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Abstract

Hyaluronan is an unbiquitous glycosaminoglycan present in most tissues. Under homeostatic conditions hyaluronan exists as
a high molecular mass polymer that has important roles in tissue structural integrity. Under conditions of stress such as
following tissue injury, hyaluronan becomes depolymerized and lower molecular mass polymers are generated. The biological
properties of these hyaluronan fragments appear to be distinct from the larger precursor molecules. This review examines the
biological role of hyaluronan fragments in tissue injury and repair. ! 2002 Elsevier Science B.V."International Society of
Matrix Biology. All rights reserved.

1. Introduction

Ž .Hyaluronan HA is an ubiquitous glycosaminogly-
can found in almost all tissues. Hyaluronan was first

Žcharacterized from the vitreous of the eye Meyer and
.Palmer, 1934 and shown to contain a hexuronic acid,

an amino sugar and acetyl groups with no sulfo-ester
content. HA was subsequently isolated from umbilical
cord tissue, and glucuronic acid and glucosamine sugar

Ž .constituents were identified Meyer and Palmer, 1936 .
The actual linkages of the repeating disaccharide

Žmotif -"-1,4-glucuronic acid-"1,3-N-acetylglucosa-
. Žmine- was described in 1954 Weissman and Meyer,n
.1954 . The number of repeat disaccharides can ap-

Ž 6 .proach 30 000 a molecular mass of 10"10 Da in
tissues such as synovial fluid. In addition to regulating
physiologic processes in normal tissues, HA under-
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goes dynamic regulation under conditions of tissue
injury and inflammation. The purpose of this review is
to discuss the emerging roles of HA in tissue injury,
inflammation and repair, with an emphasis on the
lower MW forms of the molecule.

2. Hyaluronan as a signaling molecule: its potential
role in initiating the host response to tissue injury

Hyaluronan is a remarkable polymer that appears
to have distinct biological functions depending on the
circumstances under which it is produced. Under
physiologic conditions, HA exists as a high molecular
weight polymer in excess of 106 Da. However, fol-
lowing tissue injury, HA fragments of lower molecular
mass accumulate. The potential functional signifi-
cance of the generation of HA fragments has been

Žsuggested by in vitro studies Hodge-Dufour et al.,
1997; Horton et al., 1999; McKee et al., 1996, 1997;

.Noble et al., 1993, 1996 . The observation that HA
may interact differently with various cells and pro-
duce distinct biological effects depending on the poly-
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mer molecular mass was initially made with endothe-
Ž .lial cells West and Kumar, 1989 . Oligomers of 8!16

disaccharides prepared by enzymatic digestion of na-
tive HA induce angiogenesis in a chick corneal assay,
while the native high molecular weight polymer does
not.

A number of other laboratories have since identi-
fied a similar phenomenon using different cell types,
different polymer sizes and examining different bio-

Ž .logical effector functions Rooney et al., 1995 . In
general, the ability of cells to respond to HA of
differing sizes appears to vary with cell type. Gener-
ally, native high molecular mass polymers of 3!6"106

Da do not induce inflammatory or proliferative genes.
However, high molecular weight HA can activate pro-

Žtein tyrosine cascades in endothelial cells Lokeshwar
.and Selzer, 2000 although at low levels. Furthermore,

although endothelial cells are able to activate protein
tyrosine kinase cascades with high molecular weight
HA, activation is several-fold greater in the presence

Ž .of HA fragments Lokeshwar and Selzer, 2000 .
Studies with inflammatory macrophages have shown

that fragmented HA with a molecular mass with a
peak in the range of 2.5"105 Da, but not the high
molecular mass precursor, can induce the expression

Žof inflammatory genes Hodge-Dufour et al., 1997;
Horton et al., 1998, 1999; McKee et al., 1996, 1997;

.Noble et al., 1993, 1996 . Similar results have been
Žshown with renal tubular epithelial cells Beck-

.Schimmer et al., 1998 , T-24 carcinoma cells
Ž . ŽFitzgerald et al., 2000 and eosinophils Ohkawara et

.al., 2000 . The critical importance of excluding con-
taminating substances from HA preparations has re-

Ž .cently been brought to light Filion and Phillips, 2001 .
The biological relevance of these studies is supported
by reports demonstrating that fragmented HA that
induces inflammatory gene expression in vitro is in
the same size range as HA that accumulates under

Ž .inflammatory conditions in vivo McKee et al., 1996 .
In contrast, a different size requirement is observed
with dendritic cells where HA oligosaccharides in the
6!20 size range, but not the 2.5"105 Da or higher
molecular weight, induce inflammatory gene expres-

Ž .sion Termeer et al., 2000 . The common theme ap-
pears to be that high MW HA does not initiate a
program of gene expression geared toward cell prolif-
eration, migration, or activation, whereas a variety of
genes that regulate biological properties are ex-
pressed in response to fragmented lower molecular
mass HA. Hyaluronan fragmentation in vivo may re-
sult from regulated expression of secreted

Ž .hyaluronidases Csoka et al., 1997 or from oxidation
Ž .Uchiyama et al., 1990 , and this fragmentation is
required for acquisition of a signaling function for
HA. Generation of HA fragments under conditions of
tissue injury may serve the function of signaling to the

host that normal homeostasis has been profoundly
disturbed.

3. Hyaluronan depolymerization in tissue injury

Hyaluronan is a normal constituent of basement
membrane, and in its native form, HA exists as a high
molecular weight polymer, typically in excess of 106

Da. Hyaluronan plays a role in maintaining the struc-
tural integrity of tissues such as the joint where it is
responsible for maintaining the viscosity of joint fluid.
In addition to existing as a soluble polymer, HA is
bound to large proteoglycans such as aggrecan and
versican. Hyaluronan side chains of aggrecan are im-
portant in cartilage organization and recent data have
suggested that HA is essential for maintaining carti-

Ž .lage integrity Knudson, 1993; Nishida et al., 1999 . At
sites of inflammation, such as during inflammatory
arthritis or in wound healing, HA becomes depoly-
merized into lower molecular weight forms.

There appear to be two mechanisms for depolymer-
Žizing HA, enzymatic and non-enzymatic Laurent and

.Fraser, 1992 . The enzymes that degrade HA are
hyaluronidases, chondroitinases and hexosaminidases
Ž .Laurent and Fraser, 1992 . Most hyaluronidases are
lysosomal enzymes and require an acid pH for maxi-

Ž .mal activity Kreil, 1995 . However, the hyaluronidase
ŽPH-20, found in sperm, is active at pH 7 see article

.by Cherr et al. in this mini-review series . Recently, a
Žsoluble form of PH-20 has been identified Gmachl

and Kreil, 1993; Gmachl et al., 1993; Li et al., 1997;
.Meyer et al., 1997 .

Ž .In addition, a novel hyaluronidase Hyal-2 that
generates HA fragments of 10!20"103 Da has been

Ždescribed see article by Lepperdinger et al. in this
.mini-review series . Hyal-2 is expressed in fibrotic

Ž .lung injury Lepperdinger et al., 1998; Li et al., 2000 .
Hyaluronan can also be degraded into smaller frag-

Ž .ments by exposure to ROI Deguine et al., 1998 . This
is an important mechanism for generating HA frag-

Ž .ments at sites of inflammation Saari, 1991 . Interest-
ingly, hyaluronidases are endoglucosaminidases
whereas ROIs fragment HA randomly at internal
glycoside linkages.

Hyaluronan degradation products appear to have
biological functions distinct from the native high
molecular weight polymer. Oligosaccharides of less
than 20 disaccharides have been shown to be angio-

Ž .genic West et al., 1985 . Low and intermediate
Ž 4 5 .molecular weight HA 2"10 !4.5"10 Da stimu-

late gene expression in macrophages, endothelial cells,
Žeosinophils and certain epithelial cells McKee et al.,

.1996, 1997; Oertli et al., 1998; Slevin et al., 1998 .
Hyaluronan degradation products are purported to

Ž .contribute to scar formation West et al., 1997 . Fetal
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wounds heal without scar formation and wound fluid
ŽHA is high molecular weight Mackool et al., 1998;

.Sawai et al., 1997 . When hyaluronidase is added to
generate HA fragments, there is increased scar for-

Ž .mation West et al., 1997 . Collectively, these data
support the concept that high molecular weight HA
promotes cell quiescence and supports tissue in-
tegrity, whereas generation of HA breakdown
products is a signal that injury has occurred and
initiates an inflammatory response. Interestingly,
whether it be wound healing, liver injury or lung
injury, there is a potent mechanism for clearing HA
following tissue injury. This suggests that while the
generation of HA breakdown products may be impor-
tant in initiating the inflammatory response, removal
of these fragments may be critical for the resolution
of the repair process.

The mechanisms by which HA accumulates in tis-
sue injury have been studied. Elegant work from
Swedish investigators has demonstrated that growth
factors such as PDGF and TGF-" that accumulate
following bleomycin lung injury, stimulate lung fibro-
blasts to produce HA. However, whether increases in
HA are due to increased production or decreased
degradation were difficult to sort out at that time
because the genes encoding HA synthases were un-
known.

However, as stated above, three isoforms of HA
Žsynthase have recently been cloned Weigel et al.,

.1997 . The three isoforms exhibit different patterns of
Žexpression in developing embryos Spicer et al., 1996,

.1997a; Spicer and McDonald, 1998 . HAS1 is ex-
pressed early from day 1-5, HAS2 is expressed
throughout development, and HAS3 is expressed in
late development. The three isoforms map to three
distinct chromosomes, suggesting that they arose from

Ž .ancient gene duplication Spicer et al., 1997b .
Targeted deletion of HAS2 has recently been re-

Ž .ported Camenisch et al., 2000 . HAS2 deletion re-
sults in an embryonic lethal condition, whereas HAS1
and HAS3 mice develop normally. The HAS2 deletion
appears to present a similar phenotype to that de-
scribed for a naturally occurring versican knockout
Ž .Mjaatvedt et al., 1998 . There are major abnormali-
ties in heart and blood vessel development. Interest-
ingly, in vitro data have suggested that HAS1 and
HAS2 produce high molecular weight HA, whereas

ŽHAS3 produces lower molecular weight HA Itano et
.al., 1999 .

4. Role of CD44 in hyaluronan signaling and host
response to injury

CD44 is a polymorphic type I transmembrane gly-
coprotein and the main cell surface receptor for HA

whose diversity is determined by differential splicing
of at least 10 variable exons encoding a segment of
the extracellular domain, termed exons v1!10, and

Ž .cell type-specific glycosylation Lesley et al., 1993 .
Most cells express the standard isoform which is a
85-kDa protein that undergoes post-translational

Ž .modification Lesley et al., 1993 . CD44 is a HA-bind-
ing protein, and HA-CD44 interactions play an im-
portant role in development, inflammation, T cell
recruitment and activation, and in tumor growth and

Ž .metastasis Lesley et al., 1993 . Although glycosami-
noglycan side chains associated with some CD44 iso-
forms can also bind a subset of heparin-binding growth
factors, cytokines, and ECM proteins such as fi-
bronectin, most of the functions ascribed to CD44
thus far can be attributed to its ability to bind and

Ž .internalize HA Sherman et al., 1994 . Most cells
including stromal cells such as fibroblasts and smooth
muscle cells, epithelial cells and immune cells such as
neutrophils, macrophages and lymphocytes all express

Ž .CD44 Sherman et al., 1994 .
A fundamental step in elucidating the biological

effects of HA on cell function is to understand the
mechanisms that regulate the relationship between

Žcell-surface binding and internalization see the arti-
.cle by Knudson et al. in this mini-review series .

Furthermore, it is critical to understand the contribu-
tion of HA receptors and also address the possibility
that there may be non-receptor mediated mechanisms
that contribute to HA internalization. There have
been numerous studies demonstrating that HA binds
to the surface of many cell types and can be internal-

Ž .ized Lee and Spicer, 2000 . Depending on the cell
type being studied, the binding affinity and rate of
internalization varies.

Studies have recently shown that the avidity of
binding of HA oligomers to CD44 increases with

Ž .oligomer size up to 38 sugars Lesley et al., 2000 . In
addition, in work examining the binding and internal-
ization of labeled HA in permeabilized smooth mus-
cle cells and fibroblasts, HA staining was seen in the
cytoplasm as a diffuse, network and in vesicles. Both
nuclear and lamellae HA staining can also be demon-

Ž .strated Collis et al., 1998; Evanko and Wight, 1999 .
This unusual pattern of uptake is most obvious fol-
lowing stimulation of serum-starved 3T3 cells or in
sub-confluent, mutant active ras-transfected fibro-
blasts. Hyaluronan uptake into these novel compart-

Žments is associated with enhanced cell motility Collis
.et al., 1998 . These observations and the growing list

of intracellular HA-binding proteins, exemplified by
RHAMM, suggests that HA not only occurs in intra-
cellular sites, but may regulate signaling events from
these intracellular or intranuclear locations.

The role of CD44 in HA-binding and signaling has
recently been investigated in hematopoietic cells from
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ŽCD44-deficient mice Protin et al., 1999; Schmits et
.al., 1997 . CD44-deficient mice develop normally and

exhibit minor abnormalities in hematopoiesis and
Žlymphocyte recirculation Protin et al., 1999; Schmits

.et al., 1997 . Induction of inflammatory gene expres-
sion in response to hyaluronan was observed in the
absence of CD44 in bone marrow cultures and den-

Ždritic cells Khaldoyanidi et al., 1999; Termeer et al.,
.2000 . These data suggest that there are CD44-inde-

pendent mechanisms for induction of gene expression
by HA. Important studies are underway to examine
the relationship between HA internalization and sig-
nal transduction pathways under CD44-deficient con-
ditions.

CD44-deficient mice challenged in models of tissue
injury have revealed important roles for CD44 in

Žmediating pathogenesis of host injury Chen et al.,
.2001; Rafi-Janajreh et al., 1999 . Depending on the

mechanism of pathogenesis and the predominant cell
types that mediate the host injury, differing effects of
CD44 are observed. In a model of endothelial cell
injury mediated by IL-2, CD44-deficient mice are

Žprotected from endothelial injury Rafi-Janajreh et
.al., 1999 . This protection is suggested to be due to a

decrease in IL-2-induced lymphocyte-activated killer
cell activity. However, in a model of hepatocellular
injury due to administration of Con A, CD44-deficient

Ž .mice exhibit enhanced hepatitis Chen et al., 2001 .
The increased susceptibility to hepatocyte injury cor-
relates with the observation that T cells from CD44-
deficient animals are resistant to activation-induced
cell death. Hyaluronan turnover has not been evalu-
ated in CD44-deficient mice to date. Future studies in
CD44-deficient mice will elucidate the importance of
HA homeostasis in models of tissue injury and repair.
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