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ABSTRACT. CD44 is a widely expressed cell adhesion molecule that has been implicated in a variety of
biological processes including lymphopoiesis, angiogenesis, wound healing, leukocyte extravasation at inflam-
matory sites, and tumor metastasis. The adhesive function of CD44, like other molecules involved in inducible
adhesion, is tightly regulated. Post-translational modifications, isoform expression, aggregation state, and protein
associations all can affect the ligand binding properties of CD44, and these can vary depending on the cell type
and the activation state of the cell. The most extensively characterized ligand for CD44 is hyaluronan, a
component of the extracellular matrix. Interactions between CD44 and hyaluronan can mediate both cell–cell
and cell–extracellular matrix adhesion. In the immune system, both the selectin molecules and CD44 have been
implicated in the initial binding of leukocytes to endothelial cells at an inflammatory site. Sulfation is required
for selectin-mediated leukocyte–endothelial cell interactions, and, recently, inducible sulfation also was shown
to regulate CD44-mediated leukocyte adhesion to endothelial cells. Sulfation, therefore, may be important in the
regulation of cell adhesion at inflammatory sites. In this commentary we have reviewed the molecular aspects
of CD44 and the mechanisms that regulate its binding to hyaluronan. In addition, we have summarized the role
of CD44 and hyaluronan in mediating leukocyte–endothelial cell interactions and have discussed how this
interaction may be regulated. Finally, we examined the potential role of sulfation as an inducible means to
regulate CD44-mediated leukocyte adhesion and as a more general mechanism to regulate leukocyte–
endothelial cell interactions. BIOCHEM PHARMACOL 59;5:455–465, 2000. © 2000 Elsevier Science Inc.
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CD44—STRUCTURE

CD44 is expressed on many cell types, including leukocytes,
fibroblasts, endothelial cells, and epithelial cells. The most
prevalent form of CD44 is an 85- to 90-kDa glycoprotein
referred to as CD44H or CD44s, which represents the major
form on leukocytes and fibroblasts. Alternative splicing of
at least 10 exons (v1–10) gives rise to multiple isoforms of
CD44 (CD44v), which add additional sequence to the
extracellular membrane-proximal region of CD44 [1].
CD44v isoforms are less abundant but can be found on
endothelial cells, epithelial cells, activated lymphocytes,
and some tumor cells. Figure 1 illustrates the salient features
of the CD44 molecule [2, 3]. For a detailed review of the
structure and molecular function of CD44, see Ref. 4. The
amino terminal extracellular domain of CD44 (amino acids
21–182, numbered according to Ref. 3) contains a region
with sequence identity to the Link module, a protein
domain present in a family of extracellular proteins that

bind HA† [3, 5]. Determination of the structure of one of
these Link module-containing hyaluronan binding pro-
teins, TSG-6, revealed a structure very similar to that of
C-type lectins [6]. A C-type lectin domain is present in the
amino terminal region of the selectins, a family of cell
adhesion molecules that play an important role in the
initial attachment of leukocytes to specialized or activated
endothelial cells [7–9]. Mutagenesis studies have implicated
the amino terminal region of CD44 in binding to HA [10,
11]. The Link homology region of CD44 contains the
majority of N-linked glycosylation sites, and modification
of these sites has been shown to affect the HA binding
ability of CD44 (reviewed in Refs. 4 and 12).

The membrane-proximal region (amino acids 183–268)
is the least conserved region of CD44, having only ;35%
sequence identity between mouse and human. It contains
multiple sites for O-linked glycosylation, two conserved SG
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motifs for GAG addition, and the site of insertion for the
additional amino acid sequence present in the CD44v
isoforms. The inclusion of additional sequence as well as
GAG addition and O-linked glycosylation all can affect the
HA binding ability of CD44 (reviewed in Refs. 4, 12, and
13).

The transmembrane region of CD44 can influence HA
binding by promoting the self-association of CD44 [14, 15].
Various cytoplasmic domain deletions of CD44 expressed
in T cell lines or in transfected COS cells also can reduce
or abolish HA binding [16–20] and can prevent migration
of transfected melanoma cells on HA [21]. The cytoplasmic
tail of CD44 can affect the localization of CD44 within a
cell. In confluent epithelial cell cultures, CD44 is excluded
from the apical region and localizes to the basolateral
surface [22]. This localization is mediated by a dipeptide,
LV, present in the cytoplasmic domain [23].

CD44—FUNCTION

CD44 has been implicated in embryogenesis, lymphopoie-
sis, lymphocyte activation, progenitor homing, angiogene-
sis, wound healing, leukocyte rolling and extravasation at
inflammatory sites, and tumor metastasis. However, its
precise role in these events is unclear, particularly in light
of the surprising finding that CD44 gene knockout mice
appeared normal. The mice showed no obvious develop-
mental or functional abnormalities, and analysis of immune
cell development and function did not reveal any signifi-
cant defects [24]. Perhaps, like other cell adhesion mole-
cules, CD44 has a redundant role, or perhaps its function
can be compensated for by other molecules in the devel-
opment of the CD44 gene knockout mouse. The potential
function of CD44 in many of the above processes likely
relates to its ability to participate in cell–cell adhesion and
cell–ECM interactions. In many cases, these interactions
are mediated by an interaction between CD44 and HA
[25–27]. The importance of interactions between CD44
and HA is also inferred from studies of tumor cell growth
and metastasis, where dysregulation of CD44–HA interac-
tions occurs (reviewed in Refs. 13, 28, and 29). In addition
to mediating cell adhesion events, CD44 has also been
implicated in cell migration. Upon HA binding, CD44 can
signal the migration of melanoma cells and of fibroblast
cells during wound repair [21, 30]. CD44 can also mediate
microvascular endothelial cell migration on fibrinogen
during wound repair [31]. However, some aspects of CD44
function, such as its involvement in the migration of
progenitor T cells to the thymus, may not involve an
interaction with HA [32, 33].

CD44—LIGANDS

CD44 is presently the most extensively characterized cell
surface hyaluronan receptor, and hyaluronan is the most
extensively characterized CD44 ligand. Other molecules,
such as serglycin [34, 35] and CS-modified invariant chain
[36], have been identified that bind to CD44 via their CS
side chains. Certain isoforms of CD44 (CD44v4–7,
CD44v4–10, and CD44v10) can bind to CS-A [37–39],
and mutation in the HA binding region abolishes this
binding [37]. Osteopontin, a cytokine-like molecule with
adhesive and migratory functions, can bind to integrin
molecules and to specific CD44v isoforms [40]. CD44v
isoforms may co-operate with b1 integrins to bind os-
teopontin [41]. CS-modified forms of CD44 also have been
reported to bind other b1 integrin ligands such as fibronec-
tin [42] and collagen XIV [43]. CD44 also can mediate
melanoma cell migration and invasion on type I and type
IV collagen [44, 45]. Modification of CD44 by CS and HS
GAGs complicates the function of CD44, as it provides
additional binding sites for molecules such as MIP-1b [46],
matrix metalloproteinase 9 [47], and heparin binding
growth factors [48], which may themselves play a role in
cell adhesion, migration, and invasion.

FIG. 1. Schematic diagram of the CD44 molecule. BX7B is a
motif known to play a role in HA binding. B represents a basic
amino acid, and X is a neutral or basic amino acid [2]. The amino
acids are numbered according to the human CD44H sequence
[3]. The Link homology domain and HA binding region are as
indicated, and the shaded region from 183 to 268 represents the
membrane-proximal region. Potential disulfide bonds are as
indicated (SOS). (�) represents N-linked glycosylation, and
(F) indicates potential O-linked glycosylation; (111) repre-
sents GAG addition at the two conserved sites. The large arrow
indicates the point of insertion for the additional sequence
responsible for generating the CD44v isoforms. The cytoplasmic
domain shows three regions, one (amino acids 298–300, KKK)
that has been implicated in binding the ezrin, radixin, and
moesin (ERM) proteins, a second (amino acids 304–318) that
has been implicated in binding ankyrin, and a third LV motif
(amino acids 331–332) that has been implicated in basolateral
sorting. Potential serine phosphorylation sites are indicated
with a P.
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HA is a high molecular weight GAG made up of
repeating disaccharides of b(134)-D-glucuronic acid-
b(133)-N-acetyl-D-glucosamine (Fig. 2). HA is the only
GAG that is not sulfated or attached covalently to a
membrane protein. HA is found in virtually all tissues of
vertebrates as a component of the ECM and is present in
large amounts in cartilage and synovial fluids. HA has
received considerable attention in recent years due to its
profound influence on cell behavior. The HA level within
the ECM is strictly regulated by cellular hyaluronidase and
receptor-mediated endocytosis of HA. The ECM becomes
enriched in HA coincident with periods of rapid cell
proliferation, aggregation, and migration in the processes of
embryogenesis, wound healing, tissue regeneration and
remodeling, as well as during tumor cell invasion (reviewed
in Refs. 49 and 50). A delayed-type hypersensitivity reac-
tion in the skin also transiently increases HA expression
[51]. These HA-induced effects on cells are supported and
directed by cell surface HA-binding proteins, such as CD44
[52].

CD44–HA-MEDIATED CELL ADHESION

CD44–HA-mediated adhesion has been observed between
a T cell line and an endothelial cell line [16], between
phorbol myristate acetate-activated T cells and human
gingival fibroblasts [53], and between a B-cell hybridoma
and a bone marrow stromal cell line [25]; and hematopoi-
etic progenitors have been shown to bind HA [54]. In
addition, there are several examples of leukocytes and
leukocytic cell lines binding to cultured endothelial cells
under static or flow conditions. These will be discussed in
more detail later. In the above examples, HA is thought to
act as a bridge to mediate CD44–CD44-dependent adhe-
sion. This CD44–HA–CD44 interaction is thought to
occur by one cell presenting surface-bound HA (anchored
by cell surface CD44), which then is recognized by CD44
on the opposing cell.

REGULATION OF HA BINDING ABILITY
OF CD44

The ability of CD44 to bind HA is tightly controlled in a
cell type- and activation state-specific manner, such that
not all cells that express CD44 will bind HA [55, 56].
Although many cell lines can bind HA constitutively,
normal resting leukocytes, which express CD44, do not.
CD44 can exist in an inactive form unable to bind HA or
an active form capable of binding HA. Conversion from the
inactive to the active form can occur in cells in response to
appropriate stimuli. While many factors have been shown
to affect the HA binding ability of CD44, the biochemical
changes occurring in response to physiological stimulators
are just now being unraveled. Studies have shown that
expression of CD44v isoforms in addition to associations
and post-translational modifications to the extracellular
domain, the transmembrane domain, and the cytoplasmic
domain of CD44 all can influence CD44 binding to HA
(reviewed in Refs. 4 and 13). Glycosylation changes in
particular can affect HA binding (reviewed in Refs. 12 and
13). Given the plethora of factors that can affect the HA
binding ability of CD44, we would like to suggest that all of
these factors regulate HA binding via one of two mecha-
nisms: (a) by affecting the aggregation state of CD44, or (b)
by altering the conformation of CD44 (see Fig. 3).

The presence of CD44v isoforms facilitates CD44 aggre-
gation in the membrane and induces HA binding [57]. The

FIG. 2. Structure of the repeating disaccharide of hyaluronan. n
is the number of repeating disaccharides and can range from 1 to
over 1000.

FIG. 3. Two possible models to explain the induction of HA
binding by CD44: (a) the aggregation model, and (b) the
conformational model. The non-binding and HA binding states
are as shown. The inclusion of additional sequence present in
the CD44v isoform is indicated by the black box, (F) represents
potential O-linked glycosylation, (l) represents N-linked gly-
cosylation, and (zzz) represents GAG chains.
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fact that some CD44v isoforms can bind CS [37–39]
suggests that GAG modification of CD44 could enhance
CD44-CS/CD44v interactions, which also may facilitate
aggregation. Data showing that modification of O-linked
glycosylation of CD44 affected its ability to bind HA on
cells, but not on a soluble CD44-Ig chimera, support the
idea that O-linked glycosylation may affect the aggregation
state of CD44 in the cell membrane [58]. HA binding also
can be enhanced by the self-association of CD44H via its
transmembrane region [14, 15], by artificial dimerization
[19], and by dimerization by mAb [59]. We hypothesize that
these changes, primarily occurring in the membrane-prox-
imal region of CD44, affect HA binding by affecting the
aggregation state of CD44. Conversely, post-translational
modifications of CD44 could also alter the conformation or
accessibility of the HA binding domain of CD44. Changes
to N-linked glycosylation, which occurs primarily within
the HA binding domain, may be predicted to act in this
way (see Fig. 3).

CD44 EXPRESSION AND HA BINDING ABILITY
OF LEUKOCYTES AND ENDOTHELIAL CELLS

Resting leukocytes express CD44 but do not normally bind
HA. However, lymphocytes, isolated T cells, or T cell
clones can be induced to bind HA after antigen-, superan-
tigen- or mitogen-induced activation in vitro [60–62] and
alloantigen or superantigen stimulation in vivo [63–65].
This was demonstrated either by leukocyte rolling on an
immobilized HA substrate or by adhesion to HA. Often,
the observed HA binding occurred in a subpopulation of
activated cells and was transient. The percentage of HA-
binding spleen cells was maximal at day 7 after in vivo
alloantigen stimulation, and this returned to zero by day 12
[64]. B cell lines also can be shown to roll on immobilized
HA [61], and in vitro culture of B cells in IL-5 induced a
subpopulation to bind HA [66]. Lymphocyte activation,
therefore, seems to induce a subpopulation of cells to bind
HA, although this phenomenon appears to be short-lived.
Exposure of peripheral blood monocytes to inflammatory
cytokines such as TNFa and IL-1 induced HA binding in a
population of cells in a CD44-dependent manner, demon-
strating that monocyte activation also can result in the
induction of HA binding by CD44 [67, 68].

Analysis of several cultured endothelial cells derived
either from large vessels, such as HUVEC, or from the
microvasculature, such as human dermal microvascular
endothelial cells, demonstrates that these cells express
CD44 but do not bind HA. Treatment of these cells with
inflammatory cytokines, such as TNFa, resulted in the
up-regulation of CD44 expression, but only endothelial
cells derived from the microvasculature were induced to
bind HA [69, 70*]. Cultured cells derived from lymph node
HEV and the SV-40 transformed murine lymph node
endothelial cell line SVEC4–10 expressed surface-bound

HA [27], and this was increased after a 4-hr treatment with
TNFa, IL-1b, or lipopolysaccharide [70]. Up-regulation of
surface HA was not due to changes in mRNA for either HA
synthase or HA degradative enzymes [70]. Histologically,
HA was present in the intercellular spaces of vascular
endothelial cells in skin capillaries [71].

Analysis of CD44 isoforms expressed in HUVEC that did
not bind HA revealed the expression of only CD44H [48].
In another study, CD44H- and CD44v3-containing iso-
forms were detected, although in this case HA binding was
not assessed [72]. Analysis of wound microvascular endo-
thelial cells revealed the presence of CS-modified CD44H
and CD44v3-containing isoforms [31], suggesting that
there may be a correlation between CD44v isoform expres-
sion or CS modification and HA binding.

REGULATION OF HA BINDING IN
LEUKOCYTES

In most cells, there is a threshold level of CD44 required
before HA binding is observed. However, an increase in
CD44 levels alone is insufficient to induce HA binding.
Antigen-induced T cell activation increases CD44 expres-
sion and transiently induces HA binding in a subpopulation
of T cells. However, after in vivo allogeneic stimulation, no
evidence was found for the expression of CD44v isoforms in
splenic cells [64]. In a second example, antigenic stimula-
tion induced the transient expression of CD44v6-contain-
ing isoforms in T cells, B cells, and macrophages [73].
CD44v isoforms, including v6-containing isoforms, also
were reported to be up-regulated after antigen- or mitogen-
stimulated T cell activation [74]. Leukocyte activation also
may result in glycosylation changes. Induction of HA
binding after culture of B cells in IL-5 correlated with a
decrease in N-glycosylation of CD44 [75]. Differences in
N-linked glycosylation and phosphorylation of CD44 have
been observed between resident (normal) and elicited
(activated) macrophages, although in this case HA binding
was not examined [76]. In another example, no gross
molecular weight changes were observed after superantigen
activation of lymph node T cells, suggesting no dramatic
changes in the glycosylation state of CD44 [62]. A less
common post-translational modification, sulfation, was
found to be responsible for the TNFa-induced HA binding
in a myeloid cell line [77]. This induction of HA binding
was also responsible for adhesion of the myeloid cells to an
SVEC4–10 endothelial monolayer. TNFa induced the
sulfation of CD44, and inhibition of sulfation by chlorate
treatment prevented HA binding by CD44. Although the
sulfated moiety was not identified, preliminary evidence
suggests carbohydrate sulfation (Maiti A and Johnson P,
unpublished data). The idea of sulfation as an inducible
means of regulating CD44-mediated HA adhesion on
monocytic cells in response to inflammatory cytokines such
as TNFa is an attractive one, as sulfation has been shown
to be crucial for selectin-mediated leukocyte adhesion to
specialized HEV in the lymph nodes.* Yarwood H and Isacke CM, unpublished results. Cited with permission.
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LEUKOCYTE–ENDOTHELIAL CELL
INTERACTIONS

In the immune system, naive T and B lymphocytes recir-
culate between the blood and the secondary lymphoid
tissue. This lymphocyte trafficking or homing requires
lymphocyte binding to HEV in the lymph nodes [78].
Lymphocytes first are slowed down by carbohydrate–lectin
interactions between the lymphocyte and the specialized
endothelial cell. The selectin molecules play an important
role in leukocyte rolling on HEV, which then allows the
leukocytes to bind via the integrin molecules. Chemokine
stimulation up-regulates integrin function, which then can
mediate firm adhesion to the HEV. Upon attachment,
signals are sent to the lymphocyte to facilitate its migration
through the endothelial layer (Fig. 4 and reviewed in Refs.
7 and 79).

During an inflammatory immune response, neutrophils,
monocytes, and activated T lymphocytes leave the circula-
tion and enter tissues. Inflammatory agents released at the
inflammatory site cause the nearby microvascular endothe-
lium to become activated. This results in the increased
expression or activation of several cell adhesion molecules,
including ICAM-1 and E- and P-selectin. These molecules
then recruit the activated leukocytes to the inflamed
microvasculature by mediating leukocyte rolling, adhesion,
arrest, and diapedesis (Fig. 4). While many similarities exist
between extravasation at an inflammatory site and in

lymph nodes, important differences also must exist, as the
cells that extravasate at inflammatory sites are distinct from
the naive recirculating T and B cells that bind to lymph
node HEV. In this respect, activated CD41 T cells have a
different array of cell adhesion molecules on their cell
surface than the naive CD41 T cells. Naive T cells express
high levels of L-selectin and low levels of CD44 and a2 and
b2 integrins, whereas the activated/memory CD41 T cell
population express low levels of L-selectin and higher levels
of CD44 and b1, 2, and 7 integrins [80].

A ROLE FOR CD44 AND HA IN LEUKOCYTE–
ENDOTHELIAL CELL INTERACTIONS

Initial in vitro studies to identify a lymphocyte homing
molecule in humans resulted in the generation of the
Hermes-3 mAb, an anti-CD44 mAb that blocked leukocyte
adhesion to frozen mucosal lymph node sections [81].
However, other CD44 antibodies did not block adhesion in
either the human or mouse system. In addition, Hermes-3
did not block the HA binding ability of CD44 [82], which
had been shown to be a factor in the binding of cell lines
and soluble CD44-Ig fusion proteins to endothelial cells
[16, 27, 83]. With these apparent anomalies and the
subsequent identification of the L-selectin homolog in
humans, attention was focused on the selectin molecules.

In 1993, an interesting in vivo observation was made in a

FIG. 4. Diagram of leukocyte adhesion to activated endothelium in a capillary at an inflammatory site. The molecules implicated at each
stage are indicated above. The bacterium represents the cause of the inflammatory response, and the circles (F) represent the release
of inflammatory agents such as chemokines at the site of infection. HA is associated with the activated endothelium.
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murine model of delayed-type hypersensitivity where the
administration of CD44 antibodies (which resulted in the
loss of CD44 from the cell surface) delayed leukocyte
infiltration at the cutaneous site, but had no effect on
lymphocyte recirculation [84]. This suggested that CD44
may play a role in vivo in the initial phase of the delayed-
type hypersensitivity response, possibly by facilitating ex-
travasation into extralymphoid inflammatory sites. More
recently, in vitro studies looking at leukocyte rolling under
flow conditions have identified an interaction between
CD44 on activated lymphocytes, T and B cell lines, and
HA on an endothelial cell line (SVEC4–10) [61]. CD44
also has been implicated in adhesion under flow between
tonsillar lymphocytes or SKW3 T lymphoma cells and
human tonsil stromal cells, but not with TNFa-stimulated
HUVEC [85]. In both examples, the lymphocyte rolling
could be blocked by CD44 antibodies or exogenous hyalu-
ronan. Further experiments by Siegelman’s group have
indicated that CD44 binding to HA could be induced
transiently in T cells upon in vivo superantigen stimulation.
These cells exhibited CD44–HA-dependent rolling and
CD44–HA-dependent extravasation at an inflammatory
site [62, 65]. This is the strongest evidence to date for a role
of CD44 and HA in T cell extravasation at an inflamma-
tory site.

Although a role for selectins and integrins is well
established in leukocyte rolling and attachment, a role for
CD44 is not. Leukocyte extravasation to inflammatory sites
is thought to occur primarily in the microvasculature, and
it is these cells that can up-regulate HA expression in
response to inflammatory cytokines in vitro. Likewise,
proinflammatory cytokines can induce the HA binding
ability of CD44 on monocytes, cells that are known to
extravasate at these sites. The in vivo data obtained by
treatment of leukocytes with an anti-CD44 mAb suggest
that CD44 may play a role in leukocyte extravasation at
inflammatory sites, although down-regulation of CD44
expression by CD44 mAb treatment also may cause other
effects. Antigen-induced T cell activation can transiently
induce the HA binding ability of CD44, which would allow
these cells to bind to HA expressed on the activated
endothelial cells. Inhibition of T cell extravasation by
treatment with CD44 mAb or injection of HA supports this
idea [65]. These data are consistent with a role for CD44
and HA in the inducible adhesion at inflammatory sites,
but not in the binding of naive lymphocytes to lymph node
HEV. However, arguing against an important role for CD44
in inflammation are the data from the CD44 gene knockout
mice, which indicate no significant change in the inflam-
matory response in the skin after induction of delayed-type
contact hypersensitivity [24].

SULFATION AS A POTENTIAL REGULATOR
OF CD44–HA BINDING

CD44 has been shown to be modified by CS, HS, and
keratan sulfate. In examples where sulfated GAG side

chains are added, a specific role for sulfation has not been
defined. Sulfation of the standard 85-kDa form of CD44
was observed in peripheral blood leukocytes in 1988 [86],
and sulfation of the CD44v4–7 isoform transfected into a
rat pancreatic carcinoma cell line was found to occur on a
tyrosine residue present in exon v5 [87]. However, the
significance of the sulfation of CD44 in either case was not
addressed. CD44 was sulfated in a myeloid cell line, in
response to TNFa stimulation [77]. In this example, the
sulfation of CD44 was required for the binding of HA and
for adhesion to the SVEC4–10 endothelial cell line. The
CD44 present on the SVEC4–10 could bind HA, indicat-
ing that it was present in its active form. Both hyaluroni-
dase and CD44 mAbs blocked leukocyte adhesion to the
endothelial cell line, suggesting that this was a CD44–
CD44-mediated interaction, bridged by HA. However, this
may not necessarily be so, as the adhesion could not be
inhibited by the addition of exogenous HA. Sulfation was
shown to be an important mediator of the leukocyte–
endothelial cell interaction, as inhibition of sulfation
blocked the ability of the leukocyte to bind HA and the
endothelial monolayer. The sulfated moiety of CD44 is not
yet known, nor is the mechanism of how sulfation induces
HA binding, although perhaps it may alter either the
aggregation state or the conformation of CD44. This model
system suggests that sulfation may be an inducible post-
translational modification that can regulate the HA bind-
ing ability of CD44 in monocytes in response to TNFa
stimulation. While it is known that TNFa and other
inflammatory cytokines can induce HA binding in mono-
cytes, it is not yet known whether this also occurs by
inducible sulfation of CD44. Whether inducible sulfation
also occurs to transiently induce HA binding in T cells after
antigen stimulation also remains to be determined.

SULFATION AS A MEDIATOR OF LEUKOCYTE–
ENDOTHELIAL CELL INTERACTIONS

The best example of a role for sulfation in mediating cell
adhesion in eukaryotes is the interaction of selectins with
their sulfated ligands [88–91]. Selectins play a major role in
mediating leukocyte–endothelial cell interactions in the
lymph node and at inflammatory sites [7–9, 92]. The
interaction between selectins and their ligands can mediate
leukocyte rolling on specialized endothelial cells present in
lymph nodes or induced at inflammatory sites. It was first
noted in the early 1980s that lymph node HEV incorpo-
rated large amounts of sulfate [93] and constitutively
expressed sulfated glycoproteins on the cell surface. It was
subsequently shown that L-selectin recognizes sulfated O-
linked carbohydrates expressed on HEV-derived sialomu-
cins, GlyCAM-1, CD34, and MAdCAM-1 (reviewed in
Refs. 91 and 94). The sulfation of these L-selectin ligands is
crucial for L-selectin binding, as treatment with chlorate
abolished binding [95]. In addition, MECA-79, a mAb that
blocks HEV specific lymphocyte adhesion, recognizes a
sulfated carbohydrate epitope on HEV [96]. These findings
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strongly suggest that the interaction between naive lym-
phocytes, which express high levels of L-selectin, and
lymph node HEV depends upon the presence of sulfated
ligands on HEV.

P- and E-selectin are induced on activated endothelium
at inflammatory sites and bind carbohydrate ligands on
activated leukocytes. PSGL-1 is a sialomucin identified as a
P-selectin ligand on neutrophils [97]. PSGL-1 is tyrosine
sulfated, and this, together with recognition of a sialyl
Lewis X-like epitope, is required for P-selectin binding
[98–100]. Thus, both L- and P-selectins recognize sulfated
ligands, although in each case the sulfated moiety is
different. In addition, L- and P-, but not E-selectin, can
bind sulfated molecules such as heparin and sulfatides
([101] and reviewed in Refs. 89 and 102), and L-selectin
can bind CS and HS proteoglycans [103]. Modified PSGL-1
and ESL-1 have been identified as E-selectin ligands [104,
105], yet unlike L- and P-selectin ligands, the tyrosine
sulfation of PSGL-1 is not required for E-selectin binding
[98, 99, 106], and ESL-1 possesses primarily N-linked
carbohydrates and is not a sialomucin. Thus E-selectin
recognition of its physiological ligands differs from L- and
P-selectin ligand interactions and does not appear to
involve sulfation. Sulfation, therefore, is important for
recognition and binding by L- and P-selectins and occurs
constitutively in lymph node HEV to facilitate lymphocyte
recirculation. It is possible that sulfation may be induced in

cells at inflammatory sites to facilitate the initial interac-
tions between leukocytes and endothelial cells. A summary
of the molecules implicated in leukocyte–endothelial cell
adhesion and their sulfation status is shown in Fig. 5.

PARALLELS BETWEEN THE CD44–HA
INTERACTION AND SELECTIN–LIGAND
INTERACTIONS

The interaction between CD44 and HA has many similar-
ities to the interactions of the selectins with their carbo-
hydrate ligands. First, both N-terminal regions of CD44 and
the selectins are likely to be structurally related; CD44
contains a Link module, which is structurally similar to the
C-type lectin domain expressed by all selectins. Both CD44
and the selectins use this lectin-like domain to bind
carbohydrate moieties. This lectin–carbohydrate interac-
tion can mediate in vitro leukocyte–endothelial cell inter-
actions and leukocyte rolling under flow conditions. Both
are cell adhesion molecules that can be proteolytically shed
from the cell surface as a potential means to regulate
transient adhesion. Both molecules can bind to CS-modi-
fied proteins. Sulfate has been implicated in the regulation
of HA binding by CD44 and is also required for high
affinity selectin interactions. However, L- and P-selectin
bind to sulfated ligands, whereas sulfation occurs on the
CD44 lectin molecule itself, which then can influence its

FIG. 5. Illustration of the molecules implicated in leukocyte adhesion to the endothelium in the lymph node or at inflammatory sites.
N-linked glycosylation is indicated by (F), O-linked glycosylation by (;;), and molecules that are known to be sulfated are indicated
with (❊).
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interaction with a non-sulfated ligand. Whether CD44
itself can bind the sulfated moiety and induce HA binding,
either by aggregating or by causing a conformational
change in the lectin binding domain, remains to be
determined.

SULFATION OF OTHER LEUKOCYTE CELL
SURFACE MOLECULES

Sulfated glycoconjugates have been found in several spe-
cies, from bacteria to mammals, and have been implicated
in regulating cellular interactions and adhesion (reviewed
in Ref. 107). In PHA-stimulated peripheral blood lympho-
cytes, CD43 and CD45 were found to be sulfated. Although
the nature of the sulfation is not known, sulfation was
implicated in modulating homotypic aggregation after
CD43 mAb treatment [108]. Recently, tyrosine sulfation of
the chemokine receptor CCR5 was identified and shown to
contribute to the binding of the chemokines MIP-1a and b
and to the binding and entry of HIV [109]. The chemokine
receptor CXCR4 also is sulfated. Sulfated proteoglycans
also facilitate attachment of other enveloped viruses such as
herpes simplex virus 1 [110]. Sulfation, therefore, may occur
on leukocyte cell surface proteins to regulate cell, viral, or
chemokine interactions. Given the potential association of
sulfation with regulation of cell adhesion, it is perhaps
worthwhile to re-examine the extent and type of sulfation
occurring at the leukocyte cell surface.

FUTURE PROSPECTS

Sulfation is a post-translational modification that can occur
on eukaryotic cell surface molecules to regulate cell adhe-
sion. As phosphorylation has become a major regulator in
intracellular protein interactions, perhaps sulfation will
become a major regulator of extracellular interactions. The
state of sulfation, like phosphorylation, may be controlled
by the balance of the function of sulfotransferases and
sulfatases. While the involvement of CD44, HA, and
inducible sulfation in leukocyte–endothelial cell interac-
tions and extravasation at inflammatory sites is currently
tantalizing, further work has to be done to establish their
roles in this process. If this is done, then exciting new
prospects will exist for therapeutic intervention. One po-
tential attraction of inhibitors of the CD44–HA interac-
tion is that this interaction may be restricted to inflamma-
tory sites. If inducible sulfation is shown to be a factor for
leukocyte recruitment to inflammatory sites, then inhibi-
tors of the signaling pathway leading to the induction and
activation of sulfotransferases also will be of pharmacolog-
ical interest, as will sulfotransferase inhibitors. Given the
dependence of L- and P-selectin interactions on sulfation,
inhibitors of specific sulfotransferases are already of interest
in the development of new anti-inflammatory drugs. Pres-
ently, very little is known about the sulfotransferases
responsible for sulfating the selectin ligands or CD44.
Specific sulfotransferase activity has been identified re-

cently in vascular endothelial cells [111], and glycosyl
sulfotransferases are now being cloned [112, 113]. The
sulfotransferases responsible for sulfating the selectin li-
gands are now being identified and characterized and the
factors that regulate their activity will soon be determined.
This new information, no doubt, will provide a fertile area
for the development of new anti-inflammatory drugs. With
such incentives, this will continue to be an active area of
research for the foreseeable future, and we look forward to
the exciting new information that will emerge.

We would like to thank G. J. Dougherty, C.M. Isacke, and H.
Yarwood for helpful discussions. We also acknowledge support from the
National Science and Engineering Research Council of Canada and the
Heart and Stroke Foundation of British Columbia and the Yukon.

References

1. Screaton GR, Bell MV, Jackson DG, Cornelis FB, Gerth U
and Bell JI, Genomic structure of DNA encoding the
lymphocyte homing receptor CD44 reveals at least 12
alternatively spliced exons. Proc Natl Acad Sci USA 89:
12160–12164, 1992.

2. Yang B, Yang BL, Savani RC and Turley EA, Identification
of a common hyaluronan binding motif in the hyaluronan
binding proteins RHAMM, CD44 and link protein. EMBO
J 13: 286–296, 1994.

3. Stamenkovic I, Amiot M, Pesando JM and Seed B, A
lymphocyte molecule implicated in lymph node homing is a
member of the cartilage link protein family. Cell 56: 1057–
1062, 1989.

4. Lesley J and Hyman R, CD44 structure and function. Front
Biosci 3: 616–630, 1998.

5. Goldstein LA, Zhou DFH, Picker LJ, Minty CN, Bargatze
RF, Ding JF and Butcher EC, A human lymphocyte homing
receptor, the Hermes antigen, is related to cartilage proteo-
glycan core and link proteins. Cell 56: 1063–1072, 1989.

6. Kohda D, Morton CJ, Parkar AA, Hatanaka H, Inagaki FM,
Campbell ID and Day AJ, Solution structure of the link
module: A hyaluronan-binding domain involved in extra-
cellular matrix stability and cell migration. Cell 86: 767–
775, 1996.

7. Springer TA, Traffic signals for lymphocyte recirculation
and leukocyte emigration. Cell 76: 301–314, 1994.

8. Tedder TF, Steeber DA, Chen A and Engel P, The selectins:
Vascular adhesion molecules. FASEB J 9: 866–873, 1995.

9. Lasky LA, Selectin-carbohydrate interactions and the initi-
ation of the inflammatory response. Annu Rev Biochem 64:
113–139, 1995.

10. Peach RJ, Hollenbaugh D, Stamenkovic I and Aruffo A,
Identification of hyaluronic acid binding sites in the extra-
cellular domain of CD44. J Cell Biol 122: 257–264, 1993.

11. Bajorath J, Greenfield B, Munro SB, Day AJ and Aruffo A,
Identification of CD44 residues important for hyaluronan
binding and delineation of the binding site. J Biol Chem 273:
338–343, 1998.

12. Kincade PW, Zheng Z, Katoh S and Hanson L, The
importance of cellular environment to function of the CD44
matrix receptor. Curr Opin Cell Biol 9: 635–642, 1997.

13. Lesley J, Hyman R, English N, Catterall JB and Turner GA,
CD44 in inflammation and metastasis. Glycoconj J 14:
611–622, 1997.

14. Liu DC and Sy MS, Phorbol myristate acetate stimulates the

462 P. Johnson et al.



dimerization of CD44 involving a cysteine in the transmem-
brane domain. J Immunol 159: 2702–2711, 1997.

15. Li R, Walker JR and Johnson P, Chimeric CD4/CD44
molecules associate with CD44 via the transmembrane
region and reduce hyaluronan binding in T cell lines. Eur
J Immunol 28: 1745–1754, 1998.

16. Lesley J, He Q, Miyake K, Hamann A, Hyman R and
Kincade PW, Requirements for hyaluronic acid binding by
CD44: A role for the cytoplasmic domain and activation by
antibody. J Exp Med 175: 257–266, 1992.

17. Liao H-X, Levesque MC, Patton K, Bergamo B, Jones D,
Moody MA, Telen MJ and Haynes BF, Regulation of human
CD44H and CD44E isoform binding to hyaluronan by
phorbol myristate acetate and anti-CD44 monoclonal and
polyclonal antibodies. J Immunol 151: 6490–6499, 1993.

18. Lokeshwar VB, Fregien N and Bourguignon LYW, Ankyrin-
binding domain of CD44 (GP85) is required for the expres-
sion of hyaluronic acid-mediated adhesion. J Cell Biol 126:
1099–1109, 1994.

19. Perschl A, Lesley J, English N, Trowbridge I and Hyman R,
Role of CD44 cytoplasmic domain in hyaluronan binding.
Eur J Immunol 25: 495–501, 1995.

20. Liu D, Zhang D, Mori H and Sy M-S, Binding of CD44 to
hyaluronic acid can be induced by multiple signals and
requires the CD44 cytoplasmic domain. Cell Immunol 174:
73–83, 1996.

21. Thomas L, Byers HR, Vink J and Stamenkovic I, CD44H
regulates tumour cell migration on hyaluronate-coated sub-
strates. J Cell Biol 118: 971–977, 1992.

22. Neame SJ and Isacke CM, The cytoplasmic tail of CD44 is
required for basolateral localization in epithelial MDCK cells
but does not mediate association with the detergent-insolu-
ble cytoskeleton of fibroblasts. J Cell Biol 121: 1299–1310,
1993.

23. Sheikh H and Isacke CM, A di-hydrophobic Leu-Val motif
regulates the basolateral localization of CD44 in polarized
Madin-Darby canine kidney epithelial cells. J Biol Chem
271: 12185–12190, 1996.

24. Schmits R, Filmus J, Gerwin N, Senaldi G, Kiefer F, Kundig
T, Wakeham A, Shahinian A, Catzavelos C, Rak J, Fur-
longer C, Zakarian A, Simard JJL, Ohashi PS, Paige CJ,
Gutierrez-Ramos JC and Mak TW, CD44 regulates hema-
topoietic progenitor distribution, granuloma formation, and
tumorigenicity. Blood 90: 2217–2233, 1997.

25. Miyake K, Underhill CB, Lesley J and Kincade PW, Hyal-
uronate can function as a cell adhesion molecule and CD44
participates in hyaluronate recognition. J Exp Med 172:
69–75, 1990.

26. Lesley J, Schulte R and Hyman R, Binding of hyaluronic
acid to lymphoid cell lines is inhibited by monoclonal
antibodies against Pgp-1. Exp Cell Res 187: 224–233, 1990.

27. Aruffo A, Stamenkovic I, Melnick M, Underhill CB and
Seed B, CD44 is the principal cell surface receptor for
hyaluronate. Cell 61: 1303–1313, 1990.

28. Herrlich P, Zoller M, Pals ST and Ponta H, CD44 splice
variants: Metastases meet lymphocytes. Immunol Today 14:
395–399, 1993.

29. Ponta H, Wainwright D and Herrlich P, The CD44 protein
family. Int J Biochem Cell Biol 30: 299–305, 1998.

30. Peck D and Isacke CM, CD44 phosphorylation regulates
melanoma cell and fibroblast migration on, but not attach-
ment to, a hyaluronan substratum. Curr Biol 6: 884–890,
1996.

31. Henke CA, Roongta U, Mickelson DJ, Knutson JR and
McCarthy JB, CD44-related chondroitin sulfate proteogly-
can, a cell surface receptor implicated with tumor cell
invasion, mediates endothelial cell migration on fibrinogen

and invasion into a fibrin matrix. J Clin Invest 97: 2541–
2552, 1996.

32. Lesley J, Hyman R and Schulte R, Evidence that the Pgp-1
glycoprotein is expressed on thymus-homing progenitor cells
of the thymus. Cell Immunol 91: 397–403, 1985.

33. Wu L, Kincade PW and Shortman K, The CD44 expressed
on the earliest intrathymic precursor population functions as
a thymus homing molecule but does not bind to hyaluronate.
Immunol Lett 38: 69–75, 1993.

34. Toyama-Sorimachi N and Miyasaka M, A novel ligand for
CD44 is sulfated proteoglycan. Int Immunol 6: 655–660,
1994.

35. Toyama-Sorimachi N, Sorimachi H, Tobita Y, Kitamura F,
Yagita H, Suzuki K and Miyasaka M, A novel ligand for
CD44 is serglycin, a hematopoietic cell lineage-specific
proteoglycan. J Biol Chem 270: 7437–7444, 1995.

36. Naujokas MF, Morin M, Anderson MS, Peterson M and
Miller J, The chondroitin sulfate form of invariant chain can
enhance stimulation of T cell responses through interaction
with CD44. Cell 74: 257–268, 1993.

37. Sleeman JP, Kondo K, Moll J, Ponta H and Herrlich P,
Variant exons v6 and v7 together expand the repertoire of
glycosaminoglycans bound by CD44. J Biol Chem 272:
31837–31844, 1997.

38. Moll J, Khaldoyanidi S, Sleeman JP, Achtnich M, Preuss I,
Ponta H and Herrlich P, Two different functions for CD44
proteins in human myelopoiesis. J Clin Invest 102: 1024–
1034, 1998.

39. Chiu RK, Droll A, Dougherty ST, Carpenito C, Cooper DL
and Dougherty GJ, Alternatively spliced CD44 isoforms
containing exon v10 promote cellular adhesion through the
recognition of chondroitin sulfate-modified CD44. Exp Cell
Res 248: 314–321, 1999.

40. Weber GF, Ashkar S, Glimcher MJ and Cantor H, Recep-
tor-ligand interaction between CD44 and osteopontin (Eta-
1). Science 271: 509–512, 1996.

41. Katagiri YU, Sleeman J, Fujii H, Herrlich P, Hotta H,
Tanaka K, Chikuma S, Yagita H, Okumura K, Murakami M,
Saiki I, Chambers AF and Uede T, CD44 variants but not
CD44s cooperate with b1-containing integrins to permit
cells to bind to osteopontin independently of arginine-
glycine-aspartic acid, thereby stimulating cell motility and
chemotaxis. Cancer Res 59: 219–226, 1999.

42. Jalkanen S and Jalkanen M, Lymphocyte CD44 binds the
COOH-terminal heparin-binding domain of fibronectin.
J Cell Biol 116: 817–825, 1992.

43. Ehnis T, Dieterich W, Bauer M, von Lampe B and Schuppan
D, A chondroitin/dermatan sulfate form of CD44 is a
receptor for collagen XIV (undulin). Exp Cell Res 229:
388–397, 1996.

44. Faassen AE, Schrager JA, Klein DJ, Oegema TR, Couchman
JR and McCarthy JB, A cell surface chondroitin sulfate
proteoglycan, immunologically related to CD44, is involved
in type I collagen-mediated melanoma cell motility and
invasion. J Cell Biol 116: 521–531, 1992.

45. Knutson JR, Iida J, Fields GB and McCarthy JB, CD44/
chondroitin sulfate proteoglycan and a-2-b-1 integrin me-
diate human melanoma cell migration on type IV collagen
and invasion of basement membranes. Mol Biol Cell 7:
383–396, 1996.

46. Tanaka Y, Adams DH, Hubscher S, Hirano H, Siebenlist U
and Shaw S, T-cell adhesion induced by proteoglycan-
immobilized cytokine MIP-1b. Nature 361: 79–82, 1993.

47. Yu Q and Stamenkovic I, Localization of matrix metallo-
proteinase 9 to the cell surface provides a mechanism for
CD44-mediated tumor invasion. Genes Dev 13: 35–48,
1999.

48. Bennett KL, Jackson DG, Simon JC, Tanczos E, Peach R,

CD44 and Sulfation-Mediated Leukocyte Adhesion 463



Modrell B, Stamenkovic I, Plowman G and Aruffo A, CD44
isoforms containing exon v3 are responsible for the presen-
tation of heparin-binding growth factor. J Cell Biol 128:
687–698, 1995.

49. Toole BP, Hyaluronan and its binding proteins, the hyalad-
herins. Curr Opin Cell Biol 2: 839–844, 1990.

50. Knudson CB and Knudson W, Hyaluronan-binding proteins
in development, tissue homeostasis, and disease. FASEB J 7:
1233–1241, 1993.

51. Campbell RD, Love SH, Whiteheart SW, Young B and
Myrvik QN, Increased hyaluronic acid is associated with
dermal delayed-type hypersensitivity. Inflammation 6: 235–
244, 1982.

52. Entwistle J, Hall CL and Turley EA, HA receptors: Regula-
tors of signalling to the cytoskeleton. J Cell Biochem 61:
569–577, 1996.

53. Murakami S, Saho T, Asari A, Hino E, Kasai D, Shima-
bukuro Y and Okada H, CD44-hyaluronate interaction
participates in the adherence of T-lymphocytes to gingival
fibroblasts. J Dental Res 75: 1545–1552, 1996.

54. Legras S, Levesque JP, Charrad R, Morimoto K, Le Bousse C,
Clay D, Jasmin C and Smadja-Joffe F, CD44-mediated
adhesiveness of human hematopoietic progenitors to hyalu-
ronan is modulated by cytokines. Blood 89: 1905–1914,
1997.

55. Hyman R, Lesley J and Schulte R, Somatic cell mutants
distinguish CD44 expression and hyaluronic acid binding.
Immunogenetics 33: 392–395, 1991.

56. Lesley J, Hyman R and Kincade PW, CD44 and its interac-
tion with the extracellular matrix. Adv Immunol 54: 271–
335, 1993.

57. Sleeman J, Rudy W, Hofmann M, Moll J, Herrlich P and
Ponta H, Regulated clustering of variant CD44 proteins
increases their hyaluronate binding capacity. J Cell Biol 135:
1139–1150, 1996.

58. Skelton TP, Zeng CX, Nocks A and Stamenkovic I, Glyco-
sylation provides both stimulatory and inhibitory effects on
cell surface and soluble CD44 binding to hyaluronan. J Cell
Biol 140: 431–446, 1998.

59. Lesley J, Kincade PW and Hyman R, Antibody-induced
activation of the hyaluronan receptor function of CD44
requires multivalent binding by antibody. Eur J Immunol 23:
1902–1909, 1993.

60. Galandrini R, Galluzzo E, Albi N, Grossi CE and Velardi A,
Hyaluronate is costimulatory for human T cell effector
functions and binds to CD44 on activated T cells. J Immunol
153: 21–31, 1994.

61. DeGrendele HC, Estess P, Picker LJ and Siegelman MH,
CD44 and its ligand hyaluronate mediate rolling under
physiologic flow: A novel lymphocyte-endothelial cell pri-
mary adhesion pathway. J Exp Med 183: 1119–1130, 1996.

62. DeGrendele HC, Kosfiszer M, Estess P and Siegelman MH,
CD44 activation and associated primary adhesion is induc-
ible via T cell receptor stimulation. J Immunol 159: 2549–
2553, 1997.

63. Murakami S, Miyake K, Abe R, Kincade PW and Hodes RJ,
Characterization of autoantibody-secreting B cells in mice
undergoing stimulatory (chronic) graft-versus-host reac-
tions. J Immunol 146: 1422–1427, 1991.

64. Lesley J, Howes N, Perschl A and Hyman R, Hyaluronan
binding function of CD44 is transiently activated on T cells
during an in vivo immune response. J Exp Med 180: 383–387,
1994.

65. DeGrendele HC, Estess P and Siegelman MH, Requirement
for CD44 in activated T cell extravasation into an inflam-
matory site. Science 278: 672–675, 1997.

66. Murakami S, Miyake K, June CH, Kincade PW and Hodes
RJ, IL-5 induces a Pgp-1 (CD44) bright B cell subpopulation

that is highly enriched in proliferative and Ig secretory
activity and binds to hyaluronate. J Immunol 145: 3618–
3627, 1990.

67. Levesque MC and Haynes BF, In vitro culture of human
peripheral blood monocytes induces hyaluronan binding and
up-regulates monocyte variant CD44 isoform expression.
J Immunol 156: 1557–1565, 1996.

68. Levesque MC and Haynes BF, Cytokine induction of the
ability of human monocyte CD44 to bind hyaluronan is
mediated primarily by TNF-a and is inhibited by IL-4 and
IL-13. J Immunol 159: 6184–6194, 1997.

69. Mackay F, Loetscher H, Stueber D, Gehr G and Lesslauer
W, Tumor necrosis factor a (TNF-a)-induced cell adhesion
to human endothelial cells is under dominant control of one
TNF receptor type, TNF-R55. J Exp Med 177: 1277–1286,
1993.

70. Mohamadzadeh M, DeGrendele H, Arizpe H, Estess P and
Siegelman M, Proinflammatory stimuli regulate endothelial
hyaluronan expression and CD44/HA-dependent primary
adhesion. J Clin Invest 101: 97–108, 1998.

71. Eggli PS and Graber W, Association of hyaluronan with rat
vascular endothelial and smooth muscle cells. J Histochem
Cytochem 43: 689–697, 1995.

72. Koopman G, Taher TE, Mazzucchelli I, Keehnen RM, van
der Voort R, Manten-Horst E, Ricevuti G, Pals ST and Das
PK, CD44 isoforms, including the CD44 v3 variant, are
expressed on endothelium, suggesting a role for CD44 in the
immobilization of growth factors and the regulation of the
local immune response. Biochem Biophys Res Commun 245:
172–176, 1998.

73. Arch R, Wirth K, Hofmann M, Ponta H, Matzku S, Herrlich
P and Zoller M, Participation in normal immune responses
of a metastasis-inducing splice variant of CD44. Science 257:
682–685, 1992.

74. Koopman G, Heider K-H, Horst E, Adolf GR, van den Berg
F, Ponta H, Herrlich P and Pals ST, Activated human
lymphocytes and aggressive non-Hodgkin’s lymphomas ex-
press a homologue of the rat metastasis-associated variant of
CD44. J Exp Med 177: 897–904, 1993.

75. Hathcock KS, Hirano H, Murakami S and Hodes RJ, CD44
expression on activated B cells: Differential capacity for
CD44-dependent binding to hyaluronic acid. J Immunol
151: 6712–6722, 1993.

76. Camp RL, Kraus TA and Pure E, Variations in the cytoskel-
etal interaction and posttranslational modification of the
CD44 homing receptor in macrophages. J Cell Biol 115:
1283–1292, 1991.

77. Maiti A, Maki G and Johnson P, TNF-a induction of
CD44-mediated leukocyte adhesion by sulfation. Science
282: 941–943, 1998.

78. Girard JP and Springer TA, High endothelial venules
(HEVs): Specialized endothelium for lymphocyte migration.
Immunol Today 16: 449–457, 1995.

79. Butcher EC and Picker LJ, Lymphocyte homing and ho-
meostasis. Science 272: 60–66, 1996.

80. Watson SR and Bradley LM, The recirculation of naive and
memory lymphocytes. Cell Adhes Commun 6: 105–110,
1998.

81. Jalkanen S, Bargatze RF, de los Toyos J and Butcher EC,
Lymphocyte recognition of high endothelium: Antibodies to
distinct epitopes of an 85–95-kD glycoprotein antigen dif-
ferentially inhibit lymphocyte binding to lymph node, mu-
cosal, or synovial endothelial cells. J Cell Biol 105: 983–990,
1987.

82. Culty M, Miyake K, Kincade PW, Silorski E, Butcher EC
and Underhill C, The hyaluronate receptor is a member of
the CD44 (H-CAM) family of cell surface glycoproteins.
J Cell Biol 111: 2765–2774, 1990.

464 P. Johnson et al.



83. Stamenkovic I, Aruffo A, Amiot M and Seed B, The
hematopoietic and epithelial forms of CD44 are distinct
polypeptides with different adhesion potentials for hyaluro-
nate-bearing cells. EMBO J 10: 343–348, 1991.

84. Camp RL, Scheynius A, Johansson C and Pure E, CD44 is
necessary for optimal contact allergic responses but is not
required for normal leukocyte extravasation. J Exp Med 178:
497–507, 1993.

85. Clark RA, Alon R and Springer TA, CD44 and hyaluronan-
dependent rolling interactions of lymphocytes on tonsillar
stroma. J Cell Biol 134: 1075–1087, 1996.

86. Jalkanen S, Jalkanen M, Bargatze R, Tammi M and Butcher
EC, Biochemical properties of glycoproteins involved in
lymphocyte recognition of high endothelial venules in man.
J Immunol 141: 1615–1623, 1988.

87. Sleeman JP, Rahmsdorf U, Steffen A, Ponta H and Herrlich
P, CD44 variant exon v5 encodes a tyrosine that is sul-
phated. Eur J Biochem 255: 74–80, 1998.

88. Rosen SD and Bertozzi CR, The selectins and their ligands.
Curr Opin Cell Biol 6: 663–673, 1994.

89. Varki A, Selectin ligands. Proc Natl Acad Sci USA 91:
7390–7397, 1994.

90. Rosen SD, Hwang ST, Giblin PA and Singer MS, High-
endothelial-venule ligands for L-selectin: Identification and
functions. Biochem Soc Trans 25: 428–433, 1997.

91. Varki A, Selectin ligands: Will the real ones please stand up?
J Clin Invest 100 (Suppl 11): S31–S35, 1997.

92. McEver RP, Selectin-carbohydrate interactions during in-
flammation and metastasis. Glycoconj J 14: 585–591, 1997.

93. Andrews P, Milsom DW and Ford WL, Migration of
lymphocytes across specialized vascular endothelium. V.
Production of a sulphated macromolecule by high endothe-
lial cells in lymph nodes. J Cell Sci 57: 277–292, 1982.

94. Rosen SD and Bertozzi CR, Leukocyte adhesion: Two
selectins converge on sulphate. Curr Biol 6: 261–264, 1996.

95. Imai Y, Lasky LA and Rosen SD, Sulphation requirement for
GlyCAM-1, an endothelial ligand for L-selectin. Nature
361: 555–557, 1993.

96. Hemmerich S, Butcher EC and Rosen SD, Sulfation-depen-
dent recognition of high endothelial venules (HEV)-ligands
by L-selectin and MECA 79, an adhesion-blocking mono-
clonal antibody. J Exp Med 180: 2219–2226, 1994.

97. Sako D, Chang XJ, Barone KM, Vachino G, White HM,
Shaw G, Veldman GM, Bean KM, Ahern TJ, Furie B,
Cumming DA and Larsen GR, Expression cloning of a
functional glycoprotein ligand for P-selectin. Cell 75: 1179–
1186, 1993.

98. Sako D, Comess KM, Barone KM, Camphausen RT, Cum-
ming DA and Shaw GD, A sulfated peptide segment at the
amino terminus of PSGL-1 is critical for P-selectin binding.
Cell 83: 323–331, 1995.

99. Pouyani T and Seed B, PSGL-1 recognition of P-selectin is
controlled by a tyrosine sulfation consensus at the PSGL-1
amino terminus. Cell 83: 333–343, 1995.

100. Wilkins PP, Moore KL, McEver RP and Cummings RD,

Tyrosine sulfation of P-selectin glycoprotein ligand-1 is
required for high affinity binding to P-selectin. J Biol Chem
270: 22677–22680, 1995.

101. Norgard-Sumnicht KE, Varki NM and Varki A, Calcium-
dependent heparin-like ligands for L-selectin in nonlym-
phoid endothelial cells. Science 261: 480–483, 1993.

102. Crocker PR and Feizi T, Carbohydrate recognition systems:
Functional triads in cell-cell interactions. Curr Opin Struct
Biol 6: 679–691, 1996.

103. Li YF, Kawashima H, Watanabe N and Miyasaka M,
Identification and characterization of ligands for L-selectin
in the kidney. II. Expression of chondroitin sulfate and
heparan sulfate proteoglycans reactive with L-selectin. FEBS
Lett 444: 201–205, 1999.

104. Steegmaier M, Levinovitz A, Isenmann S, Borges E, Lenter
M, Kocher HP, Kleuser B and Vestweber D, The E-selectin-
ligand ESL-1 is a variant of a receptor for fibroblast growth
factor. Nature 373: 615–620, 1995.

105. Fuhlbrigge RC, Kieffer JD, Armerding D and Kupper TS,
Cutaneous lymphocyte antigen is a specialized form of
PSGL-1 expressed on skin-homing T cells. Nature 389:
978–981, 1997.

106. Li F, Wilkins PP, Crawley S, Weinstein J, Cummings RD
and McEver RP, Post-translational modifications of recom-
binant P-selectin glycoprotein ligand-1 required for binding
to P- and E-selectin. J Biol Chem 271: 3255–3264, 1996.

107. Brockhausen I and Kuhn W, Role and metabolism of
glycoconjugate sulfation. Trends Glycosci Glycotechnol 9:
379–398, 1997.

108. Giordanengo V, Limouse M, Peyron JF and Lefebvre JC,
Lymphocytic CD43 and CD45 bear sulfate residues poten-
tially implicated in cell to cell interactions. Eur J Immunol
25: 274–278, 1995.

109. Farzan M, Mirzabekov T, Kolchinsky P, Wyatt R, Cayabyab
M, Gerard NP, Gerard C, Sodroski J and Hyeryun C,
Tyrosine sulfation of the amino terminus of CCR5 facilitates
HIV-1 entry. Cell 96: 667–676, 1999.

110. WuDunn D and Spear PG, Initial interaction of herpes
simplex virus with cells is binding to heparan sulfate. J Virol
63: 52–58, 1989.

111. Bowman KG, Hemmerich S, Bhakta S, Singer MS, Bistrup
A, Rosen SD and Bertozzi CR, Identification of an N-acetyl-
glucosamine-6-O-sulfotransferase activity specific to lym-
phoid tissue: An enzyme with a possible role in lymphocyte
homing. Chem Biol 5: 447–460, 1998.

112. Uchimura K, Muramatsu H, Kadomatsu K, Fan QW, Kuro-
sawa N, Mitsuoka C, Kannagi R, Habuchi O and Muramatsu
T, Molecular cloning and characterization of an N-acetyl-
glucosamine-6-O-sulfotransferase. J Biol Chem 273: 22577–
22583, 1998.

113. Li X and Tedder TF, CHST1 and CHST2 sulfotransferases
expressed by human vascular endothelial cells: cDNA clon-
ing, expression, and chromosomal localization. Genomics 55:
345–347, 1999.

CD44 and Sulfation-Mediated Leukocyte Adhesion 465


