IL-1

 

b

 

–activated
endothelial cells (1). The neutrophils from one patient were
evaluated and found to be unable to bind P-selectin as well (5).
However, LAD II is not a syndrome confined to a leukocyte
adhesion defect. Both patients described also suffer severe
psychomotor and growth retardation and have dysmorphic
features, hypotonia, seizures, and strabismus (2). Of interest is
the fact that serology of both patients demonstrates that the
red cells are of the Bombay phenotype (lack the H antigen)
and Lewis a

 

2

 

b

 

2

 

, and that both patients are nonsecretors (2).
All three phenotypes result from the lack of fucosylation of
glycoconjugates (6).

Previous studies have concentrated on the adhesion defi-
ciency and leukocyte kinetics (1, 5, 7, 8), but the defect that re-
sults in this syndrome has not been characterized. At least four
different fucosyltransferases would have to be affected (sLe

 

X

 

,
H, Lewis, and secretor) if they were the cause of the syndrome,
but these genes are not physically linked in the human genome
(loci include chromosomes 11, 19p, and 19q; references 9, 10),
thus it is unlikely that LAD II is the result of abnormal fucosyl-
transferase(s). Moreover, in one patient levels of the H and
secretor transferases were found to be normal (11). Hence, we
directed our attention to events necessary for fucosylation,
that are proximal to terminal fucosyltransferase activity. In
this report, we extend the preliminary findings of Etzioni at al.
(12) to localize the defect in LAD II to the de novo

 

 

 

pathway of
GDP-fucose biosynthesis and also demonstrate that this defect
is not limited to hematopoietic cells, because, at the very least,
endothelial cells and fibroblasts show the same defect.

Recently, it has been proposed that fucosylation of the
L-, E-, and P-selectin ligands is essential for leukocyte adhe-
sion and trafficking (13, 14). The 

 

a

 

(1,3) fucosyltransferase,
FucT–VII, has been shown to be the critical enzyme for syn-
thesizing the sLe

 

X

 

 determinant and fucosylation of selectin
ligands in mice (13–15). Studies in FucT-VII–null mice impli-
cate specific 

 

a

 

(1,3)-linked fucose residues for the expression of
L-selectin ligand activity in high endothelial venules of lymph
node and Peyer’s patches (14). Lymphocyte homing was also
noted to be defective in these mice (14). The demonstration
that endothelial cells of LAD II patients also exhibit a lack of
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 HUVEC, human umbilical vein
endothelial cells; LAD II, Leukocyte Adhesion Deficiency Type II;
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;
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fucosylated proteins that can be corrected by fucose-feeding,
allowed us to investigate the role of endothelial fucosylation in
neutrophil rolling. Our studies indicate that fucosylation of hu-
man umbilical vein endothelial cells (HUVEC) is not required
for neutrophil rolling.

 

Methods

 

Reagents.

 

Fluorescein isothiocyanate-conjugated lectins, Ulex euro-
paeus I agglutinin (UEA) and Lotus tetragonolobus agglutinin
(LTA), were purchased from Sigma Chemical Co. (St. Louis, MO)
and Anguilla anguilla agglutinin was obtained from E.Y. Laborato-
ries, Inc. (San Mateo, CA). Fluorescein isothiocyanate–conjugated
rat anti–mouse IgM was purchased from Biosource International
(Camarillo, CA). The CSLEX1 (anti-sLe

 

X

 

, IgM) hybridoma was ac-
quired from the American Type Culture Collection (ATCC, Rock-
ville, MD) and ascites was prepared by standard techniques (16).
Briefly, BALB/c mice were primed with 0.5 ml of pristane (Sigma
Chemical Co.) 1 wk before intraperitoneal injection of CSLEX1 hy-
bridoma cells. Ascites was harvested after 2 wk and used at 1:100 di-
lution. All lectins were used at 25 

 

m

 

g/ml and rat anti–mouse IgM was
used at 5 

 

m

 

g/ml for flow cytometry experiments. The CD18 mAb,
60.3, was prepared as previously described (17) and added to all neu-
trophil suspensions for rolling experiments. The anti–L-selectin mAb,
LAM 1-3, was a gift from T.F. Tedder (Duke University, Durham,
NC; reference 18). The anti–E-selectin mAb used was CY1787 (gift
of J. Paulson, Cytel Corp., San Diego, CA). All mAbs were added at
a concentration of 25 

 

m

 

g/ml and the concentration was maintained
throughout the rolling experiments.

 

Cell culture and generation of LAD II lymphoblastoid cell lines.

 

Lymphoblastoid cell-lines were generated from one of the children
with LAD II as previously described (19). Mononuclear cells were
isolated over a Ficoll-Hypaque density gradient. Separated leuko-
cytes were incubated with Epstein-Barr virus supernatant for 24 h,
then cyclosporin A (2 

 

m

 

g/ml) was added. Thereafter, cells were split
1:1 on a weekly basis until the cultures were established. Several cell
lines were generated, and two (R5 and H8) were used in this study.
These lymphoblastoid cell lines were cultured in RPMI 1640 me-
dium supplemented with 15% FCS, sodium pyruvate, penicillin, and
streptomycin. The final concentration of glucose in this medium was
12 mM.

Besides the two patients with LAD II who have been described,
an abortus from one of the pairs of consanguineous parents was also
found to be of the Bombay phenotype. HUVEC from this abortus as
well as from normal umbilical cords were obtained by collagenase
treatment of these umbilical cord veins as previously described (20).
Cultures were propagated in RPMI 1640 medium supplemented with
20% BCS, 90 

 

m

 

g/ml heparin (Sigma Chemical Co.), endothelial cell
growth factor (50 

 

m

 

g/ml) prepared from bovine hypothalamus, peni-
cillin, streptomycin, and fungizone. Fibroblasts from this cord were
also harvested and passaged in DME supplemented with 10% FCS.
Fibroblasts and HUVEC were used up to passage 8 and split at con-
fluence. Normal and LAD II HUVEC were used at comparable pas-
sage numbers in all experiments. All cells were maintained in 5%
CO

 

2

 

 at 37

 

8

 

C.
Feeding with sugars was accomplished by adding either 

 

L

 

-fucose
or 

 

D

 

-glucose (Sigma Chemical Co.) to a final concentration that was
10 mM above that in the basal medium. Exposure to the monosaccha-
rides was continued for at least 5 d with medium changes every sec-
ond or third day.

 

Flow cytometry.

 

Fibroblasts and HUVEC were detached with
EDTA before staining. All cells were washed once with PBS contain-
ing 0.1% BSA and 0.02% NaN

 

3

 

 and resuspended in 50 

 

m

 

l. For adher-
ent cells, one well of a 6-well plate was used for each staining reac-
tion. Lymphoblastoid cells were resuspended at a concentration of
2 

 

3 

 

10

 

5

 

 cells per 50 

 

m

 

l. Fibroblasts and HUVEC were preincubated
with 50 

 

m

 

l of heat-inactivated adult bovine serum to reduce nonspe-

cific binding. Lectin or primary antibody was added to the cells and
allowed to incubate on ice for 45 min. Where required, secondary an-
tibody was added and allowed to incubate an additional 45 min on
ice. Cells were washed twice with cold PBS after incubation with each
lectin or antibody. Cells were fixed in 1% paraformaldehyde after
staining. Samples were run on a FACScan

 

®

 

 flow cytometer (Becton
Dickinson, Mountain View, CA). Data were acquired using Lysis II
software and analyzed with Repromac (Truefacts Software, Seattle,
WA) software.

 

Isolation of neutrophils.

 

Neutrophils were purified from heparin
anticoagulated venous blood samples from healthy adult volunteers
using a Polymorphoprep (Nycomed Pharmaceuticals, Oslo, Norway)
density gradient. Isolated neutrophils were washed once with HBSS
(Bio-Whittaker, Walkersville, MD) and then resuspended in HBSS.
Neutrophils were diluted to a concentration of 125,000/ml immedi-
ately before each flow chamber run. Neutrophils solutions were incu-
bated with mAb for 5–10 min at 37

 

8

 

C before each flow chamber run.

 

Flow chamber.

 

A parallel plate flow chamber was constructed us-
ing a design similar to those described previously (21). Briefly, a
Plexiglas base was constructed with an inlet and outlet port, a silastic
membrane with a slit cut 

 

z 

 

28 mm long and 2 mm wide was placed on
the base and secured with springs. The slit in the membrane created a
channel between the base and the monolayers through which the
neutrophils flow. Endothelial cells collected from the umbilical cord
of a LAD II abortus or normal HUVEC were grown to confluency on
gelatin-coated chamber slides (Nunc, Inc., Naperville, IL), stimulated
with LPS (100 ng/ml) for 4 h, and mounted in parallel plate flow
chambers. The monolayers were perfused with HBSS for 5–10 min.
Neutrophils were diluted to a concentration of 125,000/ml and incu-
bated with mAb where indicated at 37

 

8

 

C for 5–10 min. The concen-
tration of mAb was maintained throughout the experiment. The neu-
trophil solutions were passed through the flow chamber at shear
stresses of 1.16 or 2.33 dyn/cm

 

2

 

 using an infusion pump (Harvard Ap-
paratus, Inc., South Natick, MA). The interaction of the neutrophils
with the HUVEC was observed using phase contrast microscopy (Dia-
phot 200; Nikon Inc., Melville, NY) and recorded on videotape for 10
min. The recorded images were analyzed using the computer pro-
gram NIH Image 1.55. Images were digitized and frames captured ev-
ery 4 s. Then the first frame of the analysis was subtracted from the
later frame. The initial images were captured on a gray scale between
0 (black) and 255 (white). The image was scaled after subtraction to
again result in a gray scale between 0 and 255. Thus, a rolling neutro-
phil would appear as a black spot at its original position and as a
white spot at its final location after 4 s. If the neutrophil did not move,
it would appear as a gray spot. The number of neutrophils rolling per
frame were counted at three different times for each experiment (at
7, 8.5, and 10 min of the 10 min neutrophil perfusion). The mean
number of rolling neutrophils for each experiment was then calcu-
lated and converted to neutrophils/mm

 

2

 

. Only those neutrophils that
rolled in the 4 s interval were counted. Using the same computer pro-
gram, the distance that the neutrophil traveled in 4 s was measured in
pixels, converted to micrometers, and the velocity was calculated.
The velocities of 50 neutrophils in the last 3 min of neutrophil perfu-
sion (7–10 min) were measured and the mean neutrophil velocity for
the experiment was calculated. The temperature for all experiments
was maintained at 37

 

8

 

C using an incubator around the microscope
and an incubator warmer (Nikon Inc.). The temperature of the perfu-
sate was measured with a thermistor-tipped catheter threaded into
the outflow tract of the flow chamber and the incubator temperature
adjusted to maintain the perfusate temperature at 37

 

8

 

C.

 

Results

 

Fucosylation of glycoproteins can be induced in lymphoblastoid
cell-lines from a patient with LAD II.

 

Leukocytes and red cells
of patients with LAD II previously have been shown to lack
several fucosylated glycoproteins (1, 2). For instance the neu-
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trophils of these patients lack sLe

 

X

 

 as determined by lack of
staining with the antibody CSLEX-1 (1, 5, 7). The incorpora-
tion of sugars into glycoproteins by glycosyltransferases re-
quires a high-energy sugar nucleotide substrate (22). In the
case of fucose, fucosyltransferases require GDP-

 

L

 

-fucose (23).
Two pathways for the generation of GDP-fucose have been
delineated (Fig. 1; references 23–36). The de novo pathway
synthesizes GDP-fucose from GDP-mannose, which itself
originates from glucose (Fig. 1 

 

A

 

; references 24–29, 31, 34, 35).
The salvage or scavenger pathway converts exogenous fucose
to GDP-fucose (23, 30, 32, 33, 36). To determine whether a de-
fect in either of these pathways could explain a lack of fucosy-
lated glycoproteins, two lymphoblastoid lines were created
from one of the LAD II patients. As with neutrophils of these
patients, both cell-lines were found to lack sLe

 

X

 

 (12), whereas
a subset of normal lymphoid cells do express sLe

 

X

 

 (37). If the
defect in fucose biosynthesis were in the de novo pathway,
provision of exogenous fucose should induce the expression of
fucosylated glycoproteins by synthesis of GDP-fucose through
the scavenger pathway. This would not be true if the defect lies
in the scavenger pathway.

As shown in Fig. 2 

 

A

 

, feeding the R5 cell line 10 mM fucose
for 5 d resulted in the expression of sLe

 

X

 

 in a subset of cells
(12), whereas addition of 10 mM glucose did not induce the an-
tigen. However, attempts at blocking the binding of CSLEX-1
with fucose were unsuccessful (data not shown). Hence, to
demonstrate the specificity of fucose feeding in the induction
of fucosylated glycoproteins, several fucose-specific lectins
were tested (UEA I, Anguilla anguilla agglutinin, and LTA).
One of these, LTA, was found to bind to fucose-fed H8 cells,
but not to glucose-fed cells (Fig. 2 

 

B

 

). Ligands for the other
two lectins could not be induced. Furthermore, the binding of
LTA to the H8 cell line could be blocked by 2.5 mM fucose but
not by the same concentration of glucose (Fig. 2 

 

C

 

). These re-
sults indicate that the scavenger pathway of GDP-fucose bio-

synthesis must be intact, but that the

 

 

 

de novo pathway is com-
promised.

 

The defect in GDP-fucose biosynthesis is not restricted to
hematopoietic cells.

 

An abortus from one of the pairs of con-
sanguineous parents was also found to be of the Bombay phe-
notype. Endothelial cells from this umbilical cord were also
tested with the three lectins above. As would be expected for
HUVEC (38–40), receptors for two of these lectins—UEA
and LTA—were found to be induced by fucose-feeding (Fig. 3,

 

A

 

 and 

 

B

 

). Again, specificity of the lectins for fucose was con-
firmed by competition of binding by fucose (125 mM in the
case of UEA and 2.5 mM for LTA), but not by the same con-
centration of glucose (Fig. 3, 

 

C 

 

and 

 

D

 

). The requirement of a
higher concentration of fucose to inhibit UEA than LTA has
previously been described (41). Normal HUVEC also showed
a slight induction of UEA with fucose-feeding (data not
shown), but this was minimal with a mean channel fluores-
cence increase of 1.4-fold compared with a 160-fold increase
with the LAD II HUVEC. This would suggest that the limiting
factor of UEA receptor expression on HUVEC is the provi-
sion of GDP-fucose rather than fucosyltransferase activity.

In similar experiments, fibroblasts from this umbilical cord
could also be induced to express UEA and LTA receptors
(Fig. 4, 

 

A

 

 and 

 

C

 

). On the other hand, normal skin fibroblasts,
which expressed these lectin receptors at baseline, were not
able to further induce these receptors when exposed to exoge-
nous fucose (Fig. 4, 

 

B

 

 and 

 

D

 

), demonstrating that these findings
are not a nonspecific effect of feeding cells fucose. The results
presented here indicate that the defect in de novo GDP-fucose
biosynthesis is not restricted to hematopoietic cells.

 

Fucosylglycoconjugates on HUVEC are not required for the
rolling of normal neutrophils.

 

It has been proposed that a ma-
jor mechanism of neutrophil rolling is via L-selectin and
PSGL-1 interactions with E- and P-selectin (42). The L-selec-
tin interaction has been proposed to result mainly from its pre-

Figure 1. (A) The proposed path-
way for the conversion of glucose to 
GDP-fucose in the de novo path-
way. (B) Schema for the generation 
of GDP-L-fucose via the scavenger 
and de novo pathways.
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sentation of sLe

 

X

 

 to E-selectin (43, 44). However, L-selectin
has also been reported to mediate endothelial interactions by
its lectin domain through recognition of endothelial carbohy-
drates (45, 46). It is not clear whether fucose is an important
moiety in this latter interaction. Since we were able to show
that expression of fucosyl moieties could be manipulated on
the cell surface, we used the LAD II HUVEC to determine if
HUVEC fucosylation was critical for the rolling of normal
neutrophils.

Neutrophil rolling experiments were performed at a shear
stress of 2.33 dyn/cm

 

2

 

,

 

 

 

as well as a lower shear stress of 1.16
dyn/cm

 

2

 

 after treatment of HUVEC for 4 h with LPS to induce
E-selectin. No rolling was detected without LPS pretreatment
(data not shown). Neutrophil adhesion and transmigration
were prevented with a CD18 blocking mAb (60.3) and the
CD18 mAb was used in all experiments. Normal HUVEC,
LAD II HUVEC, and fucose-fed HUVEC supported similar
numbers of rolling neutrophils (Fig. 5 

 

A

 

), with similar rolling
velocities (Table I) at the higher shear stress. All rolling could
be abolished by treating the HUVEC with a blocking anti–
E-selectin mAb (CY1787), but there was only minimal blocking
when neutrophils were treated with a blocking anti–L-selectin
mAb (LAM 1–3; data not shown) at the higher shear stress.

Unfortunately, because of the scarcity of the LAD II
HUVEC, only two separate experiments could be performed
at the lower shear stress. Similar results were noted for the
rolling velocities of LAD II HUVEC, whether they were fu-
cose-fed or not (Table I). Anti–E-selectin mAb treatment
completely abrogated all rolling (data not shown). On the
other hand, at the lower shear stress, L-selectin provided a sig-
nificant component of the rolling, as determined by atten-
uation with anti–L-selectin mAb LAM 1–3 (Fig. 5 

 

B

 

). The

Figure 2. Induction of 
fucosylated glycoconju-
gates by fucose-feeding 
of LAD II lymphoblas-
toid cells. (A) Surface 
expression of sLeX on 
R5 cells after 5 d in un-
supplemented medium, 
addition of 10 mM fu-
cose, or addition of 10 
mM glucose. (B) Sur-
face expression of LTA 
receptors after 5 d incu-
bation in unsupple-
mented medium, addi-
tion of 10 mM fucose,
or 10 mM glucose. (C) 
Surface expression of 
LTA receptors after 5 d 
incubation in unsupple-
mented medium or
fucose-containing
medium. Staining of fu-
cose-fed cells was car-
ried out with LTA incu-
bated with 2.5 mM 
fucose, or 2.5 mM glu-
cose. Figure shows one 
representative experi-
ment of at least three 
separate experiments.

Figure 3. Induction of fucosylated 
glycoconjugates after fucose-feeding 
of LAD II HUVEC. Surface expres-
sion of (A) UEA receptors or (B) 
LTA receptors after a 5-d culture of 
LAD II HUVEC with unsupple-
mented medium or medium sup-
plemented with 10 mM fucose or
10 mM glucose. The legend in B ap-
plies to A and B. (C) UEA staining 
of fucose-fed cells was carried out 
after incubation of lectin with fucose 
(125 mM) or glucose (125 mM). (D) 
LTA staining of fucose-fed cells was 
carried out after incubation of lectin 
with fucose (2.5 mM) or glucose
(2.5 mM). Legend in D applies to 
panels C and D. Figure shows one 
representative experiment of at 
least three separate experiments.
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epitope of mAb LAM 1–3 has been mapped to the lectin do-
main of L-selectin (18) and has been shown to block L-selec-
tin–mediated rolling while a second mAb (LAM 1–11) which
maps to an epitope within the lectin domain not involved in
ligand binding does not affect rolling (46). Our laboratory has
shown previously that mAb LAM 1–3 attenuates reperfusion
injury in the rabbit ear, but the nonfunction blocking mAb,
LAM 1–14, does not (47). Hence, the similar degree of block-
ing by LAM 1–3 mAb whether the LAD II HUVEC were fu-
cose-fed or not suggests that fucosylation of HUVEC is not
critical for L-selectin–mediated rolling of neutrophils.

With each of the rolling experiments, the LAD II HUVEC
were analyzed by flow-cytometry to show that fucose-feeding
did result in expression of UEA receptors and that LPS-
induced E-selectin levels were similar for all the cells. Fig. 5 

 

C

 

shows one representative experiment.

 

Discussion

 

Post-translational modification of proteins by the addition of
carbohydrate residues is a complex process requiring multiple
steps (22, 48). One of the key requirements for the addition of
saccharides to proteins or lipids is the presence of specific gly-
cosyltransferases which act on their corresponding high-energy
sugar nucleotide (22, 48). In the case of fucose this nucleotide-
saccharide substrate is GDP-

 

L

 

-fucose (22). In LAD II, several
fucosylated glycoconjugates have been noted to be absent (1,
2, 22.) Since the fucose-deficient molecules identified thus far
require different fucosyltransferases to catalyze the addition of
fucose, it was presumed that the defect lay in the generation of
GDP-

 

L

 

-fucose.
Two major pathways have been described for the synthesis

of GDP-

 

L

 

-fucose (23–35; Fig. 1). In a study on HeLa cells, it

was estimated that 

 

z 

 

90% of the GDP-

 

L

 

-fucose generated in a
cell arises from the de novo

 

 

 

pathway (31). Previous studies on
mouse lymphoma and Chinese hamster ovary glycosylation
mutants demonstrated that defects in the de novo pathway of
GDP-fucose synthesis could be bypassed with the scavenger
pathway, by feeding the cells 10 mM fucose (49, 50). In this pa-
per, we show that fucose-feeding results in the expression of
sLe

 

X

 

 as well as fucose-specific lectin receptors on lymphoblas-
toid cells, HUVEC, and fibroblasts of LAD II patients. This
finding indicates that the scavenger pathway of GDP-

 

L

 

-fucose
biosynthesis must be intact and also confirms that the fucosyl-
transferases in this syndrome are active (11), but lack their
substrate.

It has been demonstrated in bacteria and in man that glu-
cose is converted to fucose with the carbon chain intact (24–
28). A pathway for this conversion has been proposed by Fos-
ter and Ginsburg (reference 28; Fig. 1 

 

A

 

). If LAD II cells were
able to use this pathway, the presence of glucose in the me-

Figure 4. Induction of fucosylated 
glycoconjugates after fucose-feeding 
of LAD II umbilical cord fibroblasts 
or normal skin fibroblasts. Surface 
expression of LTA receptors on fu-
cose-fed (A) LAD II fibroblasts or 
(B) normal skin fibroblasts. Surface 
expression of UEA receptors on fu-
cose-fed (C) LAD II fibroblasts or 
(D) normal skin fibroblasts. Legend 
in A applies to all panels. Figure 
shows one representative experi-
ment of two separate experiments.

 

Table I. Leukocyte Rolling Velocities on Normal or
LAD II HUVEC

 

Velocity (

 

m

 

m/s)

High shear* (2.33 dyn/cm

 

2

 

) Low shear

 

‡ (1.16 dyn/cm2)

Normal 8.1865.68 —
LAD II 8.6463.29 6.8762.02
LAD II/fucose 9.4563.38 6.8360.21

*Mean6SD of four independent experiments; ‡Mean6SD of two inde-
pendent experiments.
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dium should induce membrane fucosylglycoproteins as dem-
onstrated with fucose. The finding that provision of fucose but
not of glucose results in the surface expression of normally ex-
pressed fucosylated antigens, indicates that the defect in LAD
II must lie in the de novo pathway of GDP-L-fucose biosynthe-
sis. It can be inferred that the synthesis of GDP-mannose is not
affected, since this would result in a major defect of NH2-
linked glycosylation with additional clinical findings conse-
quent to, among other things, disruption of lysosomal targeting
of enzymes (51, 52). Hence, the LAD II defect must involve
one of the enzymes involved in the conversion of GDP-man-
nose to GDP-fucose (references 34 and 35; Fig 1 B). The epi-
merase and reductase activities have been demonstrated to re-
side on a single protein (35). Thus, we predict that the
molecular defect in LAD II involves either GDP-D-mannose-
4,6-dehydratase or GDP-4-keto-6-deoxy-D-mannose-3,5-epi-
merase-4-reductase (34, 35). The epimerase-reductase func-
tion has been attributed to the FX protein, the cDNA for
which has recently been cloned (53). It will be interesting to
determine whether transfection of this cDNA can correct the
defect in LAD II cells.

The wide ranging clinical findings demonstrated by these

patients and the fact that they are nonsecretors suggests that
the molecular defect in these patients must be generalized (2).
However, previously there was no experimental evidence to
verify this hypothesis. By showing that both HUVEC and fi-
broblasts of an abortus with the Bombay phenotype from one
set of parents can be induced to express fucose-specific lectin
receptors, we prove that the LAD II defect is not isolated to
the hematopoietic system. This finding may provide an expla-
nation for the widespread clinical manifestations of patients
with this syndrome.

The demonstration that we could manipulate fucose ex-
pression on LAD II HUVEC allowed us to investigate the role
of endothelial fucosylation on normal neutrophil rolling in an
in vitro assay. Although, one major role of L-selectin appears
to be the displaying of sLeX to endothelial E-selectin (43, 44),
it has also been proposed that L-selectin can recognize carbo-
hydrates on endothelial cells via its lectin domain (45, 46). The
carbohydrates involved in this latter interaction have not been
identified. However, it is thought that sulfation is important
for high affinity binding to L-selectin (54–58), and, specifically,
that heparan sulfate proteoglycans serve as ligands for mono-
cyte L-selectin (59). Our study suggests that fucose is not an
important saccharide for L-selectin–mediated rolling on sys-
temic endothelium. This finding is consistent with the observa-
tion that L-selectin can bind 39-sulfated oligosaccharides lack-
ing fucose, but not to fuco-oligosaccharide analogues lacking
sulfate or sialic acid (56). Although the findings reported here
appear to contradict those seen in the FucT-VII–deficient mice
(14), several explanations may be offered. The first is that in
the previous study (14) L-selectin binding was only examined
in the high endothelial venules of lymphoid tissue which may
exhibit different L-selectin ligands from systemic endothelium
(60). Further, the fucosylation defect in these mice is present in
both the leukocyte and the endothelium as opposed to only
the endothelial cells in this study. Another difference between
this study and the study by Maly et al. (14) is that only lympho-
cyte trafficking was examined in that paper. It has been shown
that rolling of T cells on cytokine-stimulated HUVEC in vitro
is not affected by mAb to L-selectin, in contrast to rolling of
both normal neutrophils and monocytes (60). Hence, the de-
fect in lymphocyte homing in FucT-VII–null mice may not
necessarily extend to the rolling of normal neutrophils or
monocytes on nonfucosylated endothelium. Finally, as noted
by Varki (61), the differences in evolutionary pressures on the
carbohydrate components of selectin ligands mean that it may
not always be valid to extrapolate data from mice to humans.

The above discussion is predicated on the fact that LPS-
stimulated HUVEC express functional L-selectin ligands. Al-
though, this has been demonstrated in other studies, because
of the limited availability of LAD II HUVEC, we were unable
to show that in our experiments a functional L-selectin ligand
was present (45, 46). However, it has been shown that L-selec-
tin from human, but not mouse, neutrophils binds directly to
E-selectin (62). Taken together with our findings that an
E-selectin neutralizing mAb blocks neutrophil rolling (see be-
low), it seems likely that neutrophil L-selectin engages coun-
terstructures on HUVEC E-selectin for rolling. Nevertheless,
an alternative explanation for our findings may be that neutro-
phil rolling on LPS-stimulated LAD II HUVEC is independent
of L-selectin and its ligand. If this were the case, one would
have to assume that inhibition of rolling by anti–L-selectin
mAb LAM 1-3 was due to inhibition of neutrophil–neutrophil

Figure 5. Neutrophil 
rolling on LPS-stimu-
lated HUVEC at (A) 
high shear stress or (B) 
low shear stress. Neu-
trophils from normal 
donors were allowed to 
roll on normal HUVEC, 
LAD II HUVEC cul-
tured in unsupple-
mented medium (LAD 
II) or LAD II HUVEC 
cultured in medium sup-
plemented with 10 mM 
fucose for at least 5 d 
(LAD II/Fuc). All
HUVEC were stimu-
lated with LPS (100 ng/
ml) for 4 h before rolling 
experiments to induce 
E-selectin expression. 
All rolling experiments 
were performed in the 
presence of a CD18 neu-
tralizing mAb (60.3) to 
prevent firm adhesion 
and neutrophil transmi-
gration. An L-selectin 
lectin domain-blocking 
mAb (LAM 1–3) was 

used in some experiments at low shear (B). (C) Representative flow-
cytometry experiment showing the relative surface expression of 
UEA receptors and E-selectin after LPS-stimulation. A shows the 
mean6SD of four independent experiments. There is no difference in 
the number of rolling neutrophils as determined by ANOVA. B 
shows the mean6SD of nine independent experiments for normal 
HUVEC and the two individual experiments for LAD II HUVEC. A 
paired t test shows that neutrophil rolling was inhibited in the normal 
HUVEC treated with LAM 1–3 (P , 0.05).
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interactions and not neutrophil–endothelial interactions (63).
Regardless of the actual interacting molecules between neu-
trophils and endothelial cells, it appears that fucose is not a
critical carbohydrate for neutrophil rolling on LPS-stimulated
HUVEC.

The presumed lack of requirement for fucose in L-selectin
binding contrasts with the importance of fucose for E- and
P-selectin binding (58). The fucose requirement of E- and
P-selectin has been confirmed by studies showing that neutro-
phils from a LAD II patient express normal levels of L-selec-
tin, but bind minimally to recombinant E-selectin and purified
platelet P-selectin (5) and roll poorly on inflamed mesenteric
venules of rabbits (7). We speculate that the relatively mild
phenotype of the LAD II patients with respect to infectious
complications (Etzioni, A., unpublished observations) may re-
flect residual L-selectin function as well as an intact b2 integrin
pathway. It would be interesting to recapitulate the LAD II
defect in vitro and study the rolling of LAD II neutrophils on
LAD II HUVEC.

In this study, neutrophil rolling on normal or LAD II
HUVEC was completely blocked by an E-selectin mAb (data
not shown). These results for normal HUVEC differ some-
what from a previous study in which E-selectin Abs did not
block all interactions (rolling, adherence, and transmigration;
reference 64). The differences might be explained by the pres-
ence of CD18 interactions in the previous study (64), which
were blocked in this study. Furthermore, in the culture con-
ditions used here, HUVEC cannot be induced to express
P-selectin once the cells have been passaged (our unpublished
observations). The requirement of E-selectin for neutrophil
rolling is present at both high and low shear stresses. In con-
trast to E-selectin, we find that L-selectin blocking prevents
neutrophil rolling only partially and only at the lower shear
stress. That an L-selectin component of rolling is only noted at
lower rates was recently described by Finger et al. (65). In
that study, a threshold shear was required for rolling through
L-selectin, peaking at a shear stress of z 1 dyn/cm2. Virtually
no rolling was seen at shear stresses . 2 dyn/cm2. In this study,
the fact that at the lower shear stress, an L-selectin Ab could
partially block rolling and an E-selectin Ab completely
blocked rolling suggests that glycoconjugates on E-selectin
may be required for L-selectin rolling as previously suggested
(42, 44, 62, 64). Alternatively, L-selectin may recognize a non-
fucosylated ligand on HUVEC distinct from E-selectin, but
rolling also requires E-selectin interaction with a neutrophil
glycoconjugate. Patel et al. (42) have proposed that flowing
neutrophils require the cooperative function of L-selectin and
PSGL-1 to attach optimally to E-selectin. Further studies are
required to distinguish between these possibilities.
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