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Abstract

Wehave previously reported a newly discovered congenital
disorder of neutrophil adhesion, leukocyte adhesion defi-
ciency syndrome type 2 (LAD II). The clinical manifesta-
tions of this syndrome are similar to those seen in the classic
leukocyte adhesion deficiency syndrome, now designated
type 1 (LAD I), but the two syndromes differ in the molecu-
lar basis of their adhesion defects. LAD I is caused by a
deficiency in the CD18 integrin adhesion molecules while
LAD II patients are deficient in expression of sialyl-Lewis
X (SLe'), a carbohydrate ligand for selecting. In this report
we demonstrate that neutrophils from a LAD II patient bind
minimally or not at all to recombinant E-selectin, purified
platelet P-selectin, or P-selectin expressed on histamine-acti-
vated human umbilical vein endothelial cells, but have nor-
mal levels of L-selectin and CD11b/CD18 integrin, and ad-
here to and migrate across endothelium when CD11b/CD18
is activated. Wecompare LAD I and LAD II patient neutro-
phil function in vitro, demonstrating that integrin and selec-
tin adhesion molecules have distinct but interdependent
roles in neutrophil adhesion during an inflammatory re-
sponse. (J. Clin. Invest. 1995. 96:2898-2906.) Key words:
inflammation * immunocytoadherence * immunodeficiency
- immunocompromised

Introduction

Recruitment of neutrophils from the blood stream to extravascu-
lar sites of inflammation is a critical event in host defense
against bacterial infection and in the repair of tissue damage.
In addition, under some circumstances, neutrophil accumulation
may contribute to vascular and tissue injury. Studies by intravi-
tal microscopy dating back to the 19th century have identified
a complex but coordinated sequence of events involved in neu-
trophil emigration ( 1). In response to extravascular stimuli such
as bacterial-derived chemoattractants, or endogenous lipid and
peptide mediators generated at sites of infection or tissue dam-
age, leukocytes are first observed to "roll" along the vessel
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wall adjacent to the site of inflammation. This rolling was de-
scribed by Atherton and Bom (2) to shear forces produced
by blood flow and adhesive forces between the leukocyte and
endothelium. Some of the rolling cells subsequently adhere
firmly or "stick", then diapedese between endothelial cells,
and migrate through the subendothelial matrix to the site of
inflammation. Defects at any point in this cascade of events
will impair emigration.

As with other questions in biology, important insights into
the molecular basis of leukocyte adherence to endothelium dur-
ing the process of migration come from studies of genetic defi-
ciency syndromes. The leukocyte adhesion deficiency syndrome
type 1 (LAD I)' results from a congenital deficiency of the
leukocyte P2 integrin receptor complex CD11 /CD 18 on the cell
surface (3, 4). Patients with LADI syndrome exhibit a profound
defect in neutrophil and monocyte emigration to extravascular
sites of inflammation. Studies in vivo (5, 6) and in vitro (7, 8)
demonstrate that CD11 /CD 18 and its endothelial cell ligands
including intercellular adhesion molecule- I (ICAM-1; CD54)
are necessary for firm neutrophil adherence and transendothelial
migration. However, leukocyte rolling along the vessel wall in
vivo (6) and neutrophil adherence to endothelium in vitro (9)
under conditions of physiologic shear forces were found not to
be dependent upon CD11/CD18. Instead, multiple studies in
vivo and in vitro indicate that the initial adhesive interaction
between leukocytes and the vessel wall, manifested by rolling,
is mediated primarily by selectin receptors and their glycoconju-
gate ligands (reviewed in references 10 and 11). Shear-resistant
adhesion mediated by selectins promotes the initial slowing of
leukocytes allowing subsequent engagement of integrin recep-
tors and firm adhesion. Consequently, defects in selectin-depen-
dent adhesion should also result in impaired neutrophil emigra-
tion to tissue. Etzioni et al. described two patients with a con-
genital defect of neutrophil adhesion resulting from a
generalized fucose deficiency, and this syndrome has been des-
ignated LAD type 2 (LAD II) (12). In the initial report, it was
shown that neutrophils from the LAD II patients did not express
sialyl Lewis X (SLex; CD15s), a fucose-containing glycoconju-
gate ligand for E (CD62E) -, P (CD62P) -, and L (CD62L) -
selectins (13-15), and failed to bind to interleukin-l-treated
endothelial cells expressing E-selectin. In the studies reported
here, we extend these observations, demonstrating that neutro-
phils from a LAD H patient bind minimally or not at all to
recombinant E-selectin, purified platelet P-selectin or P-selectin
expressed on histamine-activated human umbilical vein endo-

1. Abbreviations used in this paper: DPBS, Dulbecco's PBS; HUVEC,
human umbilical vein endothelial cells; LAD I, Leukocyte adhesion
deficiency type 1; LAD II, Leukocyte adhesion deficiency type 2; LeX,
sialyl Lewis X; SLea, sialyl Lewis A.
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thelial cells (HUVEC), but have normal levels of L-selectin
and CD1lb/CD18 integrin, and adhere to and migrate across
endothelium when CD1lb/CD18 integrin is activated.

Methods

Antibodies. The anti-P-selectin monoclonal antibody PB1.3 (16) and
the anti-E-selectin mAbs EB3.1 (IgG3) and ENBl.6 (IgGl) (Phillips,
M. L., B. R. Schwartz, A. Etzioni, R. Bayer, H. D. Ochs, J. C. Paulson,
and J. M. Harlan, unpublished data) were produced in our laboratory.
The CD15s mAbCSLEX-l (IgM) (17) was acquired from the Ameri-
can Type Culture Collection (Rockville, MD). Monoclonal antibodies
Leu 8 (L-selectin, IgG2a) and Leu lb (CD16, IgM) were purchased
from Becton-Dickinson (San Jose, CA), OKM-1 (CDl lb, IgG2b) from
Ortho Diagnostic Systems (Raritan, NJ) and CLBgran/10 (CD66,
IgGl) from Caltag Laboratories (So. San Francisco, CA). Monoclonal
antibody 7C3 (anti-Lewis X [Lex], CD15, IgG3) (18) was a gift of
Dr. D. Hickstein, University of Washington, Seattle, WA. Monoclonal
antibody BSl (CD43, IgGl) (19) was produced in our laboratory
(B. R. Schwartz and J. M. Harlan). Monoclonal antibody 60.3 (CD18,
IgG2a) (20) was a gift of Dr. P. Beatty, University of Utah, Salt Lake
City, UT and the CD45ROMab UCHL1, (Ig2a) (21) was the kind gift
of Dr. Peter L. C. Beverly, University College and Middlesex Medicine
London, United Kingdom. Monoclonal antibody HECA-452 (antihigh
endothelial venule, lymphocyte homing antigen, rat IgM, recognizes
SLeX [CD15s] and sialyl Lewis A [SLe']) (22) was a gift of Dr.
Steven Pals, Academisch Ziekenhuls Frije Universiteit, Amsterdam, The
Netherlands. Monoclonal antibody JP34-10 (CD13, IgG2a), the gift of
Dr. D. Roos, Netherlands Red Cross, Amsterdam, The Netherlands, and
the CDwl7 mAb (antilactosylceramide, IgM; Biodesign International,
Kennebunkport, ME), were used as isotype-matched neutrophil-binding
control mAbs for 60.3 and CSLEX-1, respectively.

Flow cytometry. Leukocytes were prepared from 3 ml of heparinized
whole blood by repeated lysis with cold red cell lysing solution (NH4Cl
168 mM, KHCO3 10 mM, EDTA 0.1 mM, pH 7.3). Unlysed cells
were collected by centrifugation at 300 g for 5 min. Leukocytes were
resuspended at 5-6 x 106/ml in HBSSwithout calcium and magnesium
(GIBCO, Grand Island, NY). One aliquot was treated with PMA(Sigma
Chemical Co., St. Louis, MO) IO-7 Mat 37°C for 40 min. Treated and
untreated cells were incubated on ice with 50% heat-inactivated adult
bovine serum (Hyclone, Logan, UT) and then with test mAbs.

Bound murine mAbs were stained with FITC-goat anti-mouse IgG
+ IgM F(ab')2 fragments, human adsorbed (Tago, Inc., Burlingame,
CA). HECA-452 mAbwas stained with goat anti-rat-FITC second anti-
body (Tago, Inc.). Bound mAbs were visualized using a Coulter EPICS
IV flow cytometer (Coulter Electronics, Hialeah, FL).

Activation of LAD II patient PMNby FMLP. Small aliquots of
leukocytes prepared for flow cytometry were combined with FMLP
( l0-7 M) on ice. They were placed in a 37°C water bath and fixed after
30 s by addition of an equal volume of 2%paraformaldehyde and placed
on ice. Cells were gated on neutrophils and changes in forward and 900
light scatter were assessed by flow cytometry (23).

Preparation of histamine- or TNF-activated HUVECadherence
assay plates. The histamine-activated HUVECadherence assay was
performed essentially as described by Lorant et al. (24). Primary HU-
VECwere grown to confluence in 1% gelatin (Sigma Chemical Co.) -

coated 96-well assay plates (Costar, Cambridge, MA) in endothelial
basal growth medium (Clonetics Corp., San Diego, CA) containing 2%
human serum, 50 ag/ml gentamicin, 50 ng/ml amphotericin B, 1 og/
ml hydrocortisone, and 10% fetal calf serum (Irvine Scientific, Santa
Ana, CA) but without bovine brain extract or endothelial cell growth
factor. The monolayers were washed three times with HBSScontaining
Ca2' and Mg2+ (Gibco), 1 MHepes (Gibco), 0.2% D-glucose (Sigma
Chemical Co.) and 0.5% BSA (Sigma Chemical Co.) (HBSSg/BSA).
HUVECwere activated in the same buffer for 5 min with histamine
(Sigma Chemical Co.) at 5 x 10-5 M for 5 min. TNF-a-activated
HUVECassay plates were prepared as above except that HUVECwere

grown in the presence of bovine brain extract and endothelial cell growth
factor and were activated with recombinant human TNF(R&D Systems,
Inc. Minneapolis, MN) at 2 ng/ml for 4 h at 37TC.

Preparation of purified E-selectin adhesion plates. A cDNA clone
of the extracellular domain of E-selectin was obtained by polymerase
chain reaction from RNAof IL-l1,f-activated HUVEC(Genzyme Corp.,
Boston, MA). The recombinant cDNAwas cloned into the mammalian
expression vector pcDNAl (Invitrogen Corp., San Diego, CA). This
clone was transfected into the 293 cell line (CRL-1573; American Type
Tissue Culture Collection) together with the selectable marker pSVZ
neo and stable G418-resistant cell lines expressing soluble recombinant
E-selectin were obtained (25). Recombinant E-selectin was purified
from cell culture supernatant medium by immunoaffinity chromatogra-
phy on EB3.1 immobilized on a protein A Sepharose column by the
method of Schneider et al. (26). Purity of the material was determined
by SDS-PAGEto be > 95%.

E-selectin was bound to assay plates using the nonblocking anti-E-
selectin mAbENB1.6 as a capture antibody. Costar 96-well tissue cul-
ture cluster dishes were incubated with 50 ql/well of ENB1.6 at 10 ug/
ml in PBS at 40C for 24 h. The plates were washed three times with
PBS and then incubated with 50 /l/well of purified E-selectin at 2 Mg/
ml for 2 h at 22TC. The plates were washed three times with Dulbecco's
PBS (DPBS; contains Ca2" and Mg2"), and then blocked with 200 M1/
well DPBScontaining 1% BSA for 1 h or more at room temperature.

Preparation of purified P-Selectin assay plates. P-selectin was pre-
pared from solubilized platelet membranes essentially as described by
Moore et al. (27). P-selectin was purified from the supernatant of ho-
mogenized platelets by immunoaffinity chromatography on anti-P-se-
lectin mAbPB1.3 coupled to tresyl-activated agarose according to the
manufacturer's instructions (Schleicher & Schuell, Inc., Keene, NH).
The column was equilibrated with DPBS+ 0.05% Rennex 30 (Accurate
Chemical and Scientific Corp, San Diego, CA). The column was washed
extensively with DPBS+ 0.05% Rennex 30, and bound P-selectin was
eluted with 0.1 Mtriethylamine-HCl, 0.05% Rennex 30, pH 11.5, into
tubes containing 0.1 vol 1 Mphosphate, pH 6.8. Fractions containing
P-selectin were pooled, dialyzed against DPBS + 0.05% Rennex 30,
concentrated using a Centriprep 30 spin concentrator (Amicon Corp.,
Danvers, MA), aliquoted, and stored at -800C.

A Costar 96-well tissue culture cluster was coated for 4 h at 37°C
with 50 Ml/well of 3 ag/ml P-selectin in DPBS, then washed and
blocked as for E-selectin plates above.

Adherence assays. Peripheral blood was obtained by venipuncture
from healthy donors and patients with leukocyte adhesion deficiency
syndromes (LAD I patient [7] and LAD II patient [12] ) after informed
consent according to protocols approved by the HumanSubjects Review
Boards of the University of Washington and the RambamMedical Cen-
ter. The blood was collected in syringes containing heparin (10 U/ml)
and the neutrophils were isolated as previously described (28). Isolated
neutrophils were washed three times in PBS and resuspended to 2
x 107/mI in PBS containing 5 mMglucose, 0.7 mMCaCl2, and 0.7
mMMgCl2 except where otherwise indicated.

Assay plates were washed twice in HBSSg/BSA and then incubated
with 100 Ml of buffer containing antibodies at the concentrations indi-
cated in the figure legends and/or PMAat 10-7 Mwhere indicated.
Neutrophils (5 X 105 in 50 ML of HBSSg per well) were added and
allowed to settle for 5 min (activated HUVECplates) or 10 min (purified
E- or P-selectin plates). The plates were then washed three times by
inverting and refilling with 200 Ml of HBSSg/BSA using a multichannel
pipette. Neutrophil adherence was quantitated by spectrophotometric
analysis of myeloperoxidase (29).

Neutrophil migration assays. Humanumbilical vein endothelial cells
were grown in Transwellsrm (3-Mm pore) (Costar Corp.) prepared with
a thin coat of Matrigel (Collaborative Research, Inc., Waltham, MA).
Neutrophils were labeled with Na 51Cr-Chromate (NEN, Boston, MA)
1 MCi/106 cells at 37°C for 30 min. Unincorporated 5'Cr was removed
by three washes. Purified 5'Cr-labeled patient and control neutrophils
were pretreated with buffer or with CD18 mAb60.3 (20 ig/ml) for 10

min at room temperature before addition to decanted wells. FMLP
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(Sigma Chemical Co.), 10-6 M, was placed in the lower chamber as
chemoattractant. Migration across the HUVECand polycarbonate mem-
brane was assessed after 90 min at 370C by harvesting medium and
cells from the lower wells and counting 5"Cr-cpm on a gammaradiation
counter (Beckman Instruments, Inc., Fullerton, CA). Blood from the
patient was brought to the United States for a further experiment and
neutrophils were prepared as previously. To control for nonspecific
effects of immunoglobulins, normal donor neutrophils were preincu-
bated with mAb60.3 or with isotype-matched neutrophil-binding mAb
JP34-10 and tested for transmigration.

Neutrophil spreading. 50 ILI of PMA(10-6 M) in endotoxin-free
H20 were dried on each of several glass coverslips. Normal donor and
patient neutrophils treated with buffer or CD18 mAb(60.3) were plated
on the dried PMAand incubated at 370C for 15 min. Coverslips were
fixed with 3%glutaraldehyde in PBS at room temperature, washed with
PBS, and stored in PBS until photographed in a light microscope and
then processed for scanning electron microscopy. Coverslips were
treated with 1%osmium tetroxide in 0.1 MPBS (pH 7.2-7.4), washed
twice in PBS, dehydrated through graded ethanol solutions to 100%
ethanol and critical-point dried. Cells were mounted on scanning elec-
tron microscope studs, sputter-coated with gold-palladium for 2 min
and scanned on a field emission microscope (JEOL U.S.A. Inc., Pea-
body, MA). Representative fields were photographed.

Statistics. Probability values were obtained using Student's t test,
two-tailed, with unequal variance using Excel (Microsoft Corp., Red-
mond, WA).

Results

Expression of cell adhesion molecules and surface markers on
LAD II leukocytes. LAD II patient leukocytes were examined
for their expression of surface markers associated with cellular
adhesion functions. As previously reported (12), LAD II neu-
trophils were deficient in expression of the Lex (CD15) antigen
(7C3 mAb) and the SLex (CD15s) antigen (CSLEX-1 mAb)
(Table I and Fig. 1). Wehave extended this finding by demon-
strating that neutrophils from both parents of this patient express
normal levels of Lex and Slex (Table I). In addition, peripheral
blood mononuclear leukocytes of the LAD II patient were defi-
cient in expression of SLex (Table I).

In contrast to SLex expression, both LAD II and parental
neutrophils had normal levels of the integrin subunits CDl lb
(OKM-I mAb) and CD18 (60.3 mAb). Patient neutrophils also
expressed normal levels of CD43 (BS1 mAb), CD66 (Gran/
10 mAb), CD16 (Leu llb mAb), and CD45RO(UCHL-1
mAb) (Table I). Upon activation by PMA, LAD II neutrophils
exhibited increased binding of CD1lb (Fig. 1 ) and CD66mAbs
(Table I) and reduced binding of CD43 mAb(Table I), compa-
rable to that seen with normal donor cells. Of particular interest
was the normal level of L-selectin (CD62L; Leu 8 mAb) seen
on LAD II neutrophils and the down-regulation of its expression
induced by PMAactivation, comparable to that observed with
normal donor cells (Fig. 1).

Peripheral blood mononuclear cells from a LAD II patient
expressed normal levels of the memory T cell marker CD45RO
(UCHL-1 mAb), but failed to bind HECA-452 mAb, a marker
for skin-homing T lymphocytes also found on neutrophils (30,
31), that recognizes sialyl-Lewis A (SLea) as well as SLeX
(22) (Table I).

Shape changes consistent with activation of neutrophils,
demonstrated by decreases in 900 light scatter and increases in
forward light scatter, were seen in both control and patient cells
in response to 30 s treatment with 10' MFMLP at 37°C.
Control neutrophil 90° light scatter mean channel number de-

creased from 172 to 155. Similarly, patient neutrophil 90° light
scatter mean channel number decreased from 170 to 138. For-
ward light scatter increased somewhat in both cases (control:
mean channel 118 to 122; patient: mean channel 103 to 119).

LAD II neutrophils demonstrate defects in binding to puri-
fied selecting. Neutrophils isolated from peripheral blood of a
LAD II patient and a normal control were examined for their
ability to bind to purified platelet-derived P-selectin and to puri-
fied recombinant E-selectin. As seen in Fig. 2, normal donor
neutrophils bound to P-selectin in the presence but not in the
absence of divalent cations. This adherence was inhibited by
anti-SLex mAb (A490 = 1.05 vs 0.78, P < 0.05). LAD II
neutrophils did not bind to P-selectin in the presence or in the
absence of divalent cations (Fig. 2).

Similarly, normal donor neutrophils bound to recombinant
E-selectin in the presence but not in the absence of divalent
cations (Fig. 2). This adherence was inhibited by anti-SLex
mAb (A490 = 0.88 vs 0.42, P < 0.01). Patient neutrophils
bound weakly to recombinant E-selectin in the presence, but
not in the absence of divalent cations (Fig. 2). This small
amount of adherence was not inhibited significantly by SLeX
mAb(A490 = 0.16 vs 0.12, P > 0.1).

LAD II neutrophils bind minimally to TNF- or to histamine-
activated HUVECbut can be activated by PMAto adhere to
HUVEC. To determine the effect of SLeX deficiency on neutro-
phil binding in the presence of receptors for the /2 integrins
LFA-1 and Mac-i, we examined neutrophil adherence to TNF-
and to histamine-activated HUVEC. Normal donor neutrophils
bound significantly to TNF-activated HUVEC(Fig. 3) and to
histamine-activated HUVEC(Fig. 4). In each case the binding
was partially blocked by addition of CD18 mAb (60.3) or of
anti-SLex mAb (CSLEX-1), and there was an additive effect
when the two mAbs were used in combination. Isotype-
matched, neutrophil-binding control mAbs (JP34-10 for 60.3
and CDw17 for CSLEX-1) did not inhibit binding of control
neutrophils (P > 0.1 in each case). Complete blocking of adhe-
sion was achieved when higher concentrations of CSLEX-1
mAb were used (10 jig/ml); however, some agglutination of
neutrophils occurred at this concentration of mAb. These results
indicate that adherence of normal neutrophils to activated endo-
thelial cells involves both SLex binding to E- and P-selectins
and /2 integrins binding to their receptors.

LAD I neutrophils also bound well to histamine-activated
HUVEC. As expected, LAD I neutrophil adherence was not
inhibited by CD18 mAbbut was inhibited by anti-SLex mAb
(Fig. 4). In these static assays LAD II neutrophils bound mini-
mally to TNF-activated HUVEC(Fig. 3) or to histamine-acti-
vated HUVEC(Fig. 4). In both cases this small amount of
binding was completely blocked by CD18 mAbbut not by anti-
SLeX mAb.

Phorbol myristate acetate treatment of LAD H neutrophils
induced marked adhesion to unactivated endothelium as it did
for normal donor neutrophils (Fig. 4). The PMA-induced bind-
ing of control and LAD II neutrophils was completely blocked
by CD18 mAb (Fig. 4). In a separate experiment control iso-
type-matched mAbdid not inhibit PMA-induced adherence of
control neutrophils (A490 = 2.16 vs 2.19, P > 0.1 ) while CD18
mAb was very effective (A490 = 2.16 vs 0.23, P < 0.01, n
= 5). LAD I neutrophils increased adherence slightly with
PMAtreatment, but CD18 mAb had no effect on this small
amount of adherence (Fig. 4).

LAD II neutrophils migrate through endothelial monolayers
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Table L Flow Cytometry of Peripheral Blood Leukocytes (Mean Channel Number)

Control LADII Mother Father

Antibody Basal PMA Basal PMA Basal PMA Basal PMA

Experiment 1 (neutrophils)
MIg* 9 24 5 9 7 17 11 16
CSLEX-1 (SLeX) 167 137 5 7 155 95 144 106
7C3 (Lex) 56 56 5 8 41 33 34 31
Leu 8 (L-selectin) 124 24 126 9 nd' nd nd nd
OKM-1 (CD11b) 105 118 85 141 109 112 97 128
60.3 (CD18) 129 119 121 161 133 126 124 151
BS1 (CD43) 130 55 126 47 135 27 nd 43
GranlO (CD66) 65 114 77 143 nd nd nd nd

Experiment 2 (neutrophils)
MIg 0 nd 10 nd
CSLEX-1 (SLeX) 165 nd 3 nd
Leu llb (CD16) 113 nd 87 nd
UCHL-1 (CD45RO) 97 nd 118 nd
Anti-rat control 39 nd 67 nd
HECA452 (SLea/SLeX) 199 nd 66 nd

Experiment 2 (mononuclear cells)
MIg 0 nd 5 nd
CSLEX-1 (Slex) 56 nd 3 nd
Leu llb (CD16) 8 nd 5 nd
UCHL-1 (CD45RO) 62 nd 27 nd
Anti-rat control 29 nd 27 nd
HECA452 (SLea/SLeX) 50 nd 29 nd

* MIg, mouse immunoglobulin; * nd, not determined.

in response to FMLP. LAD II patients show impaired emigra-
tion of neutrophils in vivo (32). Since PMAtreatment of LAD
II neutrophils induced adherence to endothelium in vitro (Fig.
4), it seemed likely that the impairment in emigration observed
in vivo resulted from the loss of the selectin-mediated phase of
neutrophil adherence. To test this hypothesis further, the ability
of LAD II neutrophils to respond to FMLPby transmigration
across an endothelial monolayer was examined. As can be seen
in Fig. 5, LAD II neutrophils migrated toward the chemoattrac-
tant. This response was dependent upon CD18 as demonstrated
by the complete inhibition of transmigration in the presence of
the CD18 mAb 60.3. Statistical analysis of the data showed a
significant difference for both normal donor and patient between
basal vs FMLP-stimulated transmigration, (P < 0.05); and be-
tween CD18 mAb-treated vs untreated neutrophil transmigra-
tion to FMLP, (P < 0.01); with no significant difference be-
tween patient transmigration to FMLPand that of normal donor.
Whenpatient blood was carried from Israel to the United States
and neutrophil transendothelial migration in response to FMLP
was again compared to transmigration to control medium, simi-
lar results were obtained (Fig. 5). Isotype-matched control anti-
body did not inhibit transmigration of normal neutrophils to-
ward FMLP (inhibition with CD13 mAb -8±4% versus
90±3% inhibition with CD18 mAb, mean±SD of six repli-
cates).

Neutrophil spreading. Normal donor and LAD II neutro-
phils spread on PMA-coated glass coverslips (Fig. 6). In con-
trast, LAD I neutrophils (Fig. 6) and normal donor and LAD

II neutrophils that had been treated with the CD18 mAb 60.3
(data not shown) failed to spread.

Discussion

LAD II is a newly described congenital disorder of neutrophil
adhesion. Like the classic leukocyte adhesion deficiency syn-
drome, now designated type 1 (LAD I), LAD II is characterized
by neutrophilia, recurrent bacterial infections, decreased neutro-
phil motility and adhesion in vitro (12), and defective neutro-
phil emigration in vivo as assessed by skin chamber and skin
window (32). In contrast to LAD I cells, neutrophils from the
two known patients with LAD II syndrome were shown to
express normal levels of CD11/CD18. Instead, LAD U cells
were found to be deficient in SLeX, a fucose-containing carbo-
hydrate moiety, and were unable to bind to E-selectin expressed
on interleukin-1,B-activated human umbilical vein endothelial
cells. These results suggested that the adhesion deficiency in
these patients was caused by a lack of carbohydrate ligand,
SLe , which is required for selectin-mediated neutrophil adhe-
sion to endothelial cells (33-35). In this report, we further
characterize neutrophil adhesion in LAD II.

Consistent with a defect in fucose metabolism, neutrophils
from the LAD II patient failed to express the fucose-containing
LeX, SLex, and HECA-452 antigens. Interestingly, although
presumably heterozygous for the genetic defect ( 12, 36), paren-
tal neutrophils exhibited normal levels of SLex. Patient neutro-
phils expressed normal levels of several adhesion protein anti-
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Figure 1. Flow cytometry of neutrophils. Binding of mAbs to unstimu-
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was assessed by indirect immunofluorescence as described in Methods.
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Figure 3. Neutrophil adherence to TNF-activated HUVEC.Purified neu-

trophils from a normal donor or the LAD II patient were incubated for
5 min on HUVECmonolayers which had been activated for 4 h with
recombinant human TNF (2 ng/ml) or treated with control medium. In
some wells, the CD18 mAb (60.3) (20 jig/ml) or anti-SLex mAb
(CSLEX-1) (6 jig/m1) was present in the wells during the neutrophil
incubation. The plates were washed and adherence was quantitated by
spectrophotometric analysis of the neutrophil-specific enzyme myelop-
eroxidase as described in Methods. *P < 0.05 or * *P < 0.01, for
adherence of mAb-treated neutrophils compared to untreated neutrophils
to TNF-activated HUVEC. *P < 0.05 or 11P < 0.01, for adherence to
TNF-activated HUVECcompared to basal adherence.
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Figure 4. Neutrophil adherence to
histamine-activated HUVEC. Pu-
rified neutrophils from a normal
donor, the LAD I patient or the
LAD II patient were incubated for

,nor 5 min on primary HUVECmono-
layers that had been activated for
5 min with histamine at (5 x 1i-5
M) or treated with control me-
dium. In some wells, the CD18
mAb (60.3) (20 f.g/ml), anti-
SLeX (CSLEX-1) mAb(6 Isg/ml)
and/or PMA( 10-7 M) were pres-
ent in the wells during the neutro-
phil incubation. The plates were
washed three times and adherence
was quantitated by spectrophoto-
metric analysis of the neutrophil-

§§ specific enzyme myeloperoxidase
as described in Methods. *P
< 0.05 or * *P < 0.01, for neutro-
phil adherence to to histamine-ac-
tivated HUVECcompared to
basal adherence. IP < 0.05 or P

ift t < 0.01, for mAb-treated neutro-
phil adherence compared to un-
treated neutrophil adherence to

1<§§-
lii

Hll histamine-activated HUVEC. §*P
< 0.01, for PMA-induced adher-
ence compared to basal adherence.

+ - 111 P < 0.01, for mAb-treated neu-
+ + trophil compared to untreated neu-
+ - - trophil adherence induced by
- | + PMA.

2
.C
0.

E

E

FMLP - + +

CD1S mAb - - +

Figure 5. Neutrophil transendothelial migration. 5'Cr-labeled neutrophils
were incubated on HUVECmonolayers grown to confluence in
transwells. In experiment 1, neutrophils from a normal donor or a LAD
II patient were either pretreated with medium alone or medium con-
taining the CD18 mAb (60.3) (20 jig/ml). In experiment 2, only un-
treated LAD II cells were tested. In both experiments f MLP( 10 -7 M)
was placed in the lower chamber of the indicated samples to act as
chemoattractant. Migration was assessed following a 90-min incubation
at 37°C by determining 51Cr-cpm present in the lower well as described
in Methods. * P < 0.05 or * *P < 0.01, for transmigration to FMLP
compared to basal transmigration. 11P < 0.01, for mAb-treated neutro-
phil transmigration compared to untreated neutrophil transmigration.

peripheral blood T and B cells (43). Although not directly
tested, binding of these LAD II mononuclear cells to P- or E-
selectin would likely be decreased, and emigration in vivo to
sites of immune reaction may consequently be reduced. Simi-
larly, monocyte emigration would also be expected to be af-
fected as peripheral monocytes express SLeX (44), and bind to
E- and P-selectins (45, 46). Indeed, skin window studies in this
patient demonstrate a marked reduction in monocyte emigration
(32). Picker et al. (31 ) reported that the HECA-452 mAbiden-
tified skin-homing memory T cells that bind to E-selectin. The
traffic of these particular memory T cells to immune-reactive
dermal sites would also likely be impaired in LAD II syndrome.

In a previous report (12), LAD H neutrophils were shown
not to bind to E-selectin induced on HUVECmonolayers by
interleukin- 1,. In the current study, we examined neutrophil
adherence to TNF-activated HUVECmonolayers under static
assay conditions, and found that LAD II neutrophils bound
minimally to cytokine-activated HUVEC. These results with E-
selectin expressed on HUVECwere confirmed by demonstra-
ting that LAD II neutrophils showed a marked reduction in
calcium-dependent binding to recombinant E-selectin.

The marked reduction in LAD II neutrophil adhesion to
cytokine- or histamine-treated HUVECmonolayers or to puri-
fied selectins suggests that efficient binding requires the interac-
tion of the lectin domain of the selectin receptor with a fucose-
containing glycoconjugate ligand(s) on the neutrophil. Thus,
potential selectin receptor interactions with sulfatides which
have been previously described (47) are not alone sufficient for
adhesion under these static assay conditions. The high affinity
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Figure 6. Neutrophil spreading. Normal donor (A and
B), LAD I (C and D), and LAD II (E and F) neutro-
phils adherent to PMA-coated glass coverslips. Repre-
sentative fields from scanning electron microscopy are
shown (A, C, and E, xl,000; B, D, and F, x3,000).

glycoprotein ligands identified for P- (48, 49) and E- (50)
selectins on neutrophils presumably function to present SLeX
and/or other sialylated and fucosylated ligands to the receptors.

Etzioni et al. (12) also demonstrated a marked impairment
of neutrophil chemotaxis in an under-agarose assay. This finding
was not readily explained by a biochemical deficiency in SLeX,
and suggested a more global defect in cell activation or adhe-
sion. Using flow cytometry, we have demonstrated that the
patient neutrophils could be normally activated as assessed by:
(a) up-regulation of CD66, CD18, and CD1 lb, and down-regu-
lation of L-selectin and CD43 in response to phorbol ester; and
(b) changes in 900 and forward light scatter as an indicator of
shape change in response to FMLP. These results are consistent
with previous demonstration of normal chemiluminescence of
LAD II neutrophils in response to serum-opsonized zymosan
and phorbol ester (12, 36).

Since CD1lb has been shown to express Lex (51), we
considered the possibility that the defect in fucose metabolism
somehow affected CD 1 / CD1 8 function. CD1 1 / CD18 adhe-
sive function was tested directly in several static adhesion
assays. When activated by phorbol ester, LAD II neutrophils
showed a marked increase in adhesion to HUVEC, comparable
to that observed with normal donor neutrophils. Patient cells
also migrated across HUVECmonolayers in response to FMLP,
a CD1 1 /CD1 8-dependent function (7 ). This latter result in vitro
is in keeping with in vivo studies of von Andrian et al. (40).
These investigators examined the interaction of LAD II neutro-
phils with endothelium in inflamed rabbit mesenteric vessels,
and found that LAD II neutrophils were able to emigrate from
the vessel lumen to tissue when flow (i.e., shear force) was

reduced. Wealso examined CD11/CD 18-mediated neutrophil
spreading on phorbol ester-treated glass cover slips. The LAD
I neutrophils were polarized, but failed to flatten and spread.
Normal cells and the majority of LAD II cells were flattened
and extensively spread with pseudopod formation. Interestingly,
a small percentage of the LAD II cells exhibited an intermediate
appearance with some pseudopod formation, but retaining a
more spherical shape. However, from the assays performed in
this study, the defect in under-agarose chemotaxis of LAD II
cells cannot be ascribed to CDl 1 /CD18 dysfunction.

Homotypic aggregation of LAD II cells was not directly
tested in this study, but it is of interest that L-selectin as well
as CD18 has recently been demonstrated to participate in this
adhesive interaction (52). It is possible that L-selectin recogni-
tion of an SLex-like fucose-containing ligand is involved in the
initial stabilization of the cell-cell aggregates, before adhesion
strengthening mediated by the interaction of the 62 integrins
with its as yet unidentified ligand (53).

Our studies show a severe reduction in binding of LAD II
neutrophils to E- and P-selectins, a finding consistent with the
marked impairment in neutrophil emigration to skin windows
or chambers reported in the LAD II patient (32) and to inflamed
peritoneum observed in E-selectin null mice treated with an
anti-P-selectin mAb (54). Importantly, although the LAD II
patients have a severe defect in the function of two selectin
pathways, their clinical course to date has been relatively mild
when compared to that of patients with complete 62 integrin
deficiency. Both syndromes manifest themselves in the first few
days of life, but with different symptoms. In LAD I delayed
separation of the umbilical cord with omphalitis is typical. In

2904 Phillips et al.



LAD II, pneumonia with very marked neutrophilia in the first
week of life was observed in both patients. During infancy and
early childhood recurrent pneumonia and otitis media occurred
in the two LADII patients. These were not life-threatening
events and were usually treated in the outpatient clinics. Several
episodes of mild to moderate skin infections without obvious
pus were also observed. In the last four years the frequency of
infections has decreased and the children are off prophylactic
antibiotics, but marked neutrophilia persists. Overall, the infec-
tions in LADII appear to be comparable to the moderate rather
than the severe phenotype of LADI. We speculate that the
ability of LAD H neutrophils to adhere and transmigrate via /2
integrins under conditions of reduced shear forces (40) may
allow some neutrophils to emigrate at sites of severe inflamma-
tion where flow may be impaired, thereby allowing some level
of neutrophil defense against bacterial infection.

In summary, this report has provided further characteriza-
tion of neutrophil function in the newly described LAD II syn-
drome. The major findings of our studies are: (a) SLex and
other fucose-containing antigens are absent on both neutrophils
and mononuclear leukocytes; (b) there is a marked defect in
neutrophil binding to P-selectin as well as to E-selectin; (c)
neutrophil surface antigens modulate normally after activation;
and (d) CDl 1 /CD18 adhesive functions are intact. Studies of
leukocyte function in LAD I syndrome have proven invaluable
in defining the role of /32 integrin receptors in leukocyte-endo-
thelial interactions, and it is anticipated that similar insights into
selectin receptor biology will be gained from further careful
investigation of the LAD H syndrome.
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