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Sialyl Lewis* (sLeX) and an sLe¢ Mimetic, CGP69669A, Disrupt
E-Selectin—Dependent Leukocyte Rolling In Vivo

By Keith E. Norman, Gary P. Anderson, Hartmut C. Kolb, Klaus Ley, and Beat Ernst

Leukocyte rolling is the earliest observable event in their E-selectin antibodies only occurs if P-selectin is absent or
recruitment from the circulation to inflamed tissue. This blocked. We demonstrate that leukocyte rolling velocity in
rolling is mediated largely by interaction between the selec- tumor necrosis factor alpha (TNFea)-stimulated mouse cre-
tin family of adhesion molecules and their glycosylated master is increased following treatment with either sLe* or
ligands. Although the nature of these ligands and their  the sLex-mimetic CGP69669A and that rolling is dramatically
interaction with the selectins is not fully understood, it is reduced if CGP69669A is applied in the presence of anti-P-

accepted that expression of fucosylated sialylated glycans
such as sialyl Lewis* (sLeX) is required for function. Despite
findings that sLe* inhibits binding of leukocytes to E-selectin
in vitro, and has beneficial effects in inflammatory disease
models, inhibition of E-selectin-dependent leukocyte rolling
in vivo has not been described. Functional overlap between
the selectins has been noted and reduction of rolling by

selectin antibody. These effects are characteristic of E-
selectin antagonism. In contrast, surgically stimulated (L- or
P-selectin—-dependent) rolling is unaffected by either sLe* or
CGP69669A. Our data demonstrate that CGP69669A is an
effective and selective antagonist of E-selectin in vivo.

© 1998 by The American Society of Hematology.

SING INTRAVITAL MICROSCOPY, leukocytes can be Deficient sLé& expression correlates with the inability of
observed to travel from the microcirculation to inflamed neutrophils from LAD II patients to roll on inflamed endothe-
tissue according to a regulated chain of events that includéium,?® and results in poor resistance to infection in patiéfts.
rolling, firm adhesion, diapedesis, and migration through the Inhibition of selectin/selectin ligand interaction is an attrac-
interstitium-4 The earliest link in this chain (rolling) is tive approach to antiinflammatory drug design pursued by
mediated by interaction of the selectin family of adhesionnumerous group¥:4° Beneficial effects of soluble skeand
molecules with their carbohydrate-bearing physiologic li- various derivatives thereof have been demonstrated in models
gands*’ The three members of the selectin family (E-selectin of inflammatory disease, including lipopolysaccharide (LPS)-
expressed on endothelium, P-selectin on platelets and endothiduced leukocyte adhesion in rat mesenteric verfilesute
lium, and L-selectin on leukocytes) share a common modulatung injury in rats?? and cardiac ischemia-reperfusion injury in
structure characterized by an N-terminal lectin domain linked tocat$® and dogs!*
an epidermal growth factor—like domain, a variable number of A direct effect of soluble sl’eagainst P-selectin—dependent
consensus repeats attached to a transmembrane segment, arldukocyte rolling in vivo has been describ®dSindicating that
short cytoplasmic tail. While there is evidence demonstratingthe described antiinflammatory effects of $Lare due to
contributions of the epidermal growth factor-fkand consen-  reduced leukocyte rolling. Despite the fact that’shiads better
sus repedtdomains to optimal selectin function, this has beento E-selectin than to L- or P-selectiffseffects of inhibiting
guestioned? and it is binding of the lectin domain to physi- sLe* on E-selectin-dependent rolling in vivo have not been
ologic carbohydrate-bearing ligands that is crucial for func-described. One reason for this is that models allowing study of
tion.10-15Thus, although physiologic selectin ligands are emerg-E-selectin—dependent rolling in vivo have, until recently, been
ing as a diverse group of glycosylated proteins that recognizeinavailable. Because of functional overlap between the se-
one or more of the selectii$, it has been shown that the lectins, combined block of P-selectin with either E-, or L-selectin
minimal carbohydrate epitope recognized by all three selectinss required to completely inhibit thioglycollate-induced neutro-
is the tetrasaccharide sialyl LewisLe‘)15to which E-selec-  phil recruitment to the peritoneal cavity.In tumor necrosis
tin appears to bind with higher affinity. In line with this, factoralpha (TNE)-stimulated mouse cremaster muscle, block-
treatment with glycosidases that remove important monosacchang E-selectin alone has been shown to increase leukocyte
rides from sL&16-18 or the use of sleblocking antibodied? rolling velocity;*¥ while blocking either L- or E-selectin reduces
limits the adhesion of treated cells to selectin-bearing subleukocyte rolling fraction if administered to mice that lack
strates. P-selectint®S0Equipped with this knowledge, selective antibod-
A contribution of carbohydrates to selectin function in vivo ies, and/or P-selectin knockout mice, effects of different treat-
has also been demonstrated: large fucose-bearing polysacchari-
des (eg, fucoidin) can inhibit leukocyte rolling in vi¢822
treatment of human neutrophils with sialidase or with monoclo- From the Departments of Transplantation and Respiratory Diseases,
nal antibodies specifically recognizing sl@event them from  Novartis AG, Basle, Switzerland; and the Department of Biomedical
rolling in rat mesenteric venuléd2*and, more recently, it was Engineering, University of Virginia Health Sciences Center, Charlottes-
shown that mice genetically lacking the fucosyltransferase VIville, VA
(Fuc-TVII), required for correct assembly of 1% have Submitted July 28, 1997; accepted September 8, 1997. _
numerous phenotypic similarities with mice that lack P- and Address reprint request; to Keith E. Norman, PhD, Novartis AG,
E-selectingé27 an observation consistent with a requirement $386.638, Basle 4002, Switzerland.

. . . ; The publication costs of this article were defrayed in part by page
for Fuc-TVIl in the correct assembly of physiologic selectin charge payment. This article must therefore be hereby marked “adver-

Iigands.. The imporFancg of correct glycosylatioh of Sell?ctintisement” in accordance with 18 U.S.C. section 1734 solely to indicate
ligands in humans is evident in leukocyte adhesion deficiencyis fact.

type Il (LAD I1),28 in which a deficiency of fucose metabolism  © 1998 by The American Society of Hematology.
prevents correct assembly of $land thus of selectin ligands. 0006-4971/98/9102-0013$3.00/0
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ments on E-selectin—dependent rolling can now be studiedGP69669A ((2S)-3-Cyclohexyl-20-@1-O-[(1R,2R)2-@+(-fucopy-

using intravital microscopy. ranosyl) -cyclohexyl]3-p-galactopyrano-3-yl@-2-methyl-propanoate)
Since rolling in the mouse cremaster is so well characterized'® compared in Fig 1. In CGP69669A GlcNac, which in'shets as a

with respect to its selectin dependence, we have used thigPacer upon which Gal and Fuc are fixed, has been replaced by

system to investigate the inhibitory effects of slaad a novel cyclohexandiol, and S-cyclohexylactic acid has been substituted for
sLe< mimetic. CGP69669A. on E- L- and P-selectin— sialic acid. These two modifications were found to increase in vitro—

d d ling in vi We d h - binding activity to E-selectin by a factor of 10 (data not shown). 3-Sialyl
ependent rolling in vivo. We demonstrate that’streatment N-acetyllactosamine was used as a negative control for sinel

increases I_egkocyte rolling yelocitiesin Thifstimulated tissue  cGpgos69A. Compounds, which were stored as lyophilized solids,
(characteristic of E-selectin blockade). We also show thatyere dissolved in sterile saline and filtered (0.2 pm) before injection
CGP69669A treatment increases rolling velocity if applied into mice.

alone, and completely blocks E-selectin—dependent rolling in Animals. Male C57BL/6 mice weighing between 25 and 35 g were
mouse cremaster if applied in combination with anti—P-selectinused in these experiments. All procedures performed were approved by
antibody. In apparent contrast to conclusions drawn from earliethe Kantonales Veterinamt, Basel-Stadt, Switzerland. Mice were
work %546 we find no effect of sLeor CGP69669A on either anesthetized with an intraperitoneal injection of 100 mg/kg ketamine
P- or L-selectin—dependent rolling. Our data establish thafydrochloride (Ketalar; Parke-Davis, Baar, Switzerland) after premedi-

soluble sL& is a weak inhibitor of E-selectin in vivo, while ~Cation with 30 mg/kg sodium pentobarbital (Serva, Heidelberg, Ger-
- . . . many) and 0.1 mg/kg atropine sulfate (Fluka, Buchs, Switzerland).
CGP69669A selectively and effectively abolishes E-selectin— . . ; L ;
o Some mice received an intrascrotal injection of 500 ng rm@NF150
dependent rolling in vivo. UL saline approximately 2 hours before intravital microscopic observa-
tion. Where such injections were performed, mice were first briefly
anesthetized with inhaled isofluorane. Before preparation of the cremas-
Antibodies and cytokines.Murine recombinant TNé& (rmTNFw), ter muscle for intravital microscopy, the following cannulations were
purchased from R&D systems (Abingdon, Oxon, UK), was dissolved atperformed: trachea to facilitate breathing; left jugular vein to allow
0.1 mg/mL in phosphate-buffered saline containing 0.1% bovine serunintravenous injection of compounds, antibodies, and supplementary
albumin (BSA), sterile-filtered, and stored in 500 ng aliquots 20°C. anesthesia (pentobarbital 5 mg/mL, intravenously, 0.2 mL/h); and left
The rat-antimouse-P-selectin antibody RB40.34 (rat;)jgénd the carotid artery to allow blood sampling. Body temperature was automati-
rat-antimouse-L-selectin antibody Mel-14 (Rat lglGwhich have been  cally maintained at 37°C using a feedback temperature regulator
shown previously to block rolling in mouse cremaster dependent on(Model TCI-88; Systag AG, Thalwill, Switzerland) linked to a small
P- and L-selectin, respectivel§,were purchased from Pharmingen heating pad.
Deutschland GmbH (Hamburg, Germany). Whole rat IgG (used as a Intravital microscopy. The cremaster muscle was prepared for
control for RB40.34 and Mel-14) was purchased from Sigma (Buchs,intravital microscopy as describé¥Briefly, the testis, the epididymis,
Switzerland). Antibodies were stored at 1 mg/mL in 10-ug aliquots atand the cremaster muscle that encloses them, were gently extracted
—20°C. Before injection into mice, cytokine and antibody aliquot through a small incision in the scrotum. The tip of the cremaster muscle
volumes were expanded to 150 pL by addition of sterile salinewas pinned such that the testis and cremaster were positioned across a
containing 0.1% BSA. 10-mm @ cover glass that comprised part of a specialized microscopy
Test compounds.The structures of sl (Siax(2-3)gap(1-4)- stage. After careful removal of fat and connective tissue, an incision was
[FUCa1-3]GIcNACB-), which was attached to a Lemieux spacer, and made through the cremaster beginning at the pinned tip and taking a
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route toward the point of exit from the scrotum that, where possible,calf serum (FCS) containing 50 U/mL heparin sulfate and 2 pg
avoided severing blood vessels in the muscle. The cremaster was thdhuorescein isothiocyanate (FITC) or phycoerythrin (PE)-conjugated
spread over the cover glass and pinned in place. During this procedurentibodies (Mel-14, mouse granulocyte marker GR-1, antimouse CD3,
which was typically complete within 10 minutes, and during intravital Pharmingen isotype-matched control rat IgG; Sigma) in 7 mL Styropor
microscopic observation, the cremaster was superfused with thermoco=ACS tubes (Becton Dickinson, Mountain View, CA). Samples were
trolled (36°C) bicarbonate-buffered solution (131.9 mmol/L NaCl, 18 incubated in the dark for 30 minutes at 4°C. Positive control shedding of
mmol/L NaHCQ, 4.7 mmol/L KCI, 2.0 mmol/L CaGl| and 2 mmol/L  L-selectin was induced by incubating a 200-pL blood sample with 1 pm
MgSQy) through which a gas mixture of 5% G@ N, was bubbled. fMLP (Sigma) ex vivo for 1 hour at 37°C. Before our measurement of
Microscopic observations were made using a light microscopesurface L-selectin expression by FACS (Becton Dickinson; FAC-Star
(Axioskop; Carl Zeiss AG, Zurich, Switzerland) equipped with a Plus), red blood cells were lysed by addition of a 20-fold volume excess
saltwater immersion objective (#00.75W). Venules with diameters  of sterile-filtered, ice-cold, lysis buffer (€1 155 mmol/L, KHCQ 10
between 15 and 50 pm were selected for observation and recorded vianamol/L, EDTA 140 pm, pH 7.3), washed twice in phosphate-buffered
CCD camera system (Model BC-6; AVT-Horn, Aalen, Switzerland) saline and finally resuspended in Hank’s balanced salt solution contain-
onto sVHS video cassettes using a sVHS video cassette recorder withiag 0.1% wt/vol sodium azide (Sigma) and 1% wt/vol FCS (GIBCO,
built-in time base corrector (Model AG 4700; Panasonic, Osaka, Japan)Basel, Switzerland). A total of 10,000 gated events were collected and
Atime/date function was added to the recorded images by passing theelative fluorescence intensity versus cell number histograms con-
signal from the camera through a video timer (Model C-VTG-33; structed after gating on either lymphocyte or granulocyte regions
FORA, Natik, MA), which was accurate to 1/100th of a second. Venulesdetermined by forward- and side-scatter profiles. The positions of
were typically recorded in 1-minute segments, except where treatment@ranulocyte and lymphocyte regions were independently confirmed
(antibody or oligosaccharides) were applied, in which case recording/sing samples stained with the pan-granulocyte marker GR-1 (FITC-
began 1 minute before treatment, was continued during treatmerigbeled) or anti-CD3 (PE-labeled) monoclonal antibodies.
injection, and terminated 5 minutes after injection. Centerline red blood Statistical analysis. Leukocyte rolling flux % values before and
cell velocity was determined by the “two-slit” photometric technique after treatment were compared using Studeiiést with the Bonferroni
using a dual photodiode linked via preamplifiers (Model 79Model ~ correction for multiple comparison where appropriate. Leukocyte
7P122 Amplifier; Grass Instrument, Quincy, MA) and an analog-digital rolling velocity distributions were compared using the Kolmagorov-
converting board (Labmaster DMA; Scientific Solutions, Solon, OH) to Smirnov test for goodness of fit.
a Pentium PC (IBM350-P133; Also-Comsyt AG, Basel, Switzerland)

running a digital on-I_ine cross correlatior_] progréhMean blood flqw RESULTS
velocity (Vp,) was estimated from centerline red blood cell velocity by ) . .
dividing by an empirical factor of 1.6 as descrif@dNewtonian wall Hemodynamic factors. Since hemodynamic factors such as

shear rate was calculated asBxéssel diameter. Blood samples (10 uL) vessel diameter and blood flow velocity (both of which
were drawn from the carotid artery at regular4s minutes) intervals  influence wall shear rate), together with systemic leukocyte
throughout the experiment and at time points immediately before ancconcentration variation, can potentially alter the flux of rolling
after compound or antibody treatments. Blood samples were analyzefbukocytes, these factors were measured and are summarized in
for total leukocyte concentration using_ an automatic cell counterTgple 1. Any effect of venular diameter variation on rolling was
(Model F-300; Sysmex, Kobe, Japan) calibrated for mouse leukocytes,, nige in the present studies by making all comparisons in the
The bulk of analyses were performed on data extracted off-line fromSame vessels. Blood flow velocity, estimated from centerline

the video recordings of venules. Rolling flux was determined by . N .
counting the number of cells rolling past a plane perpendicular to therEd blood cell velocity, was not significantly altered by antibody/

vessel axis. Where comparison of fluxes before and after treatment Wagompound treatments.

made, values were obtained from recordings taken 1 minute before Total systemic leukocyte concentrations in untreated mice
injection and 1 to 2 minutes after injection. Vessel diameter waswere similar to previously reported vald&8 and, in most
measured using the public domain NIH-Image program (available ongroups, were unaltered by antibody and carbohydrate treat-
the internet at http:/rsb.info.nih.gov/nih-image), ported to the PCments given. Interestingly, total leukocyte concentrations in
platform by Scion Corp (Frederick, MD), on a commercially available TNFq-stimulated mice were somewhat lower than those in
setup (P75 PC; Gateway, Des Moines, 1A; LG3 Video capture cardimjice stimulated merely by the surgery required for intravital

Scion). Vessel diameter together with blood ﬂ_ow velocity and whole- microscopy. This lowering of systemic leukocyte count in
blood leukocyte concentration was used to estimate total leukocyte flux

. N - R response to TNé&, which has been observed in sotheut not
(assuming cylindrical vessel geometry and uniform distribution of . . #9550 |si hi likel
leukocytes in the microcirculation). Flux data are presented as roIIingaII previous experiments;>® using this system, mqst ! ey.
flux %, which is defined as the rolling leukocyte flux expressed as al€flects the fact that large numbers of cells were involved in
percentage of total leukocyte flux. leukocyte endothelial interaction in the cremaster and other
In each vessel studied, leukocyte rolling velocities were determinedissues exposed to the effects of Td&NFTreatment of TNk-
immediately before and after different treatments for five randomly stimulated mice with RB40.34 plus CGP69669A caused a slight
selected leukocytes by measuring the distance traveled (measured usibait significant increase in systemic leukocyte concentration.
NIH-image as earlier) in a given time (indicated by the video timer). For This effect, which was not seen after combined treatment with
cells rolling at low velocities €30 um/s), distance traveled over a RB40.34 and sle possibly reflects redistribution of rolling
2-second period was measured, whereas for faster moving c86 (1o kocytes to the systemic circulation. Blocking P-selectin
um/s), distance traveled in 0.1t 0.5 seconds was typically measured. function has been previously demonstrated to increase systemic

Flow cytometry. For analysis of the effect of intravenously injected leukocvt t blv by interferi ith b [ rolli
sLef and CGP69669A on surface expression of L-selectin on Ieuko—_eu ocyte counts, presumably by Interiering wi asal rolling

cytes, 10-uL samples of mouse blood were collected via the carotid” the skin and other tissuds?®

artery either before, or 2 minutes subsequent to injection of these TNFa-induced rolling (effect on rolling flux %). Treatment
compounds into mice at 100 mg/kg. These samples were mixed witf the cremaster muscle with TNF(500 ng intrascrotal)
400 pL Dulbecco’s modified Eagle’s medium (DMEM) plus 10% fetal stimulates leukocyte rolling in venules that are dependent on E-,
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Table 1. Influence of Injected Treatments on Wall Shear Rates in Observed Venules and Systemic Leukocyte Concentration

Experiment Treatment Wall Shear Rate Systemic (white blood cell) Cells/pL

30-minute surgical stimulation (P-selectin-dependent) Control 912 + 98 7,000 *+ 860
sLex 891 *+ 87 6,400 = 340
Control 776 = 112 3,800 + 380
CGP69669A 763 = 91 4,600 = 900

60-minute surgical stimulation (L-, P-selectin-dependent) Control 749 * 114 5,600 = 1,027
sLex 856 = 154 5,900 + 850
Control 550 + 112 7,767 = 1,332
CGP69669A 578 = 118 7,900 + 1,906

TNFa-induced rolling (E-, L-, P-selectin—-dependent) Control 577 = 133 2,000 = 115
RB40.34 430 + 53 1,900 * 289
RB40.34 + sLe* 646 = 45 2,000 *+ 346
Control 918 * 332 1,400 = 180
RB40.34 708 = 210 1,500 * 160
RB40.34 + CGP69669A 909 * 353 2,200 *+ 340*

Values are presented as the mean = SEM of 3 or 4 mice per group.
*Significantly different from control, P < .05.

L-, and P-selectin&®54Because of some functional redundancy 6071 A
between the selectins, a reduction in the percentage of cell
rolling through TNFe-stimulated venules is apparent only when
alack of P-selectin (ie, in knockout or anti—P-selectin antibody-&Q
treated mice) is combined with lack of E- or L-select§’49.50 % 401 T
We wanted to assess the potential of CGP69669A as a 3 T T
E-selectin antagonist in vivo compared with its naturally [Iy
occurring counterpart, skeWe therefore gave these agents to &)
TNFa-stimulated mice in combination with either control IgG
or the blocking anti—P-selectin antibody RB40.34. In the
present study, 2 hours after stimulation with Té&Fapproxi-
mately 40% of leukocytes passing through observed venule
were engaged in rolling interaction with the vessel wall (Fig
2A). This rolling fraction was not altered by ster by 0
CGP69669A given alone (Fig 2A). The anti—P-selectin anti-

body RB40.34 given alone or in combination with $keas also

without effect on rolling flux fraction (Fig 2B). In contrast,
combined treatment with RB40.34 and CGP69669A at either 3( 60 } B
or 100 mg/kg intravenously reduced rolling flux fraction to less
than 6% (Fig 2B). Although detailed kinetic analyses were not X2
performed as part of this study, reduced rolling appeared to br y¢
maintained for approximately 20 minutes after application of 2 40 1 {

m

20

Roll

No Control sLe’ CGP69669A
carbohydrate carbohydrate 100 mg/kg 100 mg/kg

RB40.34 plus CGP69669A. The control carbohydrate 3-sialyl [«
N-acetyllactosamine, alone or in combination with RB40.34, &)
did not alter leukocyte rolling flux %. .

TNFa-induced rolling (effect on rolling velocity). The :O 20 \
effect of CGP69669A combined with RB40.34 described earlier 7

mn

is consistent with the function of this agent as either an T

E- and/or L-selectin antagonist. We noticed that the cells - bl
continuing to roll after combined RB40.34/CGP69669A treat- 0 l
ment did so at a higher velocity than before treatment, No Control sLe' CGP69669A  CGP69669A
suggesting that although some cells were able to form adhesiv_ carbohydrate ~ carbohydrate  100mg/kg 30 mghkg 100 mglkg

interactions with the vessel wall, these interactions were _ S )

ianifi v fici Ith h bined ith Fig 2. Leukocyte rolling in TNFa-stimulated mouse cremaster
significantly es_,s efficient. Althoug COI’T] ine trt_eatment W_'t muscle. Shown are mean rolling flux % values (+SEM) in at least 8
RB40.34/sL& did not affect the proportion of rolling cells, it  venules from 3 or 4 TNFa-stimulated mouse cremaster muscles per
was apparent that this treatment also increased rolling velocitgroup following treatments with (A) control IgG combined with
and was thus interfering with the adhesion of these cells. Weontrol carbohydrate (100 mg/kg) sLex (100 mg/kg) or CGPG9669A
(100 mg/kg), and (B) RB40.34 combined with control carbohydrate

therefore performed further analysis of the experiments pre-(mo ma/kg) sLex (100 mg/kg) or CGP6I669A (30 & 100 mg/kg). Only a

sented in Fig 2 by measu_ring |eUk_0Cyte rolling Velo_Citi_es l;’efor(:"combination of RB40.34 and CGP69669A reduces rolling flux % in this
and after treatments. Figure 3 illustrates the distribution ofsystem.**Significantly different from control (P < .01).
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Fig 3. Effects of sLexand CGP69669A on leukocyte rolling velocity
in TNFa-stimulated mouse cremaster muscle. Velocity distributions
are shown for leukocytes rolling in TNFa-stimulated cremaster
muscle of control IgG-treated mice (A), and for leukocytes rolling in
TNFa-stimulated cremaster of mice treated with (B) sLe* (100 mg/kg),
(C) CGP69669A (100 mg/kg), (D) RB40.34 (10 pg), (E) RB40.34 (10
ng) + sLex (100 mg/kg), and (F) RB40.34 (10 pg) + CGP69669A (100
mg/kg). Visibly interacting leukocytes were assigned to groups
rolling at <1 pm/s, 1 to 3 wm/s, 3 to 10 pm/s, 10 to 30 wm/s, 30 to 100
pm/s, 100 to 300 pm/s, and 300 to 1,000 pm/s. A log scale was
selected to allow direct comparison of rolling over a wide range of
velocities. Each histogram represents at least 40 individual cell
velocities measured in 8 to 10 cremasteric venules from 3 or 4 mice,
except for the RB40.34 + CGP69669A-treated group, which repre-
sents fewer cells (15 cell velocities in 9 venules from 4 mice), since
rolling flux % was reduced by treatment.

60 1

401

Fig 4. Effects of sLex and CGP69669A on surgi-
cally stimulated, P-selectin-dependent leukocyte roll-
ing in vivo. Mouse cremaster muscle was prepared
for intravital microscopy and superfused with bicar-
bonate buffer for 30 minutes to produce P-selectin-
dependent rolling. Shown are the effects on leuko-
cyte rolling flux of treatment with sLex (100 mg/kg),
CGP69669A (100 mg/kg), and anti-P-selectin anti-
body RB40.34 (10 pg). Data are presented as the

20+

Rolling Flux %
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rolling cell velocities for leukocytes in TNEstimulated mouse
cremaster. In the present study, the distribution of rolling cell
velocities after TNk stimulation (Fig 3A) was similar to that
described in an earlier stud$.Following treatment with the
anti—P-selectin antibody RB40.34, slightly fewer cells tended to
roll below 3 um/s (Fig 3D), although the overall distribution of
rolling velocities was not significantly different from that
measured in control IgG-treated mice. This is also consistent
with previous findings® Treatment with either slXeor
CGP69669A (in combination with control IgG) increased
rolling cell velocities (Fig 3B and C). When ster CGP69669A
was combined with RB40.34, rolling velocities were increased
still further, with combined sleand RB40.34 increasing rolling
velocity approximately 30-fold and combined CGP69669A and
RB40.34 treatment increasing rolling velocities approximately
100-fold compared with untreated controls or with mice treated
with RB40.34 alone. CGP69669A given either separately or in
combination with RB40.34 had a greater effect on leukocyte
rolling velocity than the respective treatments with sLe
suggesting improved anti—E-selectin activity. Treatment with
control carbohydrate 3-sialfl-acetyllactosamine, alone or in
combination with RB40.34, did not affect leukocyte rolling
velocity (data not shown).

P-selectin—dependent leukocyte rollingThe results de-
scribed for CGP69669A and steso far are consistent with
function of these compounds as E-selectin antagonists. To
investigate antagonism of P-selectin by these agents,
CGP69669A and slXewvere compared with the anti—P-selectin
antibody RB40.34 in a system in which rolling is largely
P-selectin—dependent. Exteriorization of the cremaster muscle
and the subsequent manipulation required for intravital micro-
scopic observation causes leukocyte rolling, which is mostly
dependent on P-selectin at time points up to 30 minutes after
surgery*® We have used this system to determine what, if any,
effect sL& and CGP69669A have on P-selectin—dependent
rolling in the mouse cremaster. In the present study, surgical
preparation of the cremaster resulted in marked leukocyte
rolling, which was stable during the period of observation (Fig
4). Injection of the anti-P—selectin monoclonal antibody,
RB40.34, at 30 minutes after tissue exteriorization, resulted in
almost total block of rolling, with less than 5% of cells
interacting with the vessel wall following treatment (Fig 4). In

*%

-

NN

mean =SEM of values from at least 9 venules from 3
or 4 mice per treatment group. **Significantly differ-
ent from control (P < .01).

RB40.34
10 ug

CGP69669A
100 mg/kg

Untreated sLe*
100 mg/kg
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contrast to the striking inhibition of rolling given by RB40.34, and stained with FITC—Mel-14 following either sL&ig 6A,
injection of either sL¥ or CGP69669A at 100 mg/kg had no solid fill) or CGP69669A (Fig 6B, solid fill) had fluorescence
significant effect on P-selectin—dependent rolling (Fig 4).intensity distributions that were indistinguishable from cells
Treatment with either seor CGP69669A at 100 mg/kg had no collected before compound injections. To validate that the
significant effect on leukocyte rolling velocities in this system method used was sensitive to changes in L-selectin expression,
(data not shown). blood samples were treated in vitro with fMLP, which causes
L-selectin—dependent leukocyte rollingt has been demon-  granulocytes to shed L-selecf®.The effects of fMLP on
strated that, following the surgical stimulation necessary togranulocyte expression of L-selectin are shown in Fig 6C.
prepare the mouse cremaster muscle for microscopic observareatment of whole-mouse blood with fMLP caused a leftward
tion, rolling is initially P-selectin—dependent, while over time, shift of the fluorescence intensity distribution for Mel-14
an increasing requirement for L-selectin becomes appét@nt.  staining of granulocytes, indicating loss of L-selectin from these
test the effects of sll&and CGP69669A against L-selectin, these cells.
agents were compared with the anti-L-selectin antibody Mel-14
in venules observed 1 hour after surgical exteriorization of the
cremaster. Approximately 35% of leukocytes passing through We have shown that soluble slselectively disrupts E-selectin—
venules were engaged in rolling interaction when observed Tependent rolling in vivo, causing increased rolling velocity
hour after surgery (Fig 5). Treatment with Mel-14 reduced thiswhen applied alone or in combination with anti—P-selectin
value to approximately 12%. Although Mel-14 treatment alsoantibody. Furthermore, we describe a mimetic of %sLe
resulted in marked leukopenia (meanSEM systemic leuko- CGP69669A, which has improved activity against E-selectin,
cyte concentration immediately before Mel-14, 2,260,125;  causing a striking reduction in the number and a marked
systemic leukocyte concentration immediately after Mel-14,increase in the velocity of rolling leukocytes in TNF
790 =+ 400), this did not account for the reduction in rolling stimulated cremaster muscle when combined with anti—P-
flux %, since systemic leukocyte concentration is accounted foselectin antibody. These activities are consistent with function
in the calculation of this value (ie, rolling flux % rolling of sLe‘ and CGP69669A as E-selectin antagon&tlthough
cells/total cells). The effect of Mel-14 on leukocyte rolling previous studie’§ have detailed that skéreatment can prevent
flux % measured 60 minutes after surgical stimulation of tissuean increase in leukocyte rolling flux and lowering of leukocyte
therefore demonstrates a significant contribution of L-selectinrolling velocity induced by pharmacologic ageftgéour data
to leukocyte rolling at this time as describ®dJnder identical ~ represent the first description of a direct effect of’sbesLe
conditions, treatment with either ster CGP69669A did not mimetics on E-selectin—dependent leukocyte rolling in vivo.
reduce leukocyte rolling. Previously described effects of slar other oligosaccharides
Flow cytometry. To determine whether the treatments given in inflammatory model8-44or against leukocyte rolling in vivo
were activating leukocytes, and particularly polymorphonuclearhave been attributed to effects on P-sele€tifor “unidentified
leukocytes, which form the bulk of the rolling population under adhesion moleculed®based on comparative effects of P-selectin
the conditions studietf;>> we performed FACS analysis on antibodies in the models studied. In contrast, under the experi-
blood samples drawn from the carotid artery immediatelymental conditions used in the present study, we find no effect of
before and 2 minutes after injection of compounds. SamplesLe: or CGP69669A against P-selectin—dependent rolling in the
were stained for leukocyte L-selectin expression as described imouse. The model we have used (intravital microscopy, 30
the Methods. The results depicted in Fig 6 show fluorescenceninutes after surgical stimulation) to test effects of injected
intensity distributions gated for granulocytes (on the basis ofagents against P-selectin—dependent leukocyte rolling is cer-
forward- and side-scatter properties, together with negativeainly sensitive to P-selectin inhibition as previously docu-
staining for the mouse lymphocyte-selective marker Thyl.2).mented® and demonstrated by the positive effect of anti—P-
All cells stained with FITC-conjugated Mel-14. Cells collected selectin antibody described here. Obvious differences between
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[ T Fig 5. Effects of sLex and CGP69669A on surgi-
on cally stimulated L-selectin-dependent leukocyte roll-
E ing in vivo. Mouse cremaster muscle was prepared
= 20 o for intravital microscopy and superfused with bicar-
Q% T bonate buffer for 60 minutes to produce rolling that

was partially L-selectin-dependent. Shown are the
effects of treatment with sLex (100 mg/kg),
CGP69669A (100 mg/kg), and anti-L-selectin anti-
body Mel 14 (10 ng). Data are presented as the mean

T X ' ’ Mel-14 +SEM of values from at least 9 venules from 4 mice
Untreated sLe CGP69669A per treatment group. **Significantly different from

100 mg/kg 100 mg/kg 10 pg control (P < .01).
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our study and those describing inhibitory effects of’shgainst
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a specific molecular structure) that share the common tetrasac-

P-selectin lie in the nature of the sLesed, as well as in the charide shown in Fig 1, but which can vary in the reducing end
animal species studied and specific methods employed. Thuspodification (eg, galactose or aglycon). The studies describing
the term sLe&is applied to a family of molecules (rather than to effects of sL& on P-selectin—dependent leukocyte rolfittf
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were performed in rats, which might differ from mice with
regard to which selectin pathways are affected by*sre/or
analogs thereof. The methods used in the earlier studies also
differ from those described here with respect to how rolling was
stimulated and to the timing of compound administration.
Particularly, in these studies, siLpretreatment was found to
prevent an increase in leukocyte rolling flux induced by
pharmacologic agents (histamfheor leukotriene ¢*). The
approach used in the present study holds certain advantage over
these earlier studies in that sland CGP69669A were directly
observed to inhibit existing E-selectin—~dependent rolling in an
exquisitely characterized system, while, in an equally well-
defined system, no effect was seen against P-selectin—dependent
rolling. The lack of effect of these agents against P-selectin was
also directly compared with a striking effect of the well-
characterized anti—P-selectin antibody RB40.3%.50

The reduction of leukocyte rolling flux in TNEstimulated
mouse cremaster muscle venules by CGP69669A combined
with RB40.34 was quantitatively similar to that given by
antibodies against either £-or L-selectif® in combination
with P-selectin blockade. This suggests that CGP69669A, but
not sL&, is an efficient inhibitor of either E- or L-selectin
function at the concentrations used in the present study. The
finding that treatment with sXeor CGP69669A increased
leukocyte rolling velocity in TNEk-stimulated mouse cremaster
when given in combination with anti—-P-selectin or control
antibodies is consistent with antagonism of E- rather than
L-selectin, as only antibodies against E-selectin have been
observed to increase rolling velocity in this syst&# To rule
out the additional possibility of L-selectin antagonism by’*sLe
and CGP69669A, these compounds were tested against rolling
1 hour after surgical trauma. A clear contribution of L-selectin
to rolling induced under these conditions has been demonstrated
previously® and is confirmed here by the effect of Mel-14
antibody. Injection of either CGP69669A or slexactly 60
minutes after surgical trauma produced no significant reduction
in leukocyte rolling flux, while injection of the anti—L-selectin
antibody reduced rolling flux by greater than 60%. This
provides convincing evidence that CGP69669A and* sire
not exerting their effects on TNFinduced rolling via inhibi-
tion of L-selectin.

It has been known for some time that neutrophil activation

Fig6. Flow-cytometric analysis of the effect of sLexand CGP69669A
on granulocyte expression of sLe*. Blood samples drawn from mice
immediately before and 2 minutes after injection of either sLex (100
mg/kg) or CGP69669A (100 mg/kg) were labeled and gated as
described in the Methods. Lack of effect of sLex and CGP69669A
injections on granulocyte expression of L-selectin is shown in A and
B, respectively (Dashed line, negative control staining; solid line + no
fill, cells drawn before sLex or CGP69669A, solid lines + solid fill, cells
drawn 2 minutes after injections of sLe* or CGP69669A). Positive
shedding of L-selectin by granulocyte activation with fMLP (10 pm) is
shown in C (dashed line, staining with negative control antibody;
solid line + no fill, positive Mel-14 staining; solid line + solid fill,
Mel-14 staining following fMLP treatment).
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results in shedding of L-selectin from the cell surfa&&lore recognized by the endothelial cell leukocyte adhesion molecule ELAM-1.
recent studies have demonstrated that functional expression ofkBiol Chem 266:14869, 1991 _
P-selectin ligand can also be altered by chemotactic stimula- 12. Phillips ML, Nudelman E, Gaeta FC, Perez M, Singhal AK,
tion5” To address the possibility that sLand CGP69669A Hakomori S, Paulson JC: ELAM-1 mediates cell adhesion by recogni-
; : S -~ tion of a carbohydrate ligand, sialyl-Lex. Science 250:1130, 1990

were producing effects against rolling indirectly, by activating - g

- I 13. Polley MJ, Phillips ML, Wayner E, Nudelman E, Singhal AK,
cells, we measured the effect of intravenous injections of sLe . ) . .

d CGP69669A leuk o ~~Hakomori S, Paulson JC: CD62 and endothelial cell-leukocyte adhesion
an . on mouse eu OCYt,e activation State., us_mgnolecule 1 (ELAM-1) recognize the same carbohydrate ligand, sialyl-
expression of L-selectin as a sensitive marker of actlva}tlor\_ewis x. Proc Natl Acad Sci USA 88:6224., 1991
relevant to the present StUdy_- Whe_n samples drawn immediately 14, Foxall C, Watson SR, Dowbenko D, Fennie C, Lasky LA, Kiso
before and 2 minutes after injection of $land CGP69669A M, Hasegawa A, Asa D, Brandley BK: The three members of the
were compared, no difference was detected with respect teelectin receptor family recognize a common carbohydrate epitope, the
granulocyte expression of L-selectin. At 2 minutes*shad  sialyl lewis< oligosaccharide. J Cell Biol 117:895, 1992
CGP69669A had clear effects on leukocyte rolling in venules of 15. Imai Y, Lasky LA, Rosen SD: Further characterization of the
TNFa-stimulated cremaster. This strongly suggests that thdnteraction between L-selectin and its endothelial ligands. Glycobiology
effects of these agents on leukocyte rolling in vivo resulted from?2:373, 1992

specific inhibition of E-selectin, rather than nonspecific granulo- 18- Moore KL, Stults NL, Diaz S, Smith DF, Cummings RD, Varki
A A, McEver RP: ldentification of a specific glycoprotein ligand for
cyte activation.

. . _P-selectin (CD62) on myeloid cells. J Cell Biol 118:445, 1992
Here, we characterize CGP69669A as a selective and effi- 17. Corral L, Singer MS, Macher BA, Rosen SD: Requirement for

cient E-selectin antagonist that can reduce the number ang;jic acid on neutrophils in a GMP-140 (PADGEM) mediated adhesive
increase the velocity of rolling leukocytes in vivo. Classical jnteraction with activated platelets. Biochem Biophys Res Commun
models of acute inflammation such as thioglycollate-induced172:1349, 1990

peritonitis and delayed type hypersensitivity predict that antiin- 18. Diacovo TG, Roth SJ, Morita CT, Rosat JP, Brenner MB,
flammatory approaches aimed at the selectins should addres§gringer TA: Interactions of human alpha/beta and gamma/delta T
both P- and E-selectins, requiring CGP69669A to be combinedymphocyte subsets in shear flow with E-selectin and P-selectin. J Exp
with anti—-P-selectin treatment. However, with the field of Med 183:1193,1996 _

selectin biology unfolding so rapidly, it is possible that an 19- Berg EL, Yoshino T, Rott LS, Robinson MK, Warnock RA,
absolute requirement for E-selectin in certain diseases might bé'Sh'mOto TK, Picker LJ, Butcher EC: The cutaneous lymphocyte

. . . . S antigen is a skin lymphocyte homing receptor for the vascular lectin
found, in which case CGP69669A might provide clinical endothelial cell-leukocyte adhesion molecule 1. J Exp Med 174:1461,

benefit. 1991
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