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Summary

During evolution of the vertebrate cardiovascular system, the vast endothelial surface area
associated with branching vascular networks mandated the development of molecular processes to
efficiently and specifically recruit circulating sentinel host defense cells and tissue repair cells at
localized sites of inflammation/tissue injury. The forces engendered by high-velocity blood flow
commensurately required the evolution of specialized cell surface molecules capable of mediating
shear-resistant endothelial adhesive interactions, thus literally capturing relevant cells from the
blood stream onto the target endothelial surface and permitting subsequent extravasation. The
principal effectors of these shear-resistant binding interactions comprise a family of C-type lectins
known as ‘selectins’ that bind discrete sialofucosylated glycans on their respective ligands. This
review explains the ‘intelligent design’ of requisite reagents to convert native CD44 into the
sialofucosylated glycoform known as hematopoietic cell E-/L-selectin ligand (HCELL), the most
potent E-selectin counter-receptor expressed on human cells, and will describe how ex vivo glycan
engineering of HCELL expression may open the ‘avenues’ for the efficient vascular delivery of
cells for a variety of cell therapies.
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Introduction

The successful clinical implementation of adoptive cellular therapeutics critically depends
on delivery of pertinent cells to the requisite tissue site(s) with maximum efficiency. To
minimize morbidity, primary clinical principles dictate that transferred cells should be
administered intravascularly, thereby exploiting the native processes governing cell
migration. A thorough understanding of the molecular mechanisms that underlie cell
trafficking in the vasculature is thus essential to the rational design and implementation of
strategies to enable cell therapies such as in T/natural killer (NK) cell-based immunotherapy
and stem cell-based regenerative medicine.
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Cell migration requires the action of distinct classes of molecules that function in a
sequential fashion. To exit the vasculature, circulating cells must first be capable of adhering
to target vascular endothelium with sufficient strength to overcome the shear forces of blood
flow. The most effective mediators of this initial decelerating/braking adhesive interaction
are the selectins — E-selectin (CD62E, expressed on endothelium), P-selectin (CD62P,
expressed on platelets and on endothelium), and L-selectin (CD62L, expressed on
leukocytes and on hematopoietic stem cells). E- and P-selectins are typically referred to as
the “vascular selectins’ because of their expression on endothelium, whereas L-selectin is
called the ‘leukocyte selectin’. The selectins are integral membrane proteins comprising a
family of C-type (i.e. requiring Ca?* for activity) lectins that bind to sialofucosylated
glycans displayed on their relevant ligands. These glycan structures can be displayed on
protein scaffolds (i.e. glycoproteins) or on lipid scaffolds (i.e. glycolipids), and, in each case,
the native display of these determinants is dependent on the expression and activity of
specific Golgi glycosyltransferases that add the relevant sialic acid and fucose
monosaccharides in the proper locations of the glycan polymer.

We have developed a platform technology called ‘glycosyltransferase-programmed
stereosubstitution” (GPS) to custom modify cell surface glycans without affecting cell
viability or native phenotype. GPS has been used to convert membrane CD44 on live cells
into the potent E-selectin ligand glycoform known as hematopoietic cell E-/L-selectin ligand
(HCELL), thereby conferring tissue-specific migration of intravascularly administered cells
to vascular beds expressing E-selectin in vivo. This article will explain the creation of GPS
and will consider how enforced HCELL expression could be harnessed to optimize tissue
delivery of infused cells in adoptive cellular therapeutics.

Regulation of cellular trafficking: the multi-step paradigm

The recruitment of discrete subsets of cells in blood flow into tissues is critical to a variety
of physiologic and pathologic processes, including immunity, tissue repair, and cancer
metastasis. Most commonly, extravasation occurs within post-capillary venules under fluid
shear stress conditions of 1-4 dynes/cm? (1). A variety of in vitro and in vivo studies have
established that the migration of cells from vascular to extravascular compartments is
governed by a cascade of molecular interactions, conventionally referred to as the ‘multi-
step paradigm’ (2, 3). ‘Step 1 in this process involves the capture of cells from the fluid
stream onto the target tissue endothelium. This physiologic braking process, mediated
principally by the selectins and their ligands, gives rise to initial tethering and then rolling
interactions of cells directly on the endothelial surface, at velocities well below that of the
prevailing fluid stream. Rolling interactions allow for intimate contact with the endothelium
for distances ranging from a few micrometers to several millimeters; cells can thus be
exposed to chemical signals (principally chemokines, but also cytokines and other
inflammatory agents) present in the local milieu (Step 2), resulting in the activation-
dependent upregulation of integrin adhesiveness leading to firm adhesion (Step 3), followed
by endothelial transmigration (Step 4) (Fig. 1).

Implicit in this model is the critical role of Step 2 in serving as a checkpoint for completion
of the cascade. The major mediators of firm adherence are the integrins, very-late activation
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protein 4 (VLA-4) and lymphocyte function-associated antigen 1 (LFA-1), which are
maintained in an inactive state in essentially all ‘resting’ circulating cells. The transition
from Step 1 to Step 3 is thought to be orchestrated by the discrete combinatorial diversity of
chemokine receptors and chemokines expressed on circulating cells and target endothelium,
respectively. Chemokines comprise a superfamily of small proteins that function as potent
chemotactic agents (reviewed in 4). Some chemokines are widely distributed, whereas some
have a tissue-specific distribution and some are expressed in an inflammation-dependent
manner. Additional complexity arises from the fact that the ligands for chemokines are G-
protein-coupled receptors (GPCRs) that have a cell-specific distribution. Where pertinent,
triggering of these GPCRs results in the activation of integrins LFA-1 and/or VLA-4,
potentiating their binding to vascular endothelial counter-receptors, intercellular adhesion
molecule 1 (ICAM-1) and vascular cell-adhesion molecule 1 (VCAM-1), respectively.
Extravasation then ensues, typically driven by chemokine gradients present in the
subendothelial compartment (5) (Fig. 1).

The conventional multi-step model holds that Step 1 interactions are reversible: if rolling
cells possess the requisite receptors for those particular chemoattractants expressed in the
perivascular microenvironment, integrin activation ensues, and they will then transition into
firm adherence and undergo transmigration; in the absence of pertinent Step 2 receptors,
rolling would be transient (lasting seconds to minutes), followed by detachment of cells and
re-entry into the blood stream. To date, methods to augment cell migration have focused
primarily on introducing chemokine receptors by genetic means (6-8) or upregulating their
expression by manipulating cells in vitro (9-11). However, for every tissue target, the
proximate hurdle to achieving cell recruitment is, literally, upstream of Step 2 events, as
only those cells that can undergo efficient tethering/rolling interactions can become tissue
residents. Thus, strategies to at least maintain or, as needed, enhance or create expression of
Step 1 effectors on cell surfaces are essential to realize delivery of pertinent cells to sites
where they are needed.

The ‘roll’ of selectin-dependent adhesive interactions

Although several molecules, including CD44 and some integrins [e.g. LPAM-1 (a4B7) (12)],
are capable of mediating tethering and rolling adhesive interactions, the selectins are the
most potent effectors of Step 1 and can maintain rolling at higher fluid shear levels than any
other structures (reviewed in 1). The selectins are also unique in that they display optimal
binding to their ligands under physiologic shear conditions, and, indeed, L-selectin will not
adhere to any of its counter-receptors under static conditions (13-16). This unusual property
of selectin receptor/ligand interactions is in part a consequence of fast on—off rates, typical
of low affinity interactions between lectins and glycans. In the setting of fluid shear forces,
these fast on—off binding interactions are translated into cellular torque, resulting in rolling
interactions at velocities below the prevailing hemodynamic flow. However, more
specifically, selectin receptor/ligand interactions have the conspicuous capacity to decrease
their off rate within a certain force range (17-19), thereby increasing tether life times and
commensurately increasing the number of bonds per tether with escalating wall shear stress.
This process leads to stable, nearly constant selectin-dependent rolling velocities over a wide
shear stress range (20), and to the paradoxical observation that selectin-dependent rolling
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velocity can actually decrease within a range of increasing application of shear stress (18,
21). This so-called “catch bond’ phenomenon yields to “slip bonds’ and to dissociation of the
selectin receptor/ligand complex as higher mechanical tensile forces are applied; cells will
thus detach from the endothelial surface if they encounter (higher) hemodynamic shear
conditions whereby slip bonds dominate, but during stable cell rolling, this catch-slip
interface occurs naturally as bonds initiated at the leading edge transition toward the trailing
edge. The characteristic topographical distribution of L-selectin and of selectin ligands on
the tips of microvilli of circulating cells may also be a contributing factor in this force-bond
relationship, as the elastic spring constant of the microvillus can serve to further dampen
bond dissociation rates (22). Membrane compliance is also contributory, as cell-substrate
binding under shear stress causes cell deformation (flattening) that boosts the number of
selectin receptor/ligand contacts (23).

The expression of selectins varies depending on the cell type, the anatomic location, the
activation status of the cell(s), and the presence or absence of inflammation. As noted above,
L-selectin is expressed on mature leukocytes and on hematopoietic stem cells, but its
expression is conspicuously absent in intermediate stages of leukocyte development (24—
27). Among lymphocytes, L-selectin is characteristically expressed on naive T cells and
central memory cells, but its expression is generally low on effector T cells (reviewed in 28).
L-selectin gene expression is thought to be constitutive on cells that express it, but
transcriptional regulation induced by cytokines and post-transcriptional regulation of gene
expression have each been recognized (29, 30). Among mature leukocytes, there is a rapid
downregulation of surface L-selectin expression following cell activation, with shedding of
the L-selectin ecto-domain (31); this membrane proximal proteolysis is mediated by the
action of surface metalloproteases, at least one of which is a disintegrin and metalloprotease
known as ADAM17 (a disintegrin and metalloprotease domain 17) or tumor necrosis factor
(TNF)-a-converting enzyme (TACE) (32). This same enzyme mediates shedding of
VCAM-1 of endothelial membranes (33). Although there is evidence of shedding of both P-
selectin and E-selectin, the protease(s) mediating these processes is currently unknown.
However, in contrast to L-selectin, the predominant mechanism regulating expression of
both P-selectin and E-selectin is not via surface proteolysis, but by induction of surface
expression. Notably, with the exception of the microvasculature of the skin and bone
marrow (34-36), neither P-selectin nor E-selectin is constitutively expressed in any
endothelial beds.

It is well recognized that the permanent expression of P- and E-selectin in bone and skin
microvessels supports steady-state trafficking of circulating cells to these sites (reviewed in
37). However, in all microvessels (including those of the skin and marrow), upregulated
expression of these vascular selectins is a critical feature of all inflammatory responses, and
drives extravasation of cells bearing requisite counter-receptors. Importantly, inflammation
induces distinctly different kinetics of expression for P- and E-selectin (38—40). Both of
these structures are inducible membrane molecules whose transcription is markedly
upregulated by inflammatory cytokines such as TNF-a and IL-1 (reviewed in 41). E-selectin
is not stored in intracellular compartments, and its expression requires de novo synthesis
over a period of hours (expression starts approximately 2-3 h after stimulus). However, in
addition to cytokine-induced de novo synthesis, P-selectin is stored in the a-granules of

Immunol Rev. Author manuscript; available in PMC 2015 January 26.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Sackstein

Page 5

platelets and in the Weibel-Palade bodies of endothelial cells and its surface expression can
be rapidly upregulated via granular translocation (within seconds in platelets and minutes in
endothelial cells) in response to inflammatory mediators like histamine and thrombin.
Following surface expression on endothelium, both P-selectin and E-selectin are rapidly
internalized by endocytosis, however, whereas E-selectin is degraded in lysosomes, P-
selectin is recycled to the trans-Golgi network and is then returned to the Weibel-Palade
bodies where it can then be remobilized (42).

Data obtained from murine studies indicate that the roles of P-selectin and E-selectin
generally overlap in cellular recruitment. Mice genetically deficient in either E- or P-selectin
appear healthy, whereas mice doubly deficient in P- and E-selectin display a marked
increase in bacterial infections, especially in the skin and oral mucosa (43, 44). P-selectin-
deficient mice show decreased neutrophil exudates at early time-points following chemical
induction of peritonitis (43, 45-47), but E-selectin-deficient mice show no overt
abnormalities in this model. However, depending on the inflammatory stimulus and the
mouse strain utilized, E-selectin shows a dominant role over P-selectin in leukocyte
recruitment (48-52).

Of the three selectins, the binding interactions mediated by E-selectin display the greatest
resistance to detachment under shear (strongest adhesion) and the slowest rolling velocity
(53-56). Importantly, in vivo studies in E-selectin-deficient mice have defined a unique role
for this selectin in leukocyte recruitment during the inflammatory process. Intravital
microscopy studies show that the E-selectin-deficient mice have markedly increased
leukocyte transit times within vascular beds treated with TNF-a, and that E-selectin-
mediated slow rolling velocity markedly reduces transit times, allowing for optimal
responses to inflammatory agents/chemokines in the local milieu (57, 58). In those situations
where chemokines and other chemoattractants are present in high concentration (e.g. as in
experiments wherein they are superperfused in a localized site), the increased leukocyte
transit times consequent to E-selectin deficiency is not a critical variable as reduced time of
exposure to such agents does not affect the response to an overwhelming local concentration
(57). However, under conditions where chemokines may be present in low concentration(s)
and/or at a topographically limited site (such as during the initial stages of inflammation), it
can be predicted that E-selectin receptor/ligand-mediated slow velocity rolling would
provide essential contact time for Step 2 triggering of integrin adhesiveness and leukocyte
emigration. Moreover, an important distinction between primates and mice bears mention
regarding the biology of E-selectin and P-selectin, which may greatly impact extrapolation
of results from mice to humans: the cytokine TNF-a induces both P- and E-selectin
expression in murine endothelial cells, but only induces E-selectin on human and non-
human primate endothelial cells (59-61). This variation in transcriptional control is
secondary to species-specific differences in the P-selectin promoter (60). Thus, cell
trafficking patterns under inflammatory conditions in humans may depend on the
contribution of E-selectin to a much greater extent than that predicted on the basis of mouse
studies. Collectively, these findings have profound implications for strategies to direct cell
migration to sites of inflammation or tissue injury in human beings, suggesting that
optimizing expression/activity of E-selectin ligands on requisite cells may be obligatory to
most effectively enhance recruitment for clinical indications.
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E-selectin counter-receptors on circulating cells

As stated above, all three selectins bind to sialofucosylated glycans bearing a specific
terminal sialic acid (also known as neuraminic acid; ‘NeuAc’) in a(2, 3)-linkage to
galactose (Gal) and a fucose (Fuc) in a(1, 3)-linkage to N-acetylglucosamine (GIcNAc),
prototypically displayed as the tetrasaccharide structure known as ‘sialylated Lewis X’
(sLex; also known as CD15s): NeuAc a 2-3Gal f1-4[Fuc a 1-3]GIcNAc B1-R. The core
lactosamine of sLex is known as a ‘Type 2’ unit, Galp1-4GIcNAc B1-R. The isomeric ‘Type
1’ lactosamine unit, Galp1-3GIcNACcp1-R, can also be modified with a(2, 3)-linked-sialic
acid on galactose, and when this structure contains a fucose substitution in a 1,4-linkage to
N-acetylglucosamine, it is known as ‘sialylated Lewis a’ (sLea): NeuAc a 2-3Galp1-3[Fuc
a 1-4]GIcNAcB1-R (Fig. 2).

All selectins can bind to both sLex and sLea (62—64), but not all cells express these
structures, and some cells that express these structures do not bind to selectins. The
minimum carbohydrate structure that serves as an E-selectin ligand is sLex and/or sLea,
with E-selectin showing higher avidity binding to sLex (65). Human (and mouse)
hematopoietic cells and all normal stem cells (both adult and embryonic) described to date
characteristically express type 2 lactosamine units; thus, wherever found on such cells, the
relevant selectin ligand(s) will display sLex-type sialofucosylated lactosamines. Notably,
type 2 chains (but not type 1) are typically expressed as repeating units called
‘polylactosamines’ (also called ‘poly-N-acetyllactosamines’), and, therefore, the terminal
sLex presented on such chains extends out significantly from the core scaffold (protein or
lipid) and may be presented on multiple polylactosamine branches of a proximal
lactosamine backbone (reviewed in 66). The sLea stereoisomer is not expressed on human
leukocytes or hematopoietic stem cells, and is most typically found on glycans expressed on
human epithelial cells and malignancies derived therefrom (67-70); indeed, the most
extensively utilized marker for diagnosis of tumors of the gastrointestinal tract, ‘CA19-9’, is
sLea (71). Expression of both sLea and sLex by human cancer cells has been correlated with
hematogenous metastasis, etiologically related to the capacity of such cancer cells to bind
vascular E-selectin under hemodynamic flow conditions (70, 72, 73).

Multivalent presentation of sLex and sLea enhances binding of all three selectins to these
structures, and, in addition, specialized post-translational sulfate modifications on sLex itself
(e.g. for L-selectin ligands expressed on lymph node high endothelial venules) or on
tyrosines adjacent to the O-linked sLex structure of the protein scaffold [e.g. for P- and L-
selectin binding to P-selectin glycoprotein ligand-1 (PSGL-1)] render higher affinity binding
of L-selectin and of P- and L-selectin, respectively (reviewed in 74, 75). In contrast to P-
and L-selectin, no additional structural modifications have been found to date that
definitively enhance E-selectin binding to sLex or sLea (76), and high resolution nuclear
magnetic resonance (NMR) spectroscopy studies have revealed that E-selectin has five fold
and 10-fold higher affinity for sLex than do L-selectin and P-selectin, respectively (77).
Related to this fact, there is a common misconception that E-selectin binds indiscriminately
to the sLex/sLea tetrasaccharide structures if they are displayed on glycoproteins or
glycolipids. This misperception traces its origins to the history of the cutaneous lymphocyte
antigen (CLA), a structure originally identified by a rat immunoglobulin M (IgM)
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monoclonal antibody (mAb) known as HECA-452 (78). Earlier studies showed that the
majority of lymphocytes in human skin, but only a minor population present in the
circulation or in non-cutaneous sites, reacted with this mAb (79, 80); as such, skin-homing
lymphocytes were operationally defined as expressing CLA, the epitope of HECA-452.
Subsequent studies showed that CLA* T cells bound E-selectin and HECA-452-
immunoprecipitated protein from lymphocytes bound to E-selectin (81, 82), and that
HECA-452 directly binds to both sLex and sLea (62). Thus, by inference, HECA-452
reactivity became (inappropriately) synonymous with E-selectin ligand activity. Subsequent
biochemical studies showed that the CLA epitope is located on PSGL-1 (83, 84), and
provided direct evidence that only CLA*PSGL-1 can function as an E-selectin ligand,
whereas CLA™ and CLA™ glycoforms of PSGL-1 equally bind P-selectin (84).

Although it is well-accepted that HECA-452 recognizes sLex/sLea structures, caution must
be raised regarding the rather common practice of using this mADb as a reporter for E-selectin
ligand expression, as human cell lines have been described that possess significant
sialylation-dependent E-selectin ligand activity in shear-based assays but lack any detectable
HECA-452 determinants (85, 86). Conspicuously, as shown by others (87) and repeatedly
observed by us, this antibody (or other mAb recognizing sLex, for that matter) does not
block E-selectin binding in any dynamic (flow-based) assay system. Thus, a clear distinction
must be drawn between structures that possess features that can support E-selectin binding
(e.g. recognizable by relevant mAb) and structures that do support E-selectin binding (some
of which remain to be elucidated). A clear distinction must also be drawn between
structure(s) that can support selectin binding in static assays versus dynamic assays, and
between those structures that display ligand activity in vitro versus structures that (properly)
support selectin binding in vivo. Apart from issues related to the presentation of adhesion
molecules on native cell membranes (discussed below), many biochemical studies in vitro
do not yield relevant insight on physiologic selectin ligands, in large part because the
methods employed do not assess adhesion under appropriate shear conditions.

We have extensively investigated whether HECA-452 reactivity itself predicts E-selectin
ligand activity. To this end, we have utilized a technique known as the ‘blot rolling assay’
(88), a methodology that we created expressly to identify a novel selectin ligand that we
identified on human hematopoietic stem cells (89), which is now known as ‘HCELL’ (a
potent ligand for E- and L-selectin; see below). The blot rolling assay is a powerful
technique, capable of discriminating and elucidating those membrane molecules that support
adhesive interactions under appropriate shear conditions. A great advantage of this method
is that, within a complex mixture of membrane molecules, it allows identification of specific
proteins that can mediate shear-resistant binding interactions under appropriate flow
conditions without requiring prior enrichment or isolation of such proteins. In this assay,
membranes are isolated from a cell type of interest, detergent solubilized, and the
component proteins are resolved by gel electrophoresis and then transferred onto a support
PVDF sheet (e.g. by western blot). The sheet is rendered translucent, then placed within a
parallel plate flow chamber and mounted on the stage of an inverted microscope (Fig. 3).
Particles or cells bearing known adhesion molecules of interest (e.g. Chinese hamster ovary
cells stably transfected to express human E-selectin) are then introduced into the chamber
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under controlled flow conditions, and the presence of tethering and rolling interactions on
discrete bands can be observed by video microscopy. Pertinent substrate molecules
supporting tethering/rolling of the flowing cells can thus be identified by immunostaining (if
protein is known and there are mAb that are reactive) or by extraction of the band for mass
spectrometry analysis or protein microsequencing (i.e. for an unrecognized protein).

Our numerous studies over the past decade using the blot rolling assay have clearly shown
that HECA-452 reactivity does not directly correlate with E-selectin ligand activity, as
several HECA452-reactive bands identified by western blot do not support E-selectin-
dependent rolling interactions under the hemodynamic shear conditions employed (see 90).
These findings underscore the dichotomy between antibody determinants and selectin
binding determinants, and also highlight the difference between a static assay system (e.g.
antibody staining) and shear-based adhesion assays. Insofar as selectins bind optimally
under shear conditions, dynamic assay systems favor detection of functionally relevant
selectin receptor-ligand interactions. At the same time, it is important to recognize that
clustering of a given molecule within a defined region in space (i.e. an electrophoretic band)
in either static or shear-based assays could itself induce binding properties that might not
exist on the cell surface, as natively displayed structure(s) would certainly have different site
density(ies) on a given scaffold (protein or lipid), copy humber, orientation and topographic
display. For instance, clustering of sLex or sLea alone on a microbead surface results in
rolling on immobilized E-selectin under physiologic flow, varying with the relative site
densities of the glycans on the beads and site densities of the substrate E-selectin (91, 92).
Still, the blot rolling assay has been proven to be an extremely useful tool for identifying
membrane-bound E-selectin ligands, and, in every case to date, a protein shown to support
E-selectin binding by this technology has been found to support E-selectin binding as
natively displayed on the intact cell membrane. Importantly, the E-selectin ligand HCELL,
initially identified by blot rolling studies, is now known to mediate robust physiologic
activity in vivo (93), indicating that this assay can reveal the identity of endogenous selectin
ligands.

To date, three integral membrane glycoproteins have been identified as the principal E-
selectin ligands on circulating human cells: CLA (PSGL-1), CD43, and HCELL (83, 90, 94,
95). Although a number of other membrane glycoproteins isolated from human neutrophils
have been shown to express sLex and to support E-selectin binding in in vitro assays,
including L-selectin (96, 97), b2-integrins LFA-1 and Mac-1 (98, 99), and CD66 (100, 101),
the contribution of these structures to E-selectin binding on intact cells is, at best, modest. In
addition to glycoproteins, it is well known that glycolipids can possess significant E-selectin
ligand activity, especially those found on human myeloid cells (102-107). PSGL-1 is a
disulfide-linked homodimeric mucin-like glycoprotein expressed on early hematopoietic
cells and essentially in all leukocytes, and it is the prime leukocyte counterreceptor for P-
selectin (reviewed in 108). As noted above, PSGL-1 is also an L-selectin ligand, and, as
‘CLA’, can also bind E-selectin; the CLA phenotype is conferred by extensive sLex
modifications displayed on O-linked glycans (i.e. attached to threonine or serine residues)
distributed throughout the stem region of the core protein (109, 110). All current studies
indicate that sLex-bearing CD43 only binds E-selectin, and that it collaborates with CLA in
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promoting migration of Th1 cells to inflamed skin (111, 112). HCELL is a specialized
glycoform of CD44 predominantly expressed on human hematopoietic stem cells, and is the
most potent E-selectin and L-selectin ligand expressed on human cells (73, 90, 93, 113).

HCELL was initially identified by operational criteria as a distinct integral membrane
glycoprotein capable of supporting L-selectin-dependent binding of lymphocytes to primary
human hematopoietic progenitor cells and the human primitive hematopoietic cell line,
KG1a, under shear-based (Stamper—Woodruff) assay conditions (114, 115). Similar to other
selectin receptor/ligand interactions, this L-selectin binding activity was dependent on Ca2*,
and was inhibited by sialidase treatment of ligand-bearing cells (i.e. sialylation was critical
for ligand activity) (114). At the time of its discovery, no L-selectin ligand had yet been
described on a non-endothelial cell type (114), and thus recognition of this structure opened
our understanding of L-selectin function beyond its well-characterized role in mediating
trafficking of lymphocytes to lymph node (reviewed in 1). Extensive biochemical studies
performed over a period of several years showed that this novel L-selectin ligand was a
sialofucosylated glycoprotein different from PSGL-1 (116), and was structurally unique
from all other glycoprotein L-selectin ligands in that: (i) its binding activity was sulfation-
independent and was resistant to digestion with O-sialoglycoprotease (i.e. sulfation-
dependency and O-sialoglycoprotease sensitivity are properties of L-selectin ligands of
lymph node high endothelial venules and of PSGL-1); (ii) it lacked reactivity with mAb
MECAT79 [which identifies L-selectin ligands displayed on lymph node high endothelial
venules, reviewed in (1)]; and (iii) its L-selectin binding determinants were expressed on N-
linked glycans (i.e. glycan attached to the peptide via asparagine residues) rather than the
canonical O-linked glycans (as found in lymph node high endothelial venule ligands and
PSGL-1) (116, 117). Despite abundant data on its distinctive biochemical features, the
identification of this molecule was extremely elusive because it, like all other L-selectin
ligands, required a threshold hemodynamic shear to engage L-selectin. Thus,
immunoprecipitation of KG1a cells with an L-selectin-immunoglobulin (L-selectin-Ig)
chimeric construct failed to isolate the molecule, and ligand blotting using L-selectin—Ig
chimera did not reveal any immunostaining band(s). Immunoprecipitation of KG1a cell
lysates with HECA-452 mAb was similarly uninformative, as a complex mixture of proteins
was obtained, one of which was PSGL-1. However, our studies employing N-glycanase (to
assess the contribution of N-glycans to ligand activity) provided a critical clue: for optimal
enzyme digestion, it was necessary to subject membrane proteins to sodium dodecy! sulfate
(SDS) and p-mercaptoethanol denaturing conditions. We observed that N-glycanase
digestion abrogated L-selectin ligand activity, but control studies of buffer-treated,
denatured membrane proteins showed that the L-selectin ligand activity was intact, similar
to that of untreated membrane protein (116). With this finding, it was then realized that the
ligand’s binding activity would likely withstand SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) conditions. Thus, the blot rolling assay was created, and this innovative
technology led to the identification of the ligand as a 90-100 kDa band on SDS-PAGE gels;
mass spectrometry revealed that the band consisted of a novel sialofucosylated glycoform of
CD44 (90). Once isolated, further binding studies were undertaken to assess whether the
molecule could bind E-selectin and/or P-selectin; these investigations revealed that this
previously unrecognized structure was not a P-selectin ligand, but was the most potent E-
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and L-selectin ligand expressed natively on human cells (90, 113). Owing to its predominant
expression on the earliest human hematopoietic progenitor cells (115), it was thus named
‘hematopoietic cell E-/L-selectin ligand’.

The glycans that mediate the E- and L-selectin ligand activity of HCELL are displayed on
CD44, but it is inappropriate to simply call this structure ‘CD44’ or to state that ‘CD44 is a
selectin ligand’. The working end of HCELL is not the CD44 peptide per se, it is the
distinctive post-translational carbohydrate decorations that are presented upon the CD44
frame. In our early studies of HCELL based on Stamper—Woodruff assays, we consistently
observed that L-selectin-mediated lymphocyte adherence was robust on KG1a cells that
were treated by the crosslinking fixative glutaraldehyde, which markedly alters protein
conformation but does not affect glycan structure (114). These results indicated that the
protein was essentially inert with regard to ligand function(s). The central role of glycans in
defining HCELL was further established by the finding that the expression of ligand activity
was blocked by inhibitors of glycosylation, and that sialidase and/or fucosidase digestion
alone abrogated ligand activity, thereby highlighting the key contribution of terminal a(2,
3)-linked sialic acid and a(1, 3)-linked fucose residues, likely presented as sLex, for ligand
function (114, 116). Later studies showed that the E- and L-selectin ligand activity of CD44
was associated with HECA-452 reactivity (89, 90). Thus, just as ‘CLA’ defines the E-
selectin binding glycoform of PSGL-1, ‘HCELL’ defines the specialized E-/L-selectin-
binding glycoform of CD44. Besides ensuring consistency in such nomenclature, it is
important to remember the logical precedent that HCELL (similar to CLA) was first
described by unique operational characteristics, well before the scaffold protein was
identified, and that the term HCELL accurately describes the function of this novel CD44
glycoform. This distinction is essential because CD44 is an extremely heterogenous and
pleiotropic molecule, resulting from alternative splicing of nine encoding exons in humans
(10 exons in mice) and a variety of post-translational modifications, including abundant N-
and O-glycosylation, and even glycosaminoglycan substitutions (particularly chondroitin
sulfate), of the core protein (reviewed in 118, 119). In fact, as a consequence of splice
variations, there are presently over 20 well-characterized CD44 protein isoforms, each with
its own name [e.g. ‘CD44v6’, containing variant exon 6 on the core (‘CD44H’) backbone].
Some of the common CDA44 protein isoforms are routinely referred by titles (e.g. ‘epithelial’
CD44 is CD44v8-10, ‘standard’ CD44 is CD44H). This multistructural complexity,
appropriately yielding to species-specific designations, underscores the need to clearly
distinguish ‘HCELL’ from ‘CD44’.

The glycan substitutions that create HCELL confer a totally new biology on CD44. It is
worth remembering that, prior to discovery of HCELL, it was thought that CD44 did not
bind to any integral membrane protein(s). As an adhesion molecule, it was believed that
CDA44’s sole function was to bind extracellular matrix elements, principally hyaluronic acid,
for which it is most commonly known as the “hyaluronic acid receptor’. Conspicuously,
whereas sialylation of CD44 is critical to elaboration of HCELL, sialylation of CD44
inhibits its binding to hyaluronic acid (120-122). Moreover, CD44 binding to hyaluronic
acid is not Ca2*-dependent, and, preceding the identification of HCELL, cation-dependency
had not been described for any CD44 adhesive interactions. On the basis of this physical
chemistry, it is understandable that no one considered the possibility that a glycoform of the
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hyaluronic acid receptor could be a selectin ligand. Indeed, in prior studies of E-selectin
ligands in human cells (and that of other mammals), isolated CD44 was frequently used as
the ‘negative control’, specifically because it was shown to be non-reactive with HECA-452
mAb and found to be devoid of selectin ligand activity, even in the presence of divalent
cations (79, 82, 123, 124).

On human hematopoietic progenitor cells, HCELL is present predominantly on the
‘standard’ CD44 isoform (CD44H) that contains none of the alternatively spliced exon
sequences (core mw 37 000) (89, 90). The HCELL glycoform migrates as a 90 000-100 000
mw band on SDS-PAGE gels, and is characterized by selectin ligand activity displayed
exclusively on multi-antennary N-linked glycans (116). However, more recent studies have
shown that human malignant cells, prominently colon cancer cells, can express an
alternative HCELL structure characterized by display of sialofucosylated selectin binding
determinants on O-linked glycans located on splice variant peptide sequences, yielding
HCELL glycoforms of various molecular weights (most commonly ~150 000 mw) (72, 73,
125). This “colonic’ HCELL differs from “hematopoietic’ HCELL in CD44 splice isoforms
and in glycan linkages, but is otherwise indistinguishable in functional characteristics,
displaying essentially equivalent high potency in binding E- and L-selectin in shear-based
assays (73). The fact that similar E- and L-selectin binding properties are found between
hematopoietic and colonic HCELL, despite differences in regions of the scaffold CD44
protein that display the relevant binding determinants and differences in the core glycan
linkage (i.e. N- versus O-) of these determinants, emphasizes the key role of terminal
sialofucosylation (s) in licensing selectin ligand activity.

Glycosyltransferases that regulate sLex expression

Post-translational glycosylation requires the action of a variety of glycosyltransferases,
Golgi enzymes that function in a specific order to add monosaccharide units to the
(growing) glycoconjugate acceptor (reviewed in 126). Within Golgi compartments, glycan
synthesis is thought to proceed like an assembly line process, such that a glycan modified by
a particular glycosyltransferase reaction becomes the acceptor for a subsequent
glycosyltransferase. These enzymes are stereospecific, that is, they function to catalyze a
glycosidic bond between a particular donor nucleotide-sugar (or, in some cases, lipid-
phosphate-sugar) and the specific hydroxyl of a distinct acceptor structure, in precise
anomeric linkage (a or B). Accordingly, the membrane glycan structures found on any given
cell are a direct reflection of the expression of genes that encode the relevant
glycosyltransferases that catalyze the requisite glycosidic linkages. While there can be
redundancy in enzymes that perform a specific modification, more commonly the absence of
a specific glycosyltransferase results in diminished expression of the associated determinant.
However, absence of a particular determinant is not evidence that a relevant
glycosyltransferase is not expressed. Importantly, expression of a known glycosyltransferase
(or a set of glycosyltransferases) cannot predict, a priori, expression of a specified glycan
determinant by a cell for a number of reasons, including: (i) absence of appropriate donor
nucleotide-sugar(s); (ii) the (relative) proximal location of a given glycosyltransferase
within the Golgi ‘assembly line’ yielding a glycan upstream that can not be an acceptor for
other (downstream) glycosyltransferases; and (iii) concurrent competition between different
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Golgi glycosyltransferases that can each modify an identical acceptor (127). Moreover,
recent studies from our laboratory (described below) indicate that postsynthetic glycosidase
activity can affect expression of key cell surface glycans (128).

Over the past two decades, a multitude of studies have been undertaken to elucidate the
regulation of expression of sLex. Soon after discovery of E-selectin, it was recognized that
transfection of non-myeloid cells with a (1, 3)-fucosyltransferases (creating the Fucal-3-
linkage on GIcNAc within terminal type 2 lactosamines) resulted in de novo expression of
sLex and E-selectin ligand activity (129, 130), indicating that sialylated type 2 acceptors are
created in cells that do not express sLex and suggesting that expression of
fucosyltransferase(s) could be limiting in synthesis of E-selectin ligand(s). Earlier studies
also showed the importance of a(1, 3)-fucosyltransferase expression in elaborating P-
selectin ligand activity by PSGL-1 (109). At present, there are six (validated) a(1, 3)-fu-
cosyltransferases that can modify terminal lactosamines, each categorized by initials (FT)
followed by a numeral (typically Roman, i.e. FTIII, FTIV, FTV, FTVI, FTVII, and FTIX)
(reviewed in 131). Of these, FTIII, FTIV, FTV, and FTVI can modify both a sialylated Type
2 acceptor and an unsialylated (‘neutral’) Type 2 acceptor, yielding sLex or the trisaccharide
Lex (also known as CD15), Gal p1-4[Fuc a 1-3]GIcNAc B1-R, respectively. In addition,
FTIII and FTV can each modify Type 1 acceptors, yielding Lea or sLea (especially for
FTIII). Discrete acceptor specificities are shown by FTVII and FTIX, in that FTVII is
specific for sialylated Type 2 acceptors and FTIX has preference for unsialylated acceptors,
producing sLex or Lex, respectively.

Of all the a(1, 3)-fucosyltransferases, only FTIV and FTVII are found on leukocytes. In
transfected cell lines, FTIV shows a preference for glycolipid acceptors, whereas FTVII
generates sLex predominantly on glycoproteins (132). Furthermore, FTIV tends to
fucosylate GIcNAC residues in proximal lactosamine units of polylactosamine chains,
whereas FTVII shows unique site-specificity in fucosylating only the distal GIcNAc and
doing so only after sialylation of the Gal (i.e. the sole glycan acceptor for FTVII is the
GIcNACc within a terminal sialylated type 2 lactosamine structure, NeuAca2-3Gal f1-
4GIcNACc B1-R) (133) (Fig. 4). Studies in genetically deficient mice have shown that though
both of these enzymes are involved in E-selectin ligand expression in leukocytes, the
predominant enzyme is FTVII: myeloid cell E-selectin (and P-selectin) ligand activity is
markedly reduced in FTVII-null mice, but relatively intact in FTIVV-null mice, whereas E-
selectin (and P-selectin) ligands are completely absent in T-helper 1 (TH1) and T cytotoxic
1 (TC1) lymphocytes in FTVII-knock out animals and unaffected in FTIV-null mice (134,
135). Interestingly, in studies of human T lymphaoblasts, E-selectin ligand activity requires
higher levels of FTVII than that of P-selectin ligand activity, i.e. synthesis of P-selectin
ligands occurs at lower levels of FucT-VII activity than that required for synthesis of E-
selectin ligands (87). These same studies have shown that E-selectin, but not P-selectin,
ligand activity correlates with surface sLex expression on T cells, with parallel increases in
E-selectin ligand activity with increasing sLex expression. There is evidence that the
contribution(s) of FTIV to selectin ligand synthesis in leukocytes may be lineage dependent,
with FTIV contributing more in neutrophils than in lymphocytes, perhaps a function of the
higher levels of FTIV enzyme activity attainable in myeloid cells (136, 137). Notably, a
person carrying a homozygous missense mutation in the FTVII gene has been described, and
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neutrophils from this individual show a dramatic decrease in sLex expression and
diminished staining with E-selectin—Ig chimera by flow cytometry, but normal staining with
P-selectin—Ig chimera and normal engagement to recombinant P and E-selectin substrates in
flow chamber studies (138). Quantitative reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis of FTIV and FTVII transcripts in neutrophils from this individual show a
100-fold increase in FTIV transcripts relative to those of unaffected persons, suggesting that
upregulated expression of FTIV compensates for loss of functional FTVII in myeloid cells
(138). However, there was no information provided on the level of FTIV transcripts, or the
E- or P-selectin ligand activity, of T cells from this person. This individual does not suffer
from recurrent infections or leukocytosis (139), in contrast to individuals possessing a global
fucosylation defect known as leukocyte adhesion deficiency type Il (LADII) that cannot
create sLex and lack membrane selectin ligands; LADII is caused by a defect in the
transporter that transfers the substrate GDP-fucose into the Golgi, but the deficit in selectin
ligand expression can be overcome by oral administration of high doses of fucose (reviewed
in 140).

A family of six sialyltransferases (known as ST3Gall-VI) are capable of transferring sialic
acid in a(2, 3)-linkage to terminal galactose, of which three, ST3Gallll, ST3GallV and
ST3GalVI, can sialylate type 2 lactosamines (reviewed in 141). Of these, ST3Gallll prefers
type 1 lactosamines and is thus thought to be responsible for creation of sLea structures, and
deficiency of this enzyme in the mouse is not associated with loss of E- or P-selectin ligand
activity in neutrophils (142). However, deficiency in ST3GallV results in reduced E-selectin
and P-selectin ligand activity of neutrophils studied in vitro, whereas in vivo studies showed
no effect on P-selectin-mediated rolling of neutrophils on inflamed endothelium, but E-
selectin-mediated rolling velocity was increased (142). These results suggest that there is a
residual a(2, 3)-sialylation of selectin ligands, likely secondary to ST3GalVI activity, and
further studies employing mice deficient in ST3GalVI and/or deficient in both ST3GallV
and ST3GalVI are warranted.

In addition to fucosyltransferases and sialyltransferases, two other glycosyltransferases, core
2 B(1, 6)-N-acetylglucosaminyltransferase-1 (C2GnT-I) and -1,4-galactosyltransferase-I
(B4GalT-1), have been studied for their role(s) in sLex expression and elaboration of selectin
ligand activity in vivo. C2GnT-I is a member of a family of enzymes (including two others)
that place GIcCNAc on the 6th-position of the ‘core’ N-acetylgalactosamine linked to serine
or threonine residues of the peptide chain, and thus initiates lactosamine unit synthesis on
that ‘Core-2’ branch. Early in vitro studies showed that non-myeloid cells transfected with
PSGL-1 and fucosyltransferase genes alone were unable to display sLex or selectin ligand
activity (109, 143). These data, subsequently corroborated by others (144), showed that to
display sLex on PSGL-1, cotransfection of a C2GnT is needed to extend lactosamine units
from the O-glycan linkage. However, it must be emphasized that these studies have
specifically revealed the critical role for Core 2 branch structures in elaborating sLex and
selectin binding by PSGL-1 (and, by inference, any other ligands displaying sLex
exclusively on Core 2 extensions). Importantly, leukocyte recruitment to inflamed
peritoneum is significantly affected in mice lacking C2GnT-I, and, consistently, neutrophils
and lymphocytes from these mice lack P-selectin ligand activity (145-147). However,
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neutrophils and lymphocytes from C2GnT-I-null mice retain significant E-selectin ligand
activity, perhaps reflecting contribution(s) of non-PSGL-1-based E-selectin ligands and/or
reflecting compensating expression of other C2GnT enzymes elaborating E-selectin ligands
(e.g. C2GnT-11l, see below) (146). Once initiated by linkage of GICNAc onto either core N-
or O-glycan structures, polylactosamine synthesis occurs by the alternate linkage of Gal and
GIcNACc residues, respectively, generated by the sequential action of §-1,4-
galactosyltransferase (34GalT) and -1,3-N-acteylglucosaminotransferase. Terminal Gal in
polylactosamine chains can then be modified by (2, 3)-linked sialic acid, followed by
FTVII-mediated a(1, 3)-fucosylation of the ultimate GICNAc, to yield sLex (Fig. 4).
Although 6 p4GalTs (B4GalTI-VI1) have been characterized that can catalyze lactosamine
linkages (reviewed in 148), in vivo studies to date have been undertaken only in p4GalT-I-
deficient mice (149). Both cell-mediated responses (e.g. contact hypersensitivity) and acute
neutrophilic infiltrates were significantly suppressed in f4GalT-I-deficient mice. P-selectin
ligand activity (as measured by flow cytometry using P-selectin—Ig chimera) was
significantly decreased (with no difference in PSGL-1 protein levels), but the role of
B4GalT-I in directing synthesis of lactosamines critical to E-selectin ligand expression/
activity was not assessed (149).

A variety of cytokines mediating leukocyte development and differentiation affect
glycosyltransferase gene expression, thus driving discrete post-translational modifications of
cell surface proteins and lipids. Early studies revealed that CLA expression could be induced
on naive human T cells in vitro by mitogen-activation in the presence of cytokines such as
IL-2 and TGF-p (150). These results prompted further studies in mouse and human
leukocytes to define how cytokines affect expression of fucosyltransferases,
sialyltransferases, core 2 p(1,6)-N-acetylglucosaminyltransferases, and $-1,4-galac-
tosyltransferases that control expression of sLex and of E-selectin and P-selectin ligands.
Studies in vitro using human (151-153) and mouse lymphocytes (154, 155) have revealed a
general pattern whereby mitogen- or TCR/antigen-driven activation of T cells in the
presence of IL-12 (a TH1 polarizing cytokine) markedly enhances FTVI1I expression with
commensurate induction of both E- and P-selectin ligands, whereas IL-4 (a TH2-polarizing
cytokine) can dampen and/or oppose effects of IL-12 on FTVII expression and, in particular,
on E-selectin ligand expression. In cultures of mitogen-activated mouse CD4 cells, 1L-12
also stimulates expression of ST3GallV (154), and IL-12 induces expression of ST3GalVI in
CDA4 cells obtained from ST3GallVV-null mice (156), indicating that IL-12-triggered
induction of both of these sialyltransferases elicits heightened E-and P-selectin ligand
activity. Studies in murine CD4* T cells have shown that IL-12 induces C2GnT-1
expression (157), while studies in murine CD8* cells have shown that C2GnT-1 expression
is greatly stimulated by IL-2, and, to lesser extent, by I1L-15 (158). In culture, IL-2 also
induces expression of another core 2 3(1, 6)-N-acetylglucosaminyltransferase, C2GnT-IlI,
which, in IL-2-treated mitogen-activated CD8* cells from C2GnT-1-null mice, contributes
to elaboration of P-selectin ligand activity (159). Compared with these other enzymes, very
little is known at present regarding the effect(s) of cytokines on expression f4GalTs. One
study of CD3-activated human T cells in culture showed a trend towards increasing 4GalT-
I transcript levels with IL-12 incubation, and of suppression by IL-4, but neither of these
changes were statistically significant (153).
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In human myeloid cells, G-CSF (granulocyte-colony stimulating factor) induces a marked
increase in E-selectin ligand activity, with accompanying markedly upregulated expression
sLex (160). Biochemical studies of circulating myeloid cells from individuals receiving G-
CSF and of human myeloid cells treated with G-CSF in vitro reveal marked increases in
CLA and HCELL expression, together with induction of a currently unidentified 65 kDa E-
selectin ligand. This profound increased E-selectin ligand expression is associated with
significant increases in transcripts encoding ST3GallV, FTIV, and FTVII (160). Besides
increasing surface sLex expression, G-CSF administration is also associated with increased
expression of Lex on myeloid cells (CD15) (128). The heightened surface Lex level is not
associated with upregulated expression of FTIX (which fucosylates only neutral
lactosamines, thus generating Lex) or with increased de novo synthesis of Lex, but results
from the induction of a cell surface (2, 3)-sialidase that cleaves off the terminal sialic acid
of sLex, yielding Lex. Thus, in human myeloid cells, G-CSF-induced upregulation of
glycosyltransferases creating sLex (in the Golgi) is accompanied by upregulation of a sLex-
targeting membrane glycosidase (sialidase) such that cell surface expression of both sLex
and Lex increases. These data unveil novel perspectives on the role(s) of post-Golgi
glycosidases in the ‘biosynthesis’ of cell membrane glycans. Furthermore, the potential that
selectin ligand activity may be controlled, postsynthetically, by expression of surface
glycosidase(s) that remove key monosaccharides (e.g. sialic acid) warrants further
investigation.

Exoglycosylation of cell surfaces: chronology and constraints

As described above, the formation of glycosidic linkages in vivo depends on the expression
of pertinent glycosyltransferases within the Golgi compartment that catalyze reactions in a
stereospecific fashion on discrete acceptors. In the late 1970s, the finding that the ordered
biosynthetic pathways of the Golgi could be recapitulated in vitro using glycosyltransferases
(isolated from natural sources) and relevant acceptor substrates (161), together with the
increasing availability of specific glycosyltransferases, prompted investigators to use these
enzymes as structural probes to characterize the oligosaccharides displayed on cell
membranes (162). These studies generally consisted of treating target cells with a specific
glycosidase (e.g. sialidase) to expose potential oligosaccharide acceptors, followed by
reglycosylation using pertinent glycosyltransferase [e.g. a(2, 3)-sialyltransferase] together
with radiolabelled donor sugar nucleotides (e.g. CMP-[3H]sialic acid), typically followed by
SDS-PAGE and autoradiography to identify the exoglycosylated cell membrane proteins
(reviewed in 163). In addition to information on the types of proteins bearing pertinent
monosaccharide substitutions, these investigations also allowed for analysis of glycan
structures and for assigning the specificity of carbohydrate-dependent binding interactions,
such as between antibodies and target oligosaccharide antigens (162) or pathogen (virus/
bacteria) and host cell target oligosaccharides (164, 165). Although these early
investigations demonstrated that glycan modification of cell surface structures was feasible,
these enzymatic reactions were optimized for intended biochemical analyses, not for
preservation of cellular physiology. The effect(s) of cell manipulations and of
exoglycosylation reaction(s) on cellular function/phenotype or viability were not considered
(166, 167), and many such studies employed erythrocytes (reviewed 168). Even in the rare
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case where short-term viability of a nucleated cell was required to determine biological
impact (e.g. viral production by infected cells), there was no formal assessment of
cytotoxicity, of cell functional status, or of cell phenotype following glycosidase treatment/
exoglycosylation (164, 169).

Until the 1990s, enzymatic manipulation of glycans — whether present on the cell surface or
in solution — was performed on a small scale owing to limitations of isolating sufficiently
pure and active glycosyltransferases from natural sources (reviewed in 170). Glycan
modification(s) could also be achieved by organic synthesis, but this approach is a laborious
and low efficiency process, dominated by cumbersome protection—deprotection loops
required to achieve stereoselectivity, and involving use of toxic reagents that are damaging
to cells and can pose significant environmental hazards. To circumvent these issues,
substantial efforts have been directed toward expanding the repertoire of available
glycosyltransferases that can achieve highly regio- and stereospecific glycan alteration with
high efficiency and with essentially no safety or environmental risk. Over the past two
decades, the increasing ease of generating recombinant glycosyltransferases (from both
eukaryotes and prokaryotes) has made large-scale glycan biocatalysis practical, creating an
emerging technology platform to modify carbohydrates stereoselectively for clinical
applications of pharmaceutically-relevant glycoconjugates. For example, in the production
of recombinant glycoprotein therapeutic reagents such as humanized monoclonal antibodies,
the capacity to amend glycans postproduction has enormous implications for protein
stability and bioactivity (171). However, it is worth remembering that these pertinent
enzymatic reagents and attendant reaction conditions have been formulated expressly for
high-efficiency modification(s) of soluble molecules for medicinal chemistry, not for the
preservation of cellular viability and function. As such, one cannot be confident that such
reagents could be used “as is’ to modify cell surface glycans without causing cytotoxicity.

Our finding that HCELL is a specialized HECA-452-reactive glycoform of CD44 prompted
us to determine whether enforced HCELL expression could be achieved by enzymatic
exoglycosylation of native membrane CD44 to create sLex determinants. A critical
consideration in ex vivo glycan engineering of cell surface structures is that several classes
of glycosyltransferases require divalent cation, most effectively manganese, for elaboration
of catalytic activity (172). Importantly, in the creation of the sLex determinant, the only
glycosyltransferase-dependent linkage not requiring divalent cation activation is a.(2, 3)-
sialylation of Gal, i.e. divalent cations are required for enzymatic catalysis of a(1, 3)-
fucosylation of N-GIcNAc, B(1, 4)-galactosylation of N-GIcNAc, and (1, 3)-N-
acetylglucosaminylation of Gal (173-178). Whereas input of divalent cation(s) is not an
issue in glycosylation of soluble organic molecules, it poses a major constraint in the
glycoengineering of surface molecules of living cells. Divalent cations, particularly
manganese, are known to activate integrins (e.g. LFA-1 and VLA-4) at molar concentrations
well below those necessary to activate glycosyltransferase reactions (179-182). In adoptive
cell therapies, Mn2*-triggered integrin-dependent firm adhesion could cause irreversible
arrest of cells on the endothelial surface, impeding cell emigration and profoundly impacting
cell trafficking patterns. Moreover, exposure to manganese induces signal transduction (183,
184) and, most importantly, apoptotic cell death (184-187) at substantially lower
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concentrations than that needed to activate glycosyltransferases. Such deleterious effects are
also seen with other divalent cations (e.g. cobalt) commonly used to catalyze
glycosyltransferase reactions (again, at lower concentrations than used in enzymatic
reactions) (188, 189).

In the 1990s, two groups performed studies of ex vivo a(1, 3)-fucosylation of cell surfaces
using manganese-containing reaction buffers (190, 191), but neither group reported data
regarding cellular toxicity. We thus initiated studies to directly determine whether enforced
a(1, 3)-fucosylation of primary human cells isolated from marrow (including hematopoietic
progenitor cells, mesenchymal stem cells and leukocytes) could affect cell viability.
Consistent with results of others (191), enforced (1, 3)-fucosylation with
fucosyltransferase-VI (FTVI) yielded increased cell surface sLex expression (as determined
by HECA-452 staining by flow cytometry). However, regardless of cell type,
exofucosylation was accompanied by profound cell death (consistently <5% cell viability).
We observed significant cytotoxicity from incubation of cells with the enzyme alone using
the commercially available FTVI (at that time, from Calbiochem, San Diego, CA, USA)
used by others (191). We found that glycerol, a common stabilizer used in the commercial
enzyme preparation, itself induced cell death. More importantly, we observed marked cell
death (occurring over a period of 24 h) following incubation of cells in enzyme buffer alone
for as little as 15 min; further studies showed that this cytotoxicity was induced by
manganese in the buffer (93). Thus, although a(1, 3)-fucosylation of cell membrane glycans
could be readily achieved, we concluded that the observed attendant cytotoxicity would
essentially obviate any desired biologic effect(s).

While studies on the cytotoxic effects of a(1, 3)-fucosylation were being undertaken in our
laboratory, we and other investigators were examining if a(1, 3)-fucosylation improves
homing of hematopoietic progenitor cells to bone marrow. As described above, marrow
microvessels constitutively express E-selectin, which is co-localized uniquely with the
chemokine CXCL12 (SDF-1) (192). Marrow-migrating hematopoietic progenitor cells
express E-selectin ligands and the receptor for CXCL12, CXCR4 (reviewed in 37) (Fig.
5A). Thus, exofucosylation to enforce (higher) E-selectin ligand expression by
hematopoietic progenitors would be expected to enhance Step 1 interactions and subsequent
extravasation of these CXCR4-bearing cells into marrow parenchyma. However, the
inherent cell toxicity of the commercial FTVI enzyme formulation and in the reaction buffer
conditions was not considered by other investigators (193-195). Indeed, one report
suggesting that a(1, 3)-fucosylation improved engraftment of human hematopoietic
progenitor cells in immunocompromised mice compared outcomes only between
fucosylated cells and buffer-treated cells, but did not analyze engraftment of untreated cells
(194); the inclusion of the untreated control would have revealed the negative impact of the
a(1, 3)-fucosylation reaction on cell function/viability. In our early studies, untreated
(control) human hematopoietic progenitor cells showed better short-term homing to marrow
of immunocompromised mice than that of a(1, 3)-fucosylated cells because of cell death in
the latter group. Notably, these results were consistent with the published findings of others
using intravital microscopy and short-term homing assays: a(1, 3)-fucosylated human
hematopoietic progenitor cells showed increased rolling interactions on marrow
microvessels, but without improved homing to the parenchyma (195). Therefore, though
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enhanced E-selectin ligand activity by enforced a(1, 3)-fucosylation promoted Step 1
interactions on marrow microvessels, hematopoietic progenitor cells were functionally
incapable of transmigration because of cell death, perhaps coupled with augmented firm
adhesion on the endothelial surface secondary to Mn2*-induced activation of integrins. We
thus labored to overcome these critical constraints, developing the requisite FTVI enzyme
formulation and novel reaction conditions necessary to preserve cell phenotype and
viability, thereby accomplishing the intended biological effects of enforced HCELL
expression: improved vascular delivery of functionally intact cells to tissues where they are
needed. We call this technology ‘glycosyltransferase-programmed stereosubstitution’ (GPS).

Development of GPS and evidence of its efficacy in navigating cellular
trafficking

The description of reagents and methods created to enable GPS have been published
recently (93), and thus only a brief overview will be presented here. The first objective in
development of GPS was to produce high titer recombinant human FTVI suspended in a
biologically compatible storage buffer, preferably lacking stabilizers. This was
accomplished by using a Pichia pastoris expression system and final formulation of the
recombinant FTVI in HBSS buffer alone (93). We then optimized enzymatic reaction
conditions so as to avoid input divalent cations: multiple buffers were tested on multiple cell
types, and high-efficiency a(1, 3)-fucosylation of cell surfaces on a variety of human cell
types (hematopoietic and non-hematopoietic) was achieved using HBSS as the reaction
buffer (93). Enforced fucosylation using these specifically formulated reagents and
conditions had no effects on cell viability or function (except for rendering E-selectin ligand
activity on cells bearing appropriate sialylated Type 2 lactosamines) (Fig. 4). Concurrent
with the effort to reformulate FTVI and develop novel reaction conditions, we raised mAb
against HCELL (isolated from KG1a cells) that could be used to probe the carbohydrate
structure of CD44 on relevant target cells. A series of mAb were produced that possessed
reactivity against glycosylated determinants of CD44, and all are mono-specific (i.e.
recognize only CD44). One of these new anti-CD44 mAb, SACK-1, distinctly recognizes an
a(2, 3)-sialylated glycoform of CD44 (93). This mAb has proved useful in predicting the
generation of HCELL following a(1, 3)-fucosylation of CD44, and is now a key component
of the GPS ‘tool Kit’.

To test the efficacy of GPS in directing cell trafficking, we sought to analyze the effects of
enforced HCELL expression on cell migration to a tissue that constitutively expresses E-
selectin, such as the skin or the marrow, in the absence of injury. To this end, we employed
a xenograft model, specifically to assess whether GPS would license migration of
intravenously infused human mesenchymal stem cells (MSC) to mouse marrow under
steady-state conditions. Our inspiration for this study derived from clinical trials in the late
1990s, showing that patients suffering from osteogenesis imperfecta could receive only
transient therapeutic benefit from transplant of normal (allogeneic) human MSC (196, 197).
Osteogenesis imperfecta is a genetic bone disorder, inherited in autosomal dominant fashion,
characterized by extremely fragile bones owing to the production of abnormal collagen by
osteoblasts (which are progeny of MSC), with resulting abnormal skeletal matrix. In every
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patient undergoing allogeneic MSC transplant for osteogenesis imperfecta, the fraction of
donor-derived osteoblasts in the marrow was very low (never exceeding 2%), with fleeting
benefits in osteoid development (196, 197).

Although multiple factors could be impeding osteogenesis following MSC transplant, the
proximate obstacle is that MSCs home poorly to marrow (198, 199). We thus performed
biochemical studies on human MSCs to understand the molecular basis of this homing
defect. Our extensive analysis of the expression of adhesion molecules and chemokine
receptors on human MSCs revealed that these cells do not express the principal molecular
effectors of migration to marrow that are expressed on human hematopoietic stem cells, E-
selectin ligands and CXCR4 (93) (Fig. 5A). Furthermore, we observed that human MSCs do
not express PSGL-1, LFA-1 or LPAM-1. However, they do express CD44 and VLA-4;
expression of VLA-4 is important because marrow vasculature also constitutively expresses
its cognate ligand, VCAM-1 (34-36, 192) (Fig. 5).

Flow cytometry analysis of human MSCs using our panel of antibodies directed to CD44
glycoforms revealed these cells express SACK-1 determinants; we also observed that human
MSCs lack reactivity with HECA-452 and with an sLex-specific mAb known as CSLEX-1.
Collectively, these results indicated that absence of HCELL expression on human MSCs is
due to lack of a(1, 3)-fucose modifications rendering sLex. Accordingly, we performed cell
surface a(1, 3)-fucosylation and observed dramatic increases in HECA-452 and CSLEX-1
reactivity. Following enforced fucosylation, western blot showed that the only membrane
glycoprotein staining with HECA-452 was CD44, indicating, specifically, that the native
sialylated CD44 glycoform was converted into HCELL (93). Expression of HCELL was
transient (stable for approximately 24 h), with loss secondary to cell surface protein
turnover. Enforced HCELL expression conferred robust binding interactions with
endothelial E-selectin under fluid shear conditions, displaying shear-resistant E-selectin
binding at upwards of 30 dyn/cm? (a shear stress level approximately 10-fold higher than
that in postcapillary venules). As visualized by intravital microscopy, intravenously infused
HCELL™ human MSCs showed minimal interactions with marrow vessels, whereas infused
HCELL* MSCs displayed striking tethering and rolling interactions on marrow microvessels
and transmigrated into the murine marrow parenchyma despite the absence of expression of
CXCRA4. Infiltrating human MSCs navigated to the endosteal surface, differentiatied into
osteoblasts, and generated human osteoid matrix (Fig. 6). The observed osteotropism,
achieved by selective expression of a single glycoprotein, HCELL, establishes this molecule
as a ‘bone marrow homing receptor’. Furthermore, the finding that a discrete glycosylation
can render a completely new biology on CD44 underscores the need to define this novel
phenotype by its proper name, ‘HCELL’.

At present, a(1, 3)-fucosylation is the principal target of GPS. As stated above, the a(2, 3)-
sialyltransferases do not require input divalent cation(s) for catalytic activity, and we have
succeeded in converting undersialylated CD44 to HCELL on the cell surface by sequential
treatment with a(2, 3)-N-sialyltransferase (from Roche Applied Science, Indianapolis, IN,
USA) followed by FTVI. Additional studies are underway using specialized formulations of
B4GalTs to create relevant Type 2 lactosamine backbone units (i.e. Gal p1-4GIcNAc p1-R)
for appropriate sialofucosylation to create sLex. As mentioned above, a variety of cytokines
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affect the expression of glycosyltransferases that create the sLex determinant. Ongoing
studies are thus also exploring how cytokine treatments in vitro may be combined with GPS
to further augment HCELL expression, especially on lymphocytes.

Our development of GPS highlights several key guiding principles for future efforts in
custom engineering of cell surface glycans: (i) identification of a relevant target
glycoconjugate ‘acceptor’ on cells of interest (this can be accomplished using mAb, for
example, SACK-1 mADb); (ii) use of pertinent enzymatic reagents and conditions to perform
stereospecific carbohydrate substitution without affecting cell viability or generating
unwanted phenotypic effects; and (iii) verification of target modification, as evidenced by
appropriate biochemical and functional assays, including in vivo demonstration of the
desired phenotypic effect (Table 1).

GPS: revising the multi-step paradigm and implications for cell

therapeutics

The finding that enforced HCELL expression of human MSCs mediates E-selectin-
dependent Step 1 interactions directing homing to bone marrow in the absence of CXCR4
engagement suggests that chemokine-triggered upregulation of integrin adhesiveness may
not be compulsory for efficient transmigration. While the expression of chemokine receptors
on human MSCs remains controversial (200-202), the expression of the Step 3 effector
VLA-4 and its role in transendothelial migration of MSCs has been consistently observed
(203-205). Our data provide direct evidence that the expression of a Step 1 effector
(HCELL) on cells that express VLA-4 can license cell regulatory pathways driving
transendothelial migration at sites where E-selectin and VCAM-1 are co-expressed. These
findings are consistent with an emerging body of experimental evidence which indicates that
the role(s) of Step 1 effectors in cell trafficking is much more complicated than previously
perceived, certainly serving as more than just ‘molecular brakes’: Specifically, engagement
of Step 1 molecules, alone (i.e. absent engagement of Step 2), may be sufficient to induce
integrin adhesiveness, with accompanying firm adherence and transendothelial migration
(reviewed in 1).

Functioning as Step 2 effectors, chemokines contribute to transendothelial migration by
binding to specific cell surface G-protein-coupled receptors (GPCRSs) (206-208).
Engagement of GPCRs results in the activation of G-proteins and triggers several
downstream signaling molecules leading to ‘inside-out’ upregulation of integrin
adhesiveness. Although CD44 was first identified by its role in binding to extracellular
matrix structures such as hyaluronic acid, early studies showed that CD44 is a G-protein
(209), suggesting that CD44-dependent G-protein-mediated signal transduction may activate
integrins. Indeed, early studies pointed to a role for anti-CD44 mAb crosslinking in ‘outside-
in’ triggering of LFA-1 adhesiveness in human T cells (210, 211). Recent studies have
shown that CD44 crosslinking not only results in the activation of integrin adhesiveness, but
also results in transendothelial migration in the absence of chemokines (212-214). Notably,
a direct role for CD44 in VLA-4 adhesiveness was shown in murine T cells where CD44-
dependent rolling interactions on plastic dishes coated with both hyaluronic acid and
VCAM-1 directly primed VLA-4-dependent firm adhesion (214). These studies also
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provided compelling biochemical evidence that the cytoplasmic tail of CD44 promotes the
assembly of a bimolecular complex with VLA-4, whereby engagement of CD44 results in
synergistic upregulation of VLA-4 adhesiveness, leading to endothelial transmigration
without chemokine engagement (214). Collectively, these findings add a new dimension of
CD44-mediated mechanosignaling to the multi-step paradigm, defining, at a molecular level,
the critical components of a ‘Step 2-bypass pathway’ (Fig. 5B).

The cytokines IL-1 and TNF-a each induce expression of E-selectin, VCAM-1 and
ICAM-1, and, as such, the expression of these three adhesion molecules is the endothelial
‘address’ at essentially every site of inflammation or tissue injury (41, 215-219). As CD44
expression is, with few exceptions (e.g. 220), a characteristic feature of adult stem cells and
embryonic stem cells, and of lymphocytes and NK cells, GPS-mediated enforced HCELL
expression on such cells could license migration and infiltration of any of these types of
cells for application(s) in a wide variety of physiologic and pathologic conditions, including
regenerative medicine, infectious diseases, immune diseases, and cancer. The potential
clinical application of GPS technology for regenerative therapeutics in generalized skeletal
disease is already evident (Fig. 6), but another immediate application may be in promoting
stem cell recruitment at sites of ischemic injury (221). Moreover, exploiting GPS to
optimize vascular delivery of relevant progenitor/stem cells for tissue regeneration may be
the only option for organs/tissues where local injection of such cells is impractical (e.g.
lung). In infectious diseases, improved trafficking of in vitro-expanded antigen-specific
lymphocytes could enhance the efficacy of adoptive immunotherapy (e.g. for
cytomegalovirus infections following allogeneic hematopoietic stem cell transplantation,
222, 223). For immune diseases, the capacity to selectively promote migration of culture-
expanded regulatory lymphocytes to sites of inflammation could heighten peripheral
tolerance and re-establish immune ‘homeostasis’ (224, 225). Similarly, in cancer
therapeutics, the potential of GPS to improve tumor infiltration of expanded tumor-antigen
specific T cells could boost the effectiveness of this therapeutic approach (226). Indeed, a
recent paper identifies an additional role of CD44 in regulating effector T cell locomotion
within the tumor stroma: the intracellular domain of CD44 anchors cytoskeletal ERM (exrin,
radixin, moesin) proteins, allowing the cells to stabilize their polarity, thereby enabling
efficient scanning of tumor cells and more efficient tumoricidal effect (227). This function
of CD44 would also likely enable infiltrated T cells to survey pathogens within pertinent
sites of inflammation. Importantly, our studies show that enforced HCELL expression on the
cell surface is transient, with reversion to endogenous CD44 phenotype within 48 h of
exofucosylation (93). Thus, once cells have extravasated, it would be expected that the
native biology of CD44 would be manifest (Fig. 6).

It is worth remembering that depending on the cell type, membrane structures other than
CD44 (e.g. glycolipids and other proteins) may present relevant sialylated lactosamine
glycans that could serve as acceptors for a(1, 3)-fucosylation. In our studies of human
MSCs, CD44 was the only protein bearing the pertinent glycan acceptor, but we also found
evidence of a minor contribution of glycolipids to E-selectin ligand activity following FTVI
treatment (93). In prior studies of a(1, 3)-exofucosylation of cells, no biochemical data were
presented regarding the actual glycoprotein target(s) of the reaction (190, 191, 193-195), but
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it was found that glycolipids can contribute to the observed increased E-selectin binding
activity (193). In any cell type, a membrane molecule that contains E-selectin ligand activity
would likely contribute to Step 1 interactions, and, therefore, should help in recruitment of
cells at sites where endothelial E-selectin is expressed. However, the fact that CD44 can
function in a Step 2-bypass pathway indicates that this structure, when modified to become
HCELL, will serve to enhance transmigration in the absence (or presence) of chemokine
input (i.e. Step 2) (Fig. 5B). Thus, the capacity to custom modify HCELL expression
through surface glycan engineering of CD44 on cells co-expressing VLA-4 should enable
vascular delivery of such cells to any site of tissue damage. However, in those cases where
the site density of HCELL and/or VLA-4 on relevant cells is low, or, alternatively, where
the site densities of endothelial E-selectin and/or VCAM-1, respectively, are low, the
proposed Step 2-bypass pathway may not be sufficient to achieve endothelial
transmigration. In such situations, chemokines and other Step 2 effectors would be
obligatory to accomplish extravasation, but it would expected that HCELL/VLA-4 cross-talk
would function to reduce the chemokine threshold needed to prime firm adherence and
transmigration. In any case, HCELL adhesive interactions on endothelial E-selectin would
still figure prominently, if not decisively, in the regulation of cell migration.

Conclusion

The capability to achieve appropriate patient- and disease-specific treatments through
adoptive cellular therapies is critically dependent on getting the requisite cells to the sites
where they are needed. Evolution has provided a complex tapestry of adhesion molecules
and chemokines to provide fine regulatory control of cellular trafficking patterns.
Characteristically, at all sites of tissue injury and/or inflammation, the affected endothelial
bed(s) respond with upregulated expression of a handful of adhesion proteins, principally E-
selectin, P-selectin, VCAM-1 and ICAM-1, which serve to literally capture cells in
circulation that display relevant counter-receptors. This review has described the “intelligent
design’ of the most potent E-selectin ligand expressed on human cells, HCELL, using a
platform technology called GPS. For the first time, a cell type (human MSC) unable to
achieve tissue-specific migration has been engineered to possess the capability of migrating
to a predetermined anatomic site, and, most critically, retain viability and native phenotype.
The methods and results presented here provide a striking example of how a distinct
monosaccharide substitution in precise linkage of a single membrane glycoprotein (CD44) is
sufficient to endow a totally new biology on the target protein and the target cell(s). A set of
guiding principles is proposed here that should allow for application of GPS beyond glycan
engineering of HCELL. By extension, through creation of requisite reagents and reaction
conditions, the relevant sugars displayed by essentially any selected membrane structure,
protein or lipid, may be altered so that it expresses a completely new function. Thus, beyond
providing a roadmap for directing navigational patterns of cells in circulation, our increasing
understanding of glycan structural biology and of glycosyltransferases will yield even
greater opportunities for testing how programmed carbohydrate modification(s) of the cell
surface can be harnessed to usher forth the paradigm-shifting therapeutics of the future.
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Fig. 1. The multistep model of transendothelial migration
Schematic representation of the multiple steps involved in emigration of cells from the

vascular compartment into tissue parenchyma. At all sites of tissue injury or inflammation,
endothelial cells characteristically display vascular selectins, chemokines and integrin
receptors as shown in the figure. Steps 1a and 1b together act to capture cells in
hemodynamic flow onto the endothelial surface and are mediated principally by selectin
receptor/ligand interactions. Chemokine-induced activation (Step 2) of integrin adhesiveness
results in firm adhesion (Step 3) followed by transmigration (Step 4). See text for details.
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respective monosaccharides. Pertinent linkages are shown on the structures.
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Fig. 3. Blot rolling assay apparatus
Components of the blot rolling assay are shown. Insert at left corner displays the relative

placement of the parallel plate device over the PVDF membrane, in line with the relevant
lane of SDS-PAGE. Cells (or particles) are brought into the parallel plate chamber under
controlled flow conditions (at inlet port), and rolling interactions on pertinent substrate
band(s) can be visualized directly.
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Fig. 5. Molecular components of human hematopoietic stem cell (A) and mesenchymal stem cell
(B) interaction with marrow microvascular endothelium

Relevant molecular effectors for cellular homing to marrow are shown. Schematic of
mesenchymal stem cell lacking chemokine receptors depicts the proposed “Step 2-bypass
pathway’. See text for details.
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Fig. 6. Schematic model of marrow engraftment and differentiation of human mesenchymal stem

cell (M SC) glycoengineer ed to express hematopoietic cell E-/L-selectin ligand (HCELL)

Interactions between HCELL and VLA-4 on the MSC surface with endothelial E-selectin
and vascular cell-adhesion molecule 1 (VCAM-1), respectively, drive transmigration of
MSC into marrow parenchyma. Due to the transient nature of enforced HCELL expression,
reversion to native CD44 occurs as cells locomote to endosteal surface and subsequently

differentiate to osteoblasts (loss of dots represents return to native CD44).
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Table 1

Guiding principles for glycosyltransferase-programmed stereosubstitution of cell surface gylcans

1 Identify relevant target glycoconjugate ‘acceptor’ on the surface of cells of interest (this can be accomplished using mAb, for
example, SACK-1 mAb).

2 Use pertinent enzymatic reagents and conditions to perform stereospecific carbohydrate substitution without affecting cell viability
or generating unwanted phenotypic effects. Confirm cell viability and functional status after completion of glycosylation
reaction(s).

3 Verify target modification, as evidenced by appropriate biochemical and functional assays, including in vivo demonstration of the
desired phenotypic effect.
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