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Summary

Interaction of CD44, an adhesion molecule, with its extracellular matrix ligand, hyaluronan
(HA), has been suggested to play a critical role in a number of biological manifestations,
including cell migration, tumorigenesis, metastasis, and regulation of immune responses.
CD44 comprises a large family of transmembrane glycoproteins that exhibit extensive molecu-
lar heterogeneity. This heterogeneity in size is generated by alternative RNA splicing of vari-
able exons as well as by post-translational modifications. Most cell types express CD44 but do
not bind HA. The biological functions of CD44, including the regulation of lymphocyte
recruitment to the sites of inflammation, have been attributed to the generation of a function-
ally active, HA-adhesive phenotype. The molecular mechanisms underlying the regulation of
CD44 expression and the generation of a functionally active HA-binding phenotype are not
well understood. Recently, CD44-HA interactions have been reported to play a critical role in
a number of autoimmune diseases in humans and experimental animal models. Initial studies
have taken advantage of anti-CD44 antibodies which specifically block CD44-HA interactions.
Administration of these antibodies in several experimental murine models of autoimmune dis-
eases resulted in alleviation of inflammatory reactions. In addition, the generation of CD44-
deficient animals has facilitated our understanding of the involvement of CD44 in inflamma-
tion and autoimmune diseases. This review will focus on the recent advances in the molecular
mechanisms regulating CD44 expression, ligand binding, as well as the contribution of CD44
to the development of inflammation and autoimmune disorders.
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aa - amino acid, AP-1 - activation protein-1 transcription factor, B-LCL - EBV-transformed lymphoblastoid B cells,
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CD44 R2 - CD44 isoform containing variable exon 10, CD44-HA - CD44-mediated hyaluronan-binding, CTL - cyto-
toxic T lymphocyte, EBV - Epstein-Barr virus, ECM - extracellular matrix, EGF - epidermal growth factor, Egr-1 - early
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ovial fibroblast, SLE - systemic lupus erythematosis, TCR - T cell receptor, TGF-f3 - transforming growth factor 3,
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Figure 1. CD44 structure and genomic organization. A — genomic organization of CD44. Exons are represented by the numbered boxes. The 10
variable exons (V1-10) are as indicated by the shading. The three protein domains of CD44 are as indicated. B — structure of the CD44 protein. The
CD44 protein exists as a transmembrane glycoprotein. The link homology and hyaluronan (HA)-binding domains are indicated by the brackets. Sites
of either N- or O-linked glycosylation are represented by the shaded squares or circles, respectively. The site of alternative isoform insertion is as
indicated. Amino acids 268 and 290 flank the transmembrane domain as indicated. The two serines with the potential for phosphorylation
are indicated by the encircled “P”, and the binding site for members of the ezrin-radixin-moesin (ERM) family is indicated by the encircled “ERM”.

INTRODUCTION

Cell-cell and cell-extracellular matrix (ECM) interac-
tions play a critical role in many biological processes,
including the development of an immune response,
inflammation, tumor formation and metastasis. CD44 is
among a plethora of adhesion molecules which partici-
pate in these processes. It comprises a family of 85-200
kDa transmembrane glycoproteins that are expressed in
a variety of cell types, including leukocytes, fibroblasts
and cells of mesodermal and neuroectodermal origin.
CD44 binds to high endothelial venules and the ECM
via its interaction with its principle ligand, hyaluronan
(HA)® 199, CD44-HA interactions have been implicated
mainly in cell-cell and cell-matrix adhesion and hence
have been suggested to play a key role in a variety of
physiological processes, including cell migration, lym-
phocyte homing, cell activation, and hema-topoiesis. In

keeping with these biological functions, CD44 has been
implicated in a number of diseases, including chronic
inflammatory and autoimmune disorders as well as
tumor metastasis® %31 43. 88, 97,109, 116,122

STRUCTURE OF CD44

Gene

The CD44 gene is located on the short arm of chromo-
some 11 in humans* and chromosome 2 in the mouse'>.
It spans approximately 50 kb of human DNA and
genomic analysis has revealed a total of 20 exons, 12 of
which participate in alternative splicing® ** 1% (Fig. 1).
Exons 1-5 encode part of the constant region of the
extracellular domain (constant exons) and are invariably
transcribed. Exons 6-15 comprise the variable region of
the extracellular domain (variable exons V1-V10) as
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they can participate in alternative splicing. These exons
are included in different combinations into nascent
mRNAs, which explains, at least in part, the extensive
CD44 molecular heterogeneity. Exons 16 and 17 are
constant and encode the membrane proximal region of
the extracellular domain. The constant exon 18 encodes
the hydrophobic transmembrane region as well as the
first 3 amino acids (aa) of the cytoplasmic tail of CD44.
Exons 19 and 20 are also subject to alternative splicing.
Inclusion of exon 19, containing an A+T rich untrans-
lated region, is believed to confer instability on the
mRNA and results in the generation of a short cytoplas-
mic tail of only 3 aa. Exon 20 contributes to the long (70
aa) cytoplasmic tail of CD44 and is found in greater
abundance than is the short version*® %,

CD44 isoforms

At least 20 different isoforms generated by alternative
RNA splicing have been described®® ®. Cells are capa-
ble of expressing numerous isoforms simultaneously and
it has become clear that their expression is regulated in
a tissue- and cell-differentiation stage-dependent man-
ner® 88, The standard or hematopoietic (CD44 H) iso-
form is the smallest, most commonly expressed isoform
and does not contain any variable exons. Northern blot
analysis reveals three major transcripts of 4.8, 2.2, and
1.6 kb*> 112 which are believed to arise by the use of dif-
ferent polyadenylation signals*> 19, All blood cells,
including granulocytes, T and B cells, natural killer (NK)
cells, and cells of the monocyte/macrophage lineage,
express CD44 H* 112145 Tn addition to the CD44 H iso-
form, several other isoforms have been described with
unique functions. For example, CD44 E, containing
exons V8-10, refers to the epithelial variant, which is
weakly expressed in normal epithelium but is present in
abundance in many carcinomas. Northern analysis
revealed slightly larger transcripts, in comparison with
CD44 H, of 2.0, 2.6, and 5.4 kb'!3, Two similar isoforms,
CD44 R1 (V8-10) and CD44 R2 (V10), cloned by other
investigators from human myelomonocytic cell lines,
have been described!® 22, CD44 R1 and R2 expression
was detected in normal peripheral blood mononuclear
cells, granulocytes, and certain leukemias!® 22, CD44
V4-7 and CD44 V6-7 expression has been associated
with the metastasis of rat pancreatic carcinoma and
mammary adenocarcinoma®. Interestingly, V6-contain-
ing isoforms have been associated with increased aggres-
siveness in human non-Hodgkin’s lymphoma®. These
isoforms are generally not detected in normal lympho-
cytes but are upregulated upon mitogenic or antigenic
activation of human lymphocytes® . Some of the other
identified CD44 variants include CD44 V3,8-10, CD44
V6-10, CD44 V7-10, and V3-10%31,

Protein

CD44 exists as a type I membrane glycoprotein. The
most abundant CD44 H isoform, containing 363 aa,
acquires a molecular weight of 85 kDa following post-
—translational modifications. It is subdivided into three
regions, namely, a 72 aa c-terminal cytoplasmic domain,
a 21 aa transmembrane domain, and a 270 aa extracel-
lular domain®. The extracellular domain can be subdi-
vided into the amino-terminal, variable, and
membrane-proximal regions!¥. The amino-terminal
region contains a hydrophobic stretch of residues (aa
12-101) which is well conserved between species
(80-90% sequence similarity). This stretch exhibits a
30% homology with the cartilage link and proteoglycan
core proteins, which are known to make up ECMs in
association with the disaccharide polymer hyaluronan*!
69,112 There are also 6 conserved cys residues within the
amino-terminal region, which are thought to function in
the generation of a globular structure via disulfide bridg-
ing (Fig. 1B)*!. The membrane-proximal region is less
well conserved, exhibiting only 35-45% sequence simi-
larity between species. N-linked, O-linked glycosylation
sites, and ser/gly motifs (ser-gly-X-gly, where X is any aa)
capable of being chondroitin sulfate or glycosaminogly-
can-modified, are found within the amino-terminal and
membrane-proximal regions of the extracellular
domain® 1%, The variable region, consisting of different
combinations of variable exons (V1-V10), is inserted
between aa 202 and 203 of the extracellular domain (Fig.
1B)%. Unlike in the mouse, V1 is not expressed in
humans as it contains a stop codon; exons V2-V10 con-
tribute a total of 381 aa, showing a 64% interspecies
homology!®. This region contains an additional 4 N-
—linked and a large number of O-linked glycosylation
sites. The transmembrane and cytoplasmic domains are
highly conserved regions of CD44, and exhibit 80-90%
inter-species homology. The transmembrane domain
contains 2 cys residues at the interface between the
transmembrane and the cytoplasmic domains, which can
potentially be modified with palmitic acid” -7+, The
cytoplasmic domain contains 6 potential phosphoryla-
tion sites, out of which ser 303 and 305 are constitutive-
ly phosphorylated®- 8%,

REGULATION OF CD44 EXPRESSION AND ITS BINDING
TO HA

CD44-HA-binding

Hyaluronan, the principle CD44 ligand, is a high-mole-
cular-weight, negatively charged polysaccharide com-
posed of linear repeating units of the disaccharide
D-glucuronic acid (1-p-3) N-acetyl-D-glucosamine and
is found surrounding proliferating and migrating cells in

15



Arch Immunol Ther Exp, 2004, 52, 13-26

LPS

CD14/TLR 4

¢\

IL-10 TNFOL
... AA A
.

v

| CD44 expression

\4

| Sialidase activity ‘

CD44 expression |

| CD44-HA binding |

Figure 2. Overview of the signaling pathways resonsible for the induction of CD44 during cell migration at an inflammatory site (adapted from®*).
Chemoattractants and cytokines induced by the inflammatory agent activate the endothelial cells and thus affect receptor expression on the endothe-
lial cell surface as well as on the passing lymphocytes. Activation of the cells induces the expression of the necessary adhesion receptors and lig-
ands to initiate lymphocyte homing. The proteins responsible for the interactions of the leukocyte with the endothelial cells are depicted above the dia-
gram. Initially cells “roll” along the activated endothelial vessel wall (indicated by the dark squares). The selectins are responsible for the initiation of
rolling along the activated endothelial cell surface. Cells undergo firm adhesion mediated by the integrins followed by diapedesis towards the inflam-
matory agent. The small circles represent inflammatory agents such as chemokines and cytokines that direct and activate the leukocytes as well as

the endothelial cells.

connective and lymphoid tissues'?.. Other CD44 ligands
include fibronectin, collagen, and serglycin?8% 123,124,131,
133: however, interactions between CD44 and HA are the
best characterized. Although most cells express some
form of CD44, not all cells constitutively bind HA®! 626,
For initiation of CD44-mediated HA-binding, CD44
must first be “activated”. Generation of the HA-binding
phenotype of CD44 appears to be a tightly regulated
event and is highly dependent on the cell type, state of
cell activation, and differentiation®!- %%, The HA-bind-
ing capacity of CD44 appears to be influenced by multi-
ple factors that include structural variations in the CD44
extracellular domain, oligomerization of CD44 on the
cell membrane, and phosphorylation of its cytoplasmic
tail®” 7 88,119 Tt s also well documented that alterations

in the N- and O-linked glycosylation pattern of CD44
play a vital role in the regulation of its binding to HA 7119,
Increased complexity of the N-linked glycosylation of
CD44 is associated with a decrease in CD44-HA-bind-
ing capacity in cell model systems such as oncostatin-M-
and transforming growth fator § (TGF-f)-treated lung
epithelial cells'* and in tumor necrosis factor o. (TNF-ar)-
—stimulated monocytic cells’!.

Recently, an inducible lysosomal sialidase was shown to
influence the CD44-HA-binding of lipopolysaccharide
(LPS)-stimulated human monocytic cells®. Specifically,
sialidation of glycosyl moieties has been shown to inhib-
it CD44-HA interactions, whereas removal of sialyl
residues by sialidases results in enhanced HA-binding™.
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Sulfation of CD44 has also been shown to play a role in
mediating CD44-HA interactions'® 2347, For example,
treatment of monocytic cells with TNF-q, interferon vy
(IFN-y), LPS, or interleukin 1p (IL-1p) increased the
sulfation of CD44, concurrent with induction of CD44-
HA-binding'°. However, CD44-HA-binding induced fol-
lowing stimulation of T cells through the CD3-T cell
receptor (TCR) complex did not involve sulfation of the
CD44 molecule, suggesting that the mechanism involved
is dependent on the stimulus as well as the cell type!® .

Regulation of CD44 expression and the HA-
—adhesive phenotype

Since CD44 plays a role in cell migration, modulation of
CD44-HA-binding by endotoxins and inflammatory
cytokines may have profound effects on the migration of
immune cells to sites of inflammation and on the devel-
opment of immune responses. The effect of cytokines on
CD44 expression and binding capacity has been investi-
gated in different cell types. IL-5, a key mediator of asth-
ma-related eosinophilic inflammation, has been shown to
enhance CD44 expression in human eosinophils'” and in
murine B cells®. In human hematopoietic progenitor
cells, IL-3 and granulocyte macrophage colony-stimulat-
ing factor, cytokines which direct leukocyte development,
induce CD44-HA-binding®. In addition, IL-12 and IL-
18, the proinflammatory cytokines, were found to modu-
late CD44-HA interactions in normal human T cells®.
However, in rat epithelial cell lines, IFN-y was shown to
upregulate CD44 expression, but not HA-binding!®.

Results generated in our laboratory have indicated that
in normal human B cells, CD44 expression is enhanced
by stimulation with PMA, whereas IFN-y and IL-4 inhib-
ited PMA-induced CD44-HA-binding®.. However, we
have also shown that IL-4 increases CD44 expression
and HA-binding in a human Epstein-Barr virus (EBV)*
Burkitt’s lymphoma B cell line, but not in EBV-trans-
formed normal B cells (B-LCL)*. In contrast, IL-13, a
cytokine with biological effects similar to those of IL-4,
failed to induce CD44 expression or binding in either BL
cells or B-LCLs. This was attributed to the loss of IL-13
receptor expression in these cells. However, the mole-
cular mechanism by which EBV transformation of nor-
mal human B cells abrogates IL-4-induced CD44
expression and HA-binding is not understood at present.
We and others have also demonstrated that LPS is a
potent inducer of CD44 expression and HA-binding in
monocytic cells®” 3 7071, Furthermore, TNF-o and IL-
-10, immunoregulatory cytokines produced endoge-
nously following LPS stimulation, regulate LPS-induced
CD44 expression and CD44-mediated HA-binding in
monocytic cells?® 3738 7176,

SIGNALING PROTEINS AND TRANSCRIPTION FACTORS
INVOLVED IN THE CONTROL OF CD44 EXPRESSION AND
THE GENERATION OF THE HA-BINDING PHENOTYPE

The signal transduction events involved in CD44 regu-
lation are not well understood. CD44 expression has
been shown to be regulated via calmodulin/Ca?* signal-
ing pathways in PMA-stimulated T lymphoma cells!',
whereas PI3 kinase and protein kinase C (PKC) were
shown to regulate CD44 expression in neuroblastoma
cells?. We have investigated the molecular mechanism,
in particular the role of mitogen-activated protein kinas-
es (MAPK), in the regulation of LPS-induced CD44
expression in human monocytic cells (Fig. 2). Our results
show a distinct involvement of c-Jun-N-terminal kinase
(JNK) MAPKs in LPS-induced, but not in TNF-a-
induced, CD44 expression in monocytic cells*. In con-
trast, IL-10-induced CD44 expression did not involve
activation of any of the MAPKs*. Recently, MAPK
have also been implicated in the regulation of CD44
alternative splicing activity. For example, in a murine T
cell line, the extracellular signal-regulated kinase signal-
ing cascade was necessary for the inclusion of the vari-
able exon 5 into CD44 mRNA!,

We have also examined the signal transduction path-
ways involved in the regulation of CD44-HA adhesion.
Studies designed to delineate the role of MAPKs
revealed that p38 activation was required for LPS- and
TNF-oa-induced expression of HA-adhesive CD44 in
LPS-stimulated normal human monocytic cells. Our
results also showed that sialidase activation is required
for the acquisition of HA-binding capacity under these
conditions. In addition, TNF-a-induced sialidase activ-
ity and CD44-HA-binding was found to be regulated by
p38 MAPK activation (Fig. 2)*’. Taken together, our
results have clearly demonstrated that the induction of
CD44 expression and the generation of a CD44 capa-
ble of binding HA are two independent events that are
regulated by distinct MAPK signaling pathways.
Induction of CD44 expression may involve the activa-
tion of INK MAPK, whereas activation of p38 MAPK
may be required for the generation of HA-adhesive
CD44 in LPS-stimulated monocytic cells. However,
none of the MAPKs were found to be involved in IL-
10-induced CD44-HA-binding®’. Examination of the
promoter region of CD44 revealed the role of the ear-
ly growth response gene (Egr-1) transcription factor in
the regulation of CD44 expression in the murine B cell
line WEHI-231 following B cell receptor stimulation”
and in the human endothelial cell line ECV304 follow-
ing IL-1 stimulation®. In addition to Egr-1, the activa-
tion protein 1 (AP-1) transcription factor has been
shown to regulate CD44 expression in Fos- and epi-
dermal growth factor (EGF)-transformed cells®, IL-
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Figure 3. Overview of the general leukocyte endothelial interactions expression and CD44-HA-binding in monocytic cells. Treatment of monocytic
cells with LPS induces the expression of CD44 and CD44-HA-binding in addition to the endogenous cytokines, IL-10 and TNF-c.. These two
cytokines are also capable of inducing CD44 expression and HA-binding. The signaling pathway responsible for the LPS-induced expression of CD44
involves the activation of JNK MAPK. However, the LPS-induced expression of TNF-a and IL-10 involves that activation of p38 MAPK. TNF-a-
—induced CD44 expression partially involves p38 MAPK activation as indicated by the dashed line, whereas the IL-10-induced CD44 expression does
not involve any of the three main MAPK members. Regulation of CD44-HA-binding induced by LPS is via the endogenously expressed TNF-o.. TNF-o.
induces CD44-HA interactions via the activation of sialidase which occurs through the activation of p38 MAPK.

1B-induced rat aortic smooth muscle cells®, and trans-
formed fibroblast cells!*. AP-1 has also been shown to
regulate cell motility and invasion of transformed
fibroblast cells in response to EGF. Furthermore, a
PKCH isoform was identified as a potential suppressor
of the invasion program in these cells by down-regulating
AP-1 activity'!4,

The role of signaling proteins responsible for the acti-
vation of the transcription factors critical to CD44
expression is not well understood. Transformation of
cells using v-src or v-ras has been shown to enhance
CD44 expression®. Ladeda et al.®® showed that the
activation of the G protein Ral A plays a role in the
induction of CD44 in these oncogenically transformed
cells. We have demonstrated that LPS-induced CD44
expression may be regulated by Egr-1 through JNK
MAPK activation in human monocytic cells®,
However, the transcription fators involved in TNF-a-
induced regulation of CD44 expression remain to be
determined.

Chromatin remodeling

Chromatin remodeling is an important event in any cel-
lular response, particularly in inflammation. Changes in
the chromatin structure allow for the formation or dis-
bandment of transcription factor complexes that serve to
regulate gene expression. Recently the BRG-1 and
BRM subunits of the chromatin-remodeling complex
SWI/SNF have been implicated in the regulation of
CD44 expression'!”. It was demonstrated that C33A, the
cervical cancer cell line, which is negative for BRG-1
expression, did not express CD44; however, fusion with
the BRG-1* cells SAOS-2 restored CD44 expression,
suggesting the involvement of the BRG-1 subunit in
CD44 induction'!”. On the other hand, mice that are
BRM:- but BRG-1* still lack CD44 expression!®!. These
somewhat conflicting results may be due to the combi-
natorial effects of other members of the SWI/SNF com-
plex that as yet are either unidentified or have not been
implicated in the regulation of CD44 expression in the
cell types investigated.
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Methylation of the CD44 promoter

CD44 has been suggested to play a major role in tumor
growth and metastasis. Upregulation and down-regula-
tion of both the standard and the variant CD44 proteins
have been correlated with the metastatic behavior of var-
ious human cancers?” %81 138 Tt has been suggested that
the expression of CD44 isoforms, for example CD44 V6,
is upregulated in benign colorectal adenomas and well-
differentiated colorectal carcinomas; however, its
expression is down-regulated in poorly differentiated
cancers?’ 13, Because the functional expression of CD44
is associated with decreased tumorigenic properties in
advanced human cancers, in particular the prostrate and col-
or-ectal carcinomas and the neuroblastomas?*”- 7> 103, 111,143,
CD44 has been designated as a tumor suppressor gene.
Such studies add to the multitude of factors that are
known to regulate CD44 on a molecular basis. The mol-
ecular mechanism for the down-regulation of CD44 iso-
forms in advanced stages of cancers is not well
understood. This down-regulation has been suggested to
be via methylation of the CpG islands in the promoter
region of CD4457 75 103, 111,126,127, 143 Tp studies using
human prostate cancer cell lines and tissue specimens, it
was demonstrated that the methylation of CD44 corre-
lated with decreased CD44 expression, increased tumor
grade, and metastasis®” > 7, One study has shown that
in murine CD44- AKR-1 and CD44* BW5147 T cell
lymphoma cell lines, the CpGs islands were heavily
methylated. However, upon activation of CD44 by tran-
sient transfection of c-Jun, a subunit of the AP-1 tran-
scription factor, into an AKR-1 subline containing the
polyoma large T antigen, changes in the methylation
state of CpG islands were not observed*. This suggests
that although methylation of the CD44 gene can con-
tribute in some systems to the regulation of CD44
expression, it is likely not the only factor involved.
Whether cytokines, such as TNF-a, IL-10, or IL-4, and
mitogens, such as LPS, regulate CD44 expression by
influencing the methylation status of the CD44 promot-
er remains to be investigated.

ROLE OF CD44 IN INFLAMMATION AND AUTOIMMUNE
DISEASES

Inflammation is a rapid and temporary regulatory
response to harmful stimuli, including infection, trau-
ma, and chemical injury. The acute inflammatory
response involves lymphocyte homing or recruitment to
inflammatory sites, elimination of foreign substances
and eventually the recruited cells, and finally the heal-
ing process. However, in autoimmune diseases a chron-
ic response can develop in which activated
inflammatory cells continue to accumulate in extra-vas-
cular connective tissue and cause tissue destruction.

Lymphocyte homing under normal and inflammatory
conditions requires the activation and expression of
many cell surface adhesion proteins, including L-
selectin and CD44 (Fig. 3). It has been shown that T cell
activation through the TCR-CD3 complex and/or
cytokines induces the HA-binding form of CD44!8,
Additionally, inflammatory agents, such as LPS, or
cytokines, such as TNF-a and IL-1p, have also been
shown to induce HA expression on endothelial cells®.
It has been suggested that CD44 may not be involved in
the homing of lymphocytes to lymphoid tissues during
physiological cell trafficking, but it appears to partici-
pate in the homing of cells to sites of injury or inflam-
mation!8: 192533, 68,84, 115,130 T _selectin is a key adhesion
molecule, expressed at high levels in naive T cells, which
mediates their homing to lymphoid tissues under phys-
iological conditions'’- 1, However, in the presence of
proinflammatory agents or cytokines, L-selectin expres-
sion is down-regulated, whereas that of CD44 and its
HA-binding capacity are enhanced. Furthermore, the
recruitment of activated cells was found to be CD44-
HA-dependent and L-selectin-independent under in
vivo and ex vivo inflammatory conditions®-3>8116_Since
autoimmune inflammatory disorders are characterized
by high numbers of lymphocytes bearing the activated,
HA-binding form of CD44% % CD44 has been sug-
gested to play a critical role in the maintenance and
propagation of autoimmune-induced inflammation.

Animal models

The role of CD44 in inflammatory and autoimmune dis-
orders has been investigated using anti-CD44 antibod-
ies capable of blocking the binding of CD44 to HA. In
a murine model of proteoglycan-induced arthritis, treat-
ment of mice with anti-CD44 antibodies decreased tis-
sue edema, leukocyte extravasation into the inflamed
joints, and rheumatoid arthritis (RA)-related inflamma-
tion®>#. In murine experimental allergic encephalo-
myelitis, a model for multiple sclerosis, the administration
of anti-CD44 antibodies reduced T cell entry as well as
lesion formation in the brain®. Similar treatments with
anti-CD44 antibodies were found to confer resistance to
the onset of diabetes in an non-obese murine model of
autoimmune diabetes'*. However, antibody adminis-
tration did not prevent extravasation of autopathogenic
T cells in experimental autoimmune thyroiditis”'. These
observations clearly point towards a significant role for
CD44 in several murine models of autoimmune disease.

Although the antibodies used may indeed block CD44-
—HA-binding, these antibodies may involve a more com-
plex mechanism, complicated by delivering signals
through the CD44 molecule resulting in, for example,
the expression of proinflammatory cytokines and co-
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stimulatory adhesion molecules34-36 7% 80. 93,132 Expres-
sion of these molecules may in turn alter CD44 expres-
sion and its binding capacity. Hence, decreased
incidence and disease severity observed following
administration of anti-CD44 antibodies may not be
entirely due to the blockage of CD44-HA interactions.
CD44 knock-out mice provide an alternate model to
study the in vivo involvement of CD44 in migration pat-
terns and inflammatory responses observed in autoim-
mune diseases. Despite the fact that CD44 was thought
to be essential for tissue morphogenesis, CD44 knock-
—out mice did not show any gross developmental
defects®> 14, However, these animals have been success-
fully used to investigate the role of CD44 in inflamma-
tion in a number of murine models of autoimmune
diseases.

In the last few years, results from several studies employ-
ing CD44 knock-out mice have clearly suggested that
CD44 plays a critical role at many stages of inflamma-
tion. The most obvious mechanism for CD44 would be
in the regulation of infiltrating lymphocyte extravasation
to the inflammatory site. This has been amply demon-
strated by using CD44-deficient animals in murine mod-
els of collagen-induced arthritis. These mice exhibited a
decrease in incidence and severity of disease'> 1%, This
decrease in disease severity was attributed to the delayed
entry of CD44-deficient donor lymphocytes into the
arthritic joints of recipient mice''> ¢, Similar results
were obtained when migration patterns of lymphocytes
were studied in wild type and CD44-deficient mice with
collagen-induced arthritis'> 1 and superantigen-
induced peritonitis'® 15, While lymphocytes from CD44
knock-out mice preferentially homed to lymph nodes,
their entry into inflamed synovial joints was considerably
delayed!®.

In a model of inflammatory bowel disease (IBD), Wittig
et al.13% 14142 demonstrated that the expression of CD44
V7-containing isoforms on hematopoietic cells is critical
in the maintenance of colonic inflammation. In CD44
V7-deficient animals, inflammatory cells present in the
lesions exhibited a higher rate of apoptosis. The pres-
ence of CD44 V7 isoforms on inflammatory cells was
suggested to promote the survival of effector lympho-
cytes and the maintenance of inflammation!4!- 142,

Inflammatory diseases are also characterized by
endothelial cell damage that gets accentuated by the
release of a number of cytokines, such as IL-2, during
inflammation™ 19> 128 Tt has been suggested that immune
cells, particularly cytotoxic T lymphocytes (CTL), play a
role in causing endothelial cell injury 21102125, Using
CD44-deficient mice, CD44 was shown to be critical in
mediating endothelial cell damage during the process of

vascular leak syndrome (VLS) induced following intra-
peritoneal administration of IL-2°%%, The reduction of
VLS and endothelial cell death observed in CD44
knock-out mice was apparently not due to the inability
of lymphocytes to home to the inflammatory sites, as
perivascular lymphocyte infiltration to the lungs and liv-
er was not affected by the absence of CD44. The mech-
anism of endothelial cell injury involved a reduced lytic
capacity of the CD44- effector CTLs, NK and lym-
phokine-activated killer cells. These in vivo studies are
supported by in vitro experiments demonstrating the
role of CD44 in inducing NK activity®s.

CD44 was shown to be pivotal in determining the nor-
mal progression from an inflammatory to a healing
response in a murine model of lung injury and inflam-
mation'?>12°, Teder et al.!?? reported that wild-type mice
recovered fully when treated with bleomycin, a model
for lung injury and inflammation. Interestingly, CD44-
—deficient mice succumbed to an unremitting inflamma-
tion. The persisting lung inflammation observed in these
mice was related to extended chemokine expression, the
accumulation of low-molecular-weight HA fragments,
reduced clearance of apoptotic polymorphonuclear
leukocytes, and impaired induction of TGF-B,. This
inflammation was partially reduced by re-introduction
of CD44122 12 The above studies suggest the critical
involvement of CD44 in a number of inflammatory con-
ditions. However, it appears that the exact role of CD44
may vary depending on the model system used in the dis-
ease process in question due to the multiple functions
exerted by CD44 (cell migration, survival, cytotoxicity,
etc.).

Human studies

The compelling evidence for the role of CD44 in murine
models of inflammation has led several investigators to
study CD44 in the context of human inflammatory and
autoimmune disorders, including RA, IBD, systemic
lupus erythematosis (SLE), multiple sclerosis, and
Sjogren’s syndrome!? 7287, 118 Most of these studies have
been limited to determining the expression levels of
CD44 or its isoforms on different cell types present in
the inflammatory lesions, their ability to bind HA, the
presence of soluble CD44 in serum and other body flu-
ids, and the relationship of these parameters with dis-
ease severity.

CD44 expression has been extensively studied in patients
with RA82444:46,56,583987.118 The Jevel of CD44 expression
on monocytic cells in the synovial fluid from patients with
RA has been shown to be elevated®?+4446:56.5859 This
increase in CD44 expression was positively correlated
with the degree of synovial inflammation in RA*. In
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addition, increased concentrations of HA in synovial flu-
id and tissue were observed® 78107120, The increased HA
expression serves to trap water, resulting in increased
edema, facilitates CD44-mediated cell migration, and
induces the production of proinflammatory cytokines at
the inflammatory site®>. These results were further sup-
ported in a study wherein RA synovial fibroblasts
(RASF) exhibited enhanced destruction of cartilage and
chondrocytes. This RASF-induced destruction was exac-
erbated by the proinflammatory cytokines IL-1f and
TNF-a produced following interaction of RASF with
HA. Furthermore, antibodies to IL-1f and CD44
reversed this process®. Alterations in CD44 isoform
expression have also been shown to play a role in RA. A
number of soluble CD44 variant proteins, including
CD44 V5, V6 and V10, have been detected in the syn-
ovial fluids and serum of arthritic patients® 43, CD44
V3 and CD44 V6 splice variant expression was also found
to be elevated in fibroblast-like synoviocytes isolated
from patients with RA'¥. Furthermore, cells expressing
these isoforms were more invasive compared with those
expressed on normal cells, suggesting that expression of
CD44 V3 and CD44 V6 variants may be associated with
increased disease severity!®”. In the same study, the
expression of CD44 V7-8 isoforms was also found to be
associated with increased proliferation of fibroblast-like
synoviocytes isolated from patients with RA'Y,

Cell-mediated immunity and T cell activation are impor-
tant features of chronic IBD, such as Crohn’s diseases
and ulcerative colitis. CD44 isoforms, in particular CD44
V6 variants, are not detected on resting naive T cells, but
are induced only following activation. Recently, CD44
isoforms have been suggested to be involved in the
pathogenesis of IBD'#!-142, This is evidenced by the con-
stitutive expression of CD44 V6 variants on non-activat-
ed peripheral blood lymphocytes (PBLs) in patients with
IBD. Furthermore, CD44 V6 expression was shown to
be correlated with disease severity'> 92140142 There is
growing evidence that chronic inflammatory bowel dis-
eases are associated with dysregulation of intestinal lym-
phocyte activation, mainly of CD4* T cells?® 144, The
CD44 V6 isoform was induced following activation of
intestinal lamina propria lymphocytes (LPLs). However,
CD44 V6 expression was found to be decreased on LPLs
of IBD patients®2. The significance of differential CD44
V6 expression on PBLs and LPLs and their association
with development of disease is not clear at present.

In contrast to the enhanced CD44 expression observed
in RA and IBD patients, CD44 expression is reduced on
monocytes and neutrophils of SLE patients. SLE
patients show increased numbers of apoptotic neu-
trophils and impaired monocyte/macrophage clear-
ance'?, Therefore, the decreased CD44 expression may

be related to the reduced clearance of apoptotic neu-
trophils. However, this study was unable to correlate
CD44 expression on monocytes and neutrophils with
SLE disease severity. It has also been shown that the
CD44-dependent primary adhesion or rolling of T cells
on vascular endothelial cells is increased in symptomatic
SLE patients compared with patients with inactive dis-
ease®. The presence of elevated numbers of HA-bind-
ing T cells in SLE patients may provide a reliable marker
for existing autoimmune activity. Furthermore, the man-
ifestation of increased CD44-HA interactions in this
autoimmune disease may have significant therapeutic
implications. CD44 isoform expression has also been
implicated in autoimmune reactions of the skin observed
in SLE!%, CD44 V3 expression on T cells and vascular
endothelial cells was increased in SLE patient skin biop-
sies, whereas that of CD44 V10 was increased only on
monocytic cells. The biological significance of this dif-
ferential expression with respect to disease activity
remains to be investigated.

PERSPECTIVES

One of the pertinent questions in CD44 biology deals
with the cellular and molecular mechanisms involved in
the regulation of CD44 expression and conversion from
a non-functional, protein into the functionally active,
high-affinity HA-binding state of the receptor. For
example, the cellular and biochemical mechanisms by
which cytokines such as TNF-a, IL-10, or IL-4 modulate
CD44 expression and ligand binding in immune cells
remains largely unknown’73%77, Understanding the
molecular mechanisms governing these processes may
lead to the development of novel strategies for the treat-
ment of inflammatory diseases. It is of paramount
importance to determine if modulation of CD44-HA
binding in vivo can in fact modulate disease progression.
This may be addressed by employing recently described
small inhibitory molecules such as HA-binding peptides®
that may inhibit CD44-HA interactions in animal mod-
els of inflammation. The studies conducted in our labo-
ratory have also established the role of p38 MAPKSs and
of lysosomal sialidases in the generation of the function-
ally active HA-binding phenotype of CD44 in monocytic
cells”. It will be interesting to determine whether the
inhibition of p38 MAPK or lysosomal sialidases could
prevent CD44 activation in vivo. Therefore, by inhibiting
CD44 activation in vivo, it may be possible to modulate
the development or progression of inflammatory
response in experimental animals and eventually benefit
patients with inflammatory or autoimmune disease.

Although several studies have suggested a key role for CD44
in inflammation and auto-immune diseases®s % 97-109:115.116,122.
the important question regarding the net impact of
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CD44 at distinct stages during the progression of inflam-
mation in vivo needs further investigation. In addition,
the precise role of CD44-mediated HA interactions in
the development of immune effector cells and immune
responses is not clear, keeping in view that CD44 can act
as a signaling molecule and interaction of CD44 with
HA can induce the expression of a number of
immunoregulatory cytokines?-367%80132_ The unraveling
of the mechanisms by which CD44 influences the out-
come of inflammatory reactions and understanding the
contribution of CD44 with respect to resolution or per-
sistence of inflammation is critical in exploiting this mol-
ecule as a drug target.

The increased levels of soluble CD44 in serum/body flu-
ids have been correlated with disease severity in a num-
ber of inflammatory and autoimmune diseases®2.
However, the cellular and molecular mechanisms
involved in the generation of soluble CD44 molecules,
their impact on disease progression, and the develop-
ment of immune responses are not known.

Most cell types express the standard CD44 H in addi-
tion to a host of other CD44 isoforms. However, the
relative contribution of CD44 isoforms vis-a-vis
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