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E-Selectin is a vascular endothelial cell surface protein which

mediates leukocyte rolling on the blood vessel walh early stage
of the inflammatory responseExcessive leukocyte recruitment

can cause acute and chronic inflammatory disorders such as

reperfusion injuries, psoriasis, rheumatoid arthritis, or respiratory
diseases. A possible therapy is to inhibit the interactions of
E-selectin with its physiological glycoprotein ligand, the structure
of which has not been fully elucidatéd he tetrasaccharide sialyl
Lewis X (sLe, Chart 1) is the minimum epitope recognized by
E-selectin The concentration of skdéo achieve 50% inhibition
(ICsg) was determined to be 1100M in a static, cell-free
E-selectin binding assay using immobilized E-selectin and a
biotinylated sLé&polylysine conjugate as multivalent ligah@y
modifying sL& we discovered the simplified analogigChart
1) which showed 30-fold improved potency &(C= 36uM)
compared with sL&b

In some cases high affinity inhibitors can be obtained by
multivalent presentation of low-affinity ligandsPolymers, lip-
osomes, and protein conjugates containing*sbe similar
carbohydrates have been described/e have reported on
multivalent sL& polyaspartic acid conjugateand polylysine-
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sLe conjugates such &(Scheme 13° Generally, the evaluation
of such compounds in static, cell-free assays can be misleading
because, compared to cell surfaces, plastic wells coated with either
selectin ligands or recombinant selectins exhibit completely
different properties with respect to both density and mobility.
These factors are essential, especially for multivalent interactions.
To better assess the properties of our compounds we developed
a dynamic in vitro assay which mimics the nonequilibrium
conditions in vivol! We employed a parallel-plate flow chamber
coated with human umbilical vein endothelial cells (HUVECS)
to study the rolling of polymorphonuclear neutrophils (PMNSs)
in contact with selectins under hydrodynamic flow. Unfortunately,
sLe-conjugate? did not show any significant E-selectin inhibition
at 100uM in the flow assay (Table 1} Monovalent sL& also
did not reduce leukocyte rolling at concentrations up to 1000
but inhibitor 1 showed an Igy-value of 36-40 uM.®

Here we report that multivalent polylysine conjugates of
antagonistl, such as3 and 4 (Scheme 1), are highly active
E-selectin inhibitors which reduce neutrophil rolling on activated
endothelial cells with 16, values as low as 50 nM. Compared to
monovalent sLethese glycopolymers exhibit at least a«510*-
fold improved potency. We show that both the size of the
polymeric carrier molecule and the ligand loading affect E-selectin
inhibition.

The conjugate8 and4 were prepared from chloroacetylated
polylysine5 and thiol derivativeR,-SH (Scheme 1) ofl. which
was obtained from the corresponding améin 60—70% yield
by reacting it with thiobutyrolactone in the presence of trieth-
ylamine (Scheme 2% Previously, we have shown that modifica-
tions of the C-6 substituent of the 1,2-deoxyglucopyranose portion
of 1 do not affect the bioactivity* Therefore, this position was
selected as a handle to achieve linkage to the polymer backbone.
Polymer5 and substoichiometric quantities (in case3pf#ia—e)
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Table 1. E-Selectin Inhibition

cmpd R (% cont.) n flow assay 1G, [uM]@
sLe monovalent no inhib. at 10QeM
1 monovalent 3640

2 R: (20) 250 no inhib. at 100M 1°
3 R; (20) 250 2

4a R (5) 1200 no inhib. at 10M

4b R; (10) 1200 4

4c R> (20) 1200 0.2

4d R; (35) 1200 0.05

4e R> (50) 1200 0.05

Af R; (100) 1200 0.2

@ For multivalent compounds concentrations refer to carbohydrate
ligand concentrations but not to macromolecule concentratigsti-
mated from measurements at 200, 50, angt¥0 ¢ © Estimated from
measurements at 10, 2, 0.2, and Q:02.
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or 1.5 eq (in case o#f) of R,-SH were dissolved in degassed
DMF. DBU (2—3 eq) was added and the mixture stirred for 15
min. Then 3 eq of thioglycerol and 3 eq of NRtere added to
transform remaining chloroacetamide functionalities into dihy-
droxy side chaing?

All products were purified by ultrafiltration. The yields were
generally higher than 90%. To investigate the influence of the
molecule size we used chloroacetylated polyly&aand5b with
degrees of polymerizatiom) of 250 and 1200, respectively. To
study the effects of the ligand loading, conjugates< 1200)

with 5, 10, 20, 35, 50, and 100% carbohydrate side chains were

prepared. The composition of the glycopolymers was verified by
integrating several baseline-separaidd\MR signals of ligand
and thioglycerol as exemplified by the 8G *H NMR spectra of

3 (n = 250) and4c (n = 1200) containing 20% carbohydrate
side chains and 80% thioglycerol side chains (Figure 1). The
signals of3 (M, ~ 100 000) are slightly sharper and better
resolved than the signals dt (M, ~ 400 000), but even the
composition of compounds as big @t can be accurately
analyzed. In glycoconjugat no thioglycerol side chains could

be detected, indicating complete carbohydrate functionalization.

The polymers were tested for E-selectin inhibition in the flow
assay at 10, 2, 0.2, and 0.0 to allow an estimate of their
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Figure 1. 'H NMR (400 MHz) spectra of glycoconjugat8sand4c in

D,0O at 80°C. Several baseline-separated signals can be assigned to either
the carbohydrate ligand (carb) or thioglycerol (gly). Integration allows
the determination of the composition within NMR accuracy.

ICso values. The data are based on molar concentrations of
saccharide residues but not on molar concentrations of macro-
molecules (Table 1). All compounds (with the exceptioraf

are by far more active than monovalent SLeultivalent sL&-
conjugate2, and monovalent inhibitod. The potency clearly
depends on the size of the multivalent molecule. Compdind
with n = 250 and 20% ligand content shows and©f 2 uM,
whereas the considerably bigger conjugdte with identical
composition butn = 1200 was 10-fold more potent. For
conjugatesta—f (n = 1200) we observed a strong dependence
of the potency on the ligand loading. While compoufawith

only 5% carbohydrate side chains gave no inhibition agif
glycopolymers4b and 4c containing 10 and 20% of the ligand
showed G values of 4 and 0.2M, respectively. The conjugates
4d and4ewith 35 and 50% carbohydrate side chains, respectively,
are highly potent E-selectin inhibitors with 4gvalues of 50 nM.
Interestingly, a significantly reduced affinity (4= 0.2 uM)

was observed for compourtf with complete ligand function-
alization.

Assuming a statistical ligand distribution in glycoconjuga&es
and4, the mean distance between two ligands in a conjugate in
solution decreases with the ligand loading. A minimum ligand
loading (in our case 20%) is required to achieve a ligand density
which is optimal for multiple receptor recognition and, thus,
allows for high affinity binding. In case of a too high ligand
density most ligand residues will not bind to a receptor for steric
reasons. Thus, the affinity of such conjugates is expected to drop.
This is observed for compourdf with 100% ligand loading.

In conclusion we have demonstrated that nanomolar E-selectin
inhibitors can be obtained by multivalent presentation of the
micromolar small molecule inhibitorl (700-fold improved
potency), whereas multivalent presentation of the millimolar
E-selectin antagonist skeyave no significant effect. Our data
suggest that the affinity of a small molecule antagonist has to
exceed a certain threshold value to achieve multivalent amplifica-
tion.

Supporting Information Available: Procedures for the syntheses of
compoundsR,-SH, 3, and4a—f (PDF). This material is available free
of charge via the Internet at http://pubs.acs.org.
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