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Many cell surfaces are covered by a glycocalyx composed of glycoproteins, glycolipids or glycosaminoglycans.
These are frequently large, heavily glycosylated molecules ideally placed to mediate initial contacts between cells.
The limited number of monosaccharide residues which constitute the oligosaccharide chains may be assembled
into many different structures by means of different linkages, by chain branching and by the presence of substituents
such as sulphate, phosphate or acetyl groups. These structures can be generated by relatively few enzymes allowing
an impressive array of diversity to be regulated by a small number of gene products. The amount of information
contained in such molecules suggests that they may have a role in events such as cell adhesion and cell trafficking.

The major issues raised in this month’s provocative mini-review by Jeffrey Winkelhake of The Cytel Corporation
are intended to create a forum for exploring questions of whether the newly-discovered complex carbohydrates
involved in leukocyte trafficking and adhesion to vascular endothelium could provide valuable therapeutics for a
wide range of inflammatory diseases and conditions.

The questions raised include:

¢ Are the complex carbohydrate ligands associated with leukocytes and endothelial cells in lymphoid organs
restricted in their expression among sub-populations of cells?

® Or, are just a few oligosaccharide structures shared among leukocytes and endothelial cells? In this regard,
how selective are the ‘selectins™?

e Is there a reason why inflammatory signals can cause both up- and down-regulation of selectins? Will this
and other phenomenon discovered in vitro hold up as research studies move in vivo?

» Isthere meaning to the apparent time-dependent sequence of appearance of the carbohydrate-specific adhesion
molecules, and does the sequence of expression predict an important role for each selectin in different
inflammatory states?

¢ Since inflammatory cell trafficking is a multifaceted process involving adhesion, transcellular migration and
several cell activation signals as well as several adhesion molecules simultaneously, will reagents designed
to block selectin—ligand interactions provide meaningful therapeutics?

e Finally, since the carbohydrate ligands recognized by selectins are constitutively expressed, will therapeutics
designed to block their recognition by selectins increase host susceptibility to infection or block other normal
homeostatic mechanisms?
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Will complex carbohydrate ligands of vascular selectins
be the next generation of non-steroidal

anti-inflammatory drugs?
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It has long been recognized that the adhesion of circulating
leukocytes to vascular endothelial cells is a key step in
inflammatory responses to infectious agents. Even though
many of the pathologic alterations associated with inflam-
mation are likely to be secondary to cell adhesion, the
attachment of phagocytes to vessel walls via adhesion
receptors or cell adhesion molecules (CAMs), is a necessary
and early step in most acute inflammatory processes such
as septic shock [1], appendicitis [2], acute alveolitis [3],
the late-phase response in asthma [4, 5] and diseases
associated with Arthus- and Schwartzman-type reactions
[6, 71.

The appearance of CAMs in glomerulonephritis [8],
arthritic joints [9, 10], psoriatic and other inflamed
cutaneous tissues [11, 12], the blood-brain barrier in
multiple sclerosis [13, 14], the intestinal mucosa in
inflammatory bowel disease [15] and in atherosclerotic
plaques [16] all suggest significant roles for endothelial
CAMSs in chronic-type inflammatory diseases as well.
Furthermore, even though initially considered a non-
thrombogenic barrier, the wvascular endothelium and,
specifically, CAMs have more recently been recognized as
key players in haemostasis [ 17], reperfusion injury [18] and
haemorrhagic shock [19]. Finally, since endothelial cell
adhesion molecules are up-regulated as a result of surgery
and organ transplantation [20] and often involved in tumor
cell metastasis [21-24] and virus, bacteria and other
pathogen attachment to cells [25-28], there is little doubt
that CAMs will be the subject of therapeutic targeting in
the years to come.

The newest CAMSs to be discovered consist of a family
of molecules each of which contain extracellular structures.
These include a C-type (Ca®*-dependent) lectin-like domain,
an epidermal growth factor domain and several repeats of
complement binding domains; thus, the descriptive acronym
‘LEC-CAM’. While the major focus has been on the
biological relevance of the LEC-CAM’s lectin-like specificity,
thus the evolution of the anthropomorphic acronym
‘Selectin’, it is undoubtedly important that this family of
three 90-140 kDa cell surface glycoproteins have repeating
structural motifs which resemble (have ca 80% homology
with) both the C-regulatory proteins which bind C3 and
(4, and the IL-2 receptor and serum factor XIII [29]. The
LEC-CAMs are also extensively glycosylated, and variability
in the extent and/or type of oligosaccharides attached could
contribute to important selectin interactions with other
receptors or even with each other.

The LEC-CAMs each bind complex, anionic carbohydrate
‘ligands’ which appear on surface glycocomponents of
phagocytes (including neutrophils, monocytes and eosino-
phils), apparently on a subpopulation of skin-homing,
memory T-cells and on endothelial cells in high endothelial
venules (HEV) [11, 30-32]. Several recent papers provide
preliminary structural identifications for the specific complex
oligosaccharide ligand(s) which are bound by:
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1. LECAM-1 which is also known as LAM-1/Leu-8
(gp140™' in the mouse) and is synthesized and expressed
constitutively on lymphocytes, neutrophils and monocytes
[33, 34].

2. LECAM-2 which is also known as ELAM-1 and is
synthesized and expressed on the surfaces of endothelial
cells within 2-4h of activation by endotoxins, IL-1f,
TNFa, substance P, etc. [35-37].

3. LECAM-3 which is also known as GMP-140/PADGEM/
CD62 and is carried inside platelet granules and Weibel-
Palade bodies of endothelial cells until it is expressed on
their surfaces within minutes after activation by thrombin,
histamine, oxygen radicals, etc. [38-41].

Interestingly, while LECAMs 2 and 3 are up-regulated
by the cell activation signals listed above, LECAM-1, which
serves nominally as a leukocyte homing receptor [42],
appears to be down-regulated in response to inflammatory
mediators which activate neutrophils in vitro [43]. This
suggests a mechanism for dumping leukocytes residing in
lymph nodes and Peyer’s patches into the systemic
circulation. In fact, unique compartmentalization of CAMs
seems to be a general feature since, for example, the
LEC-CAMs appear to exist preferentially in post-capillary
venules, not on arterioles.

Although the ‘minimal’ oligosaccharide ligand bound by
LECAM-1 has not been as clearly defined, it may have the
same basic core or backbone structure as that which is
bound by the other two selectins; namely, lacto-N-
fucopentaose-1I1 (LNF-III). This biologically-important
trisaccharide (Fig. 1A) was the first carbohydrate differen-
tiation antigen to be characterized and, in the mouse, is so
transiently expressed during embryogenesis that it is called
a stage-specific embryonic antigen [44]. In the human, this
same structure is designated as the X-hapten of one of the
Lewis family of blood group antigens; thus the name, Le*.
In leukocyte nomenclature this antigen system is also
designated as ‘Cluster of Differentiation 15 (CD15)’, and
while Le* is widely distributed in human body tissues and,
probably, on circulating macromolecules, among peripheral
blood cells it is virtually confined to granulocytes [45].

Addition of a terminal 2,3-linked N-acetylneuraminic acid
results in Sialyl-Lewis X (SLe*; Fig. 1B) which constitutes the
minimal ligand for LECAM-2 [46-48] and LECAM-3 [49].
Sialic acid has also been shown to be an essential component
of the ligand for the homing receptor, LECAM-1 [50]. The
majority of investigators studying the minimal structure(s)
recognized by LECAM-2 discovered SLe*. However, one
group [51] has identified another ligand; namely, an
LNF-III variant which, while still having a terminal sialic
acid, has the LNF-III structure separated from sialic acid
by a lactosaminyl moiety (Fig. 1C). This structure,
recognized by the antibody VIM-2, also occurs on
granulocytes [52]. The presence of the two different
sialylated LNF-III-type structures on neutrophil surfaces



Glycopinion

A, LNF-lil or Lex
Galf(1-4)[Fuca(1-3)]GIcNAcf-

B. Sialyl-Lex or Slex
NeuAcu(2-3)Galfi(1-4)[Fuca{1-3)]GlcNAcS-

oH
HO\)\@\;SZH a é:,
AHNLZ 0-7~0 o; 0
HO OH o 9 0
o o NHAC
HO OH
o4

HO
C. VIM-2 antigen or SY-2

NeuAcs(2-3)GalB(1-4)GlcNAcS(1-3)GalB(1-4) [ Fuce(1-3) 1GIcNAcS-

Figare 1. Complex carbohydrate ligands of the vascular selectins.

(SLe* and the VIM-2 antigen) is probably related to the
fine specificities of the unique fucosyltransferase(s) involved.
It is possible that in the future ligand fine structural
features (e.g. other carbohydrates, sulphate groups, etc.) will
be discovered which identify separate specificities (and
biological activities) among the selectins. Thus, as with
antibodies to blood group antigens, exquisite specificity may
be imparted by a selectin’s ability to recognize one or two
carbohydrate or sulphated carbohydrate groups in addition
to the minimal ligand(s) on leukocyte subsets and/or on
HEV cells. This possibility is under intense investigation.
Alternatively it is possible that the ligand(s) exist differentially
on leukocyte and/or endothelial cell glycoproteins or
glycolipids. Clearly, such restriction to one or the other type
of cell surface glycoconjugate would suggest different modes
of signal transduction and add, indirectly, to arguments for
biological specificity residing, in part, in a selectin’s ligand.
It is also possible that all three selectins cross-react with
cells or macromolecules which have SLe*-like structures in
sufficient concentration on their surfaces, i.c. the selectins
may be promiscuous. This is the case for soluble animal
lectins such as the serum mannan-binding proteins and
conglutinin which cross-react freely with N-linked glyco-
conjugates which contain Le? Le*, terminal N-acetylglucos-
amine and polymannosyl structures [53, 547. It is of interest
that ligand binding by the soluble animal lectins, which also
contain structural motifs analogous to C-binding regulatory
proteins, induces quite different biological activities.
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There are at least four characteristics of the selectins which
would predict different in vivo biological activities indepen-
dent of their carbohydrate ligand(s). First, while similar,
their primary structures range in the number of {-binding
domain repeats from 2 for LECAM-1 to 9 for LECAM-3,
Similarly, since the EGF domain is separated from the cell
surface by C-repeats, the EGF domain is more or less
‘exposed’. These differences would suggest different affinities
for C components and EGF receptors. In support of this
hypothesis is some data suggesting that the EGF domain
of LECAM-1 may participate in its recognition of lymph
node but not Peyer’s patch HEVs {55].

Secondly, selectins are found on different cell types. This
clearly suggests different biological functions. Thirdly, the
selectins are expressed under the influence of a wide variety
of cell activation signals. The diversity of signal molecules
ranges from complex exogenous agents such as lipopoly-
saccharide to endogenous bioactive molecules involved in
cytokine and thrombogenic or thrombolytic networks to
low molecular weight, pharmacological mediators. This
diversity suggests (again} that selectins have different
intracellular signal transduction mechanisms, and it provides
clues as to potential differences in their regional expression.
For example, thrombin, histamine and substance P act over
short distances in vivo — often in selected organs, whereas
it is not unusual to find total systemic levels of active {L-1
or TNF,

Lastly, in vitro studies suggest that selectins may appear
at different times during inflammatory responses and,
probably, in varying amounts in different inflammatory
conditions. For example, the *disappearance” of LECAM-2
within 6 h after its up-regulation by IL-! on human
umbilical cord endothelial cells (HUVECS) in vitro [56] may
be artefactual when considering the morc ‘chronic’ in vivo
setting. The time-dependent appearance of the selectin
however, probably does reflect differences in the relative
roles of the various selectins in different inflammatory states.
This hypothesis is strengthened by recent findings of
LECAM-2 expression in septic but not traumatic shock in
the baboon [57]. In fact, the general phenomenon wherein
a differential appearance of first, neutrophils and then
monocytes in inflamed tissues is observed may now be
explained at the CAM level.

Such time-dependent expression would also suggest that
the selectins have evolved to assure leukocyte recruitment
as a fundamental mechanism in immunoregulation. Conse-
quently, it would not be surprising to find that selectins arc
highly conserved through evolution. Recognition of this
pivotal role for selectins in homeostasis, coupled with the
discovery that both antibodies and SLe*-containing lipo-
somes can block phagocyte adhesion to HUVECSs in culture
[46], has prompted interest in designing reagents which
inhibit selectin-ligand interactions not only as therapeutics,
but as a means to discovering the biological significance of
the LEC-CAMs.
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Assuming a cause and effect relationship, three approaches
to blocking selectin—ligand interactions are of interest here.
The first is the use of anti-selectin antibodies to, perhaps,
capitalize on both the time-course of LEC-CAM expression
and on the proposed differential-expression as a function of
activation signals. Such reagents are currently being tested
in experimental animal models and early results are as
provocative as those obtained with antibodies to the integrin
and Ig superfamily CAMs [18-20].

The problem with targeting any single CAM is that
leukocyte trafficking involves a complex series of events
which include initial margination or rolling — which appears
to be selectin-mediated [59] — firm adhesion, transmigration
through endothelial linings and migration through peri-
vascular connective tissue into the extravascular tissue. At
any stage in this sequential process several receptor—ligand
pairing interactions may be simultaneously involved [60].
Thus, the adhesion—migration process is probably both
multi-component and redundant at the CAM level. Some
adhesion molecules may be involved in the entire process,
some may be involved with only one event. Selectins are
probably involved in the early stages of this scenario when
cells moving through the vasculature at more than
2000 vm s~ ! need to be slowed and stopped. While there
may be a predominant expression of one selectin in a
particular inflammatory state, it is not likely that a single
selectin will be the sole player in that inflammatory response.
Differences between the process itself in different tissues will
likely be reflected by subtle variations of the general theme
outlined above. However the subtle variations will be of
critical importance to the development of useful therapeutic
reagents.

It is also unlikely that any selectin will be expressed during
only one time-period of a complete inflammatory response.
The Yin and Yang of immunology can be expected at the
CAM level, and multiple, cooperative down-reguiatory
events can be expected as the inflammatory response
progresses. For example, the appearance of the ligand (SLe™)
on other adhesion molecules, the enhancement and pro-
longation of LECAM-2 expression by IFN, [61] or the
persistent presence of SLe* on cells treated with cytokines
which no longer can bind endothelium (J. Harlan, personal
communication) are observations which do not fit into
simple teleologic concepts developed from in vitro studies
to date. Thus, the view that blocking one adhesion molecule
pair will provide meaningful biological effects is clearly an
oversimplification, and the redundancy of CAM interactions
suggests that highly specific reagents, such as anti-selectin
antibodies, will probably be efficacious only in limited
subpopulations of patients — as was seen with single cytokine
therapies. As with cytokines, reagents targeting single
players in any chronic host response will probably show
optimal efficacy in early-stages of that chronic (inflammatory)
disease or in combination with other therapies [62].

Consequently, a second approach based on ligand
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cross-reactivity may be more broadly applicable. This
approach would allow therapeutic intervention throughout
the time-course of the inflammatory response. In fact,
following the assumption that blocking initial rolling or
adhesion events will block or suppress subsequent trans-
cellular migration and tissue damage Sle*-based thera-
peutics may well be the next generation of non-steroidal
anti-inflammatory drugs (NSAIDS). Such reagents will
be less toxic also and will provide a level of target selectivity
not currently enjoyed by NSAIDS.

While there is hope that low molecular weight, orally-
active ligand mimics can be discovered, designers for
selectin-based therapeutics should keep in mind the
potential importance of ligand multivalence and conforma-
tion. Tt is likely that, as with the hepatocyte membrane
Gal/GalNAc receptor {63], ‘avidity’ or polyvalency
amplification of binding will be essential to selectin function.
Thus, through the use of multiple linkages (and perhaps by
virtue of multiple signals and controls at the level of
subcellular organelles) sclectins will be found to make up
for what will probably be their relatively weak binding
affinity(s) and their ligand cross-reactivity(s).

Finally, it is appropriate here to consider anti-carbo-
hydrate (anti-ligand) antibodies or soluble LEC-CAMs as
potential therapeutics. Such approaches may be possible if,
as with monoclonal antibodies directed against other
leukocyte adhesion molecules, the anti-ligand reagents act
to ‘fine-tune’ or down-regulate other leukocyte or endo-
thelial cell functions [64]. However, anti-ligand approaches
may also have profound delivery problems since the ligands
are found expressed on normal tissue cells (such as
hepatocytes) as well as on serum glycoconjugates which
may require the SLe*-like signals to facilitate their trafficking
and compartmentalization. Irrespective of whether selectin
ligands have such biological (rather than simply physico-
chemical) importance to non-leukocyte glycoconjugates,
their prevalence would necessitate large doses of anti-ligand
antibodies to be effective in inflammation.

The major concerns with blocking leukocyte—endothelial
cell adhesion in general are the potential deleterious effects
of interfering with what appears to be a crucial homeostatic
processes. For the selectins in particular, their role in
homeostasis remains to be elucidated in vivo, but another
family of CAMSs, the integrins, gave some cause for concern
with the ‘adhesion-blockade’ approach to inflammation.
It was found that patients homozygous for a deficiency in
synthesis of the integrin B-chain, CD-18 molecule, have
leukocyte—adhesion—deficiency (LAD) syndrome whereby
they are prone to recurrent and persistent infections [65].
Thus, the question arose as to whether blocking leukocyte
adhesion (especially for any long period of time) might not
create LAD-like toxicities?

It is important to remember that therapeutics can be
used to only partially-block inflammation. This point is
exemplified by the LAD heterozygote who has what appears
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to be a perfectly normal, protective inflammatory response
[65]. Furthermore, transient inhibition of neutrophils with
an anti-CD18 antibody (which has profound affects in
animal models of ischemia [18-20], does not increase
human mortality in abdominal sepsis [66]. Finally, other
anti-inflammatory agents such as cyclo-oxygenase inhibitors
and conventional NSAIDs are used safely — even chronically.
Thus, anti-selectin antibodies and carbohydrate-based
therapeutics can be predicted to have good therapeutic
ratios with low intrinsic toxicity by virtue of being adaptable
to ‘tuning’ dose, route and schedule parameters.

Of course all of these ‘selectin speculations’ await
experimental testing in animal models of human diseases.
What is already clear is that the future holds bright promises
for a new wave of approaches to improving human health
by capitalizing on the fundamental observation made nearly
two decades ago by Ashwell et al. [637; namely, that complex
carbohydrates are very important players in cell and
molecular social behaviour,
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