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Summary

Key events that occur during inflammation include the recruitment, adhesion, and transmigration of leukocytes from
the circulation to the site of inflammation. These events are modulated by chemokines, integrins, and selectins and the
interaction of these molecules with glycosaminoglycans, predominantly heparan sulfate (HS). The development of HS/
heparin mimetics that interfere or inhibit the interactions that occur between glycosaminoglycans and modulators of
inflammation holds great potential for use as anti-inflammatory therapeutics. This review will detail the role of HS in
the events that occur during inflammation, their interaction and modulation of inflammatory mediators, and the current
advances in the development of HS/heparin mimetics as anti-inflammatory biotherapeutics. (J Histochem Cytochem
66:321-336, 2018)
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Introduction chemokines, selectins, and cell surface receptors.
One family of molecules that is involved with the con-
trol of numerous events that occur during inflamma-
tion are glycosaminoglycans (GAGs), most notably
heparan sulfate (HS). GAGs are long polysaccharide
structures that are made up of repeating disaccharide
units. GAGs are made up of four main subgroups: (1)

The inflammatory response is the body’s reaction to
invading foreign material or injury. Cells of the innate
immune system include tissue-resident macrophages,
mast cells, dendritic cells, and circulating leukocytes.
Pathogen-associated molecular patterns (PAMPs) as

well * as damage-assoqigted molecular pattc_arns HS/heparin, (2) chondroitin/dermatan sulfate (CS/
(DAMPs) released from injured cells are recognized DS), (3) keratan sulfate, and (4) hyaluronic acid or

b:' re_ceptlc_)rs on thedsuriﬁc::t of |kmmurt1ﬁ c_eI]!Is that |tn|t|- hyaluronan (HA). With the exception of HA, GAGs are
ale signaling cascades that make up the inflammatory - ¢, 4 covalently attached to the core protein of
response. One of these most noted events is the
recruitment, adhesion, and transmigration of leuko-
cytes at the site of inflammation. Leukocytes, or white
blood cells, are derived from hematopoietic stem cells ~ Corresponding Author: o o
and include neutrophils, eosinophils, basophils, Iym- Br?oke.L. Farrugia, Graduate School of Biomedical Engineering,
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proteoglycans (PGs); their attached GAG chains are
sulfated to variable degrees and at various ring posi-
tions providing a heterogeneous population of struc-
tures with the ability to bind growth factors which
modulate various biological processes,' including
inflammation.? While HS is produced by virtually all
cells, heparin is produced exclusively by mast cells
and decorates the PG serglycin that is stored in
a-granules and released upon activation (Fig. 1).
While HS and heparin are similar in structure, heparin
tends to contain a higher degree of sulfation when
compared with HS. Heparin is widely used as an anti-
coagulant. Interestingly, 3-O-sulfotransferase 1
(Hs3st1) knockout mice, removing the enzyme
responsible for producing the anticoagulant structures
in heparin, do not display a procoagulant phenotype,®
suggesting that this enzyme and the structures it pro-
duces may have a different role in biology. HS is
involved in mediating the activities of leukocytes in
inflammation, due to its wider distribution in tissues
compared with heparin. Due to the fundamental simi-
larities in structure between HS and heparin, heparin
is capable of interfering with the role of HS in inflam-
mation, and this has enabled the use of heparin as an
HS mimetic. Thus, given the central role of HS in
inflammatory processes, the development of HS/hep-
arin mimetics as anti-inflammatory therapeutics has
tremendous potential.

HS Biosynthesis

The biosynthesis of HS is a complex process involving
many sequential steps to modify regions of the emerg-
ing HS chains which are highly heterogeneous.*® The
co-ordination of these HS biosynthetic steps occurs in
a specific spatiotemporal manner by biosynthetic
enzymes under developmental regulation to control HS
fine structure in a tissue-specific manner. HS is
attached to the core proteins of a number of modular
extracellular, cell membrane—associated, and intracel-
lular secretory vesicle PGs.” These include perlecan,
agrin, collagen type XVIII, syndecan 1—4, glypican 1-6,
and serglycin. HS also occurs on several part-time PGs
including betaglycan, a 110-kDa fibroblast PG; neuropi-
lin, a 130-kDa endothelial cell heparan sulfate proteo-
glycan (HSPG); CD-44 V3, a variant HA receptor
produced by lymphocytes; and epican, a CD-44 variant
synthesized by keratinocytes.

HS biosynthesis is initiated by the attachment of
xylose to specific serine residues in HSPG core pro-
teins leading to the formation of a linkage tetrasaccha-
ride, glucuronic  acid-galactose-galactose-xylose
(GlcA-Gal-Gal-Xyl), where xylose can be phosphory-
lated at C2. Formation of the linkage region occurs

through sequential xylosyl transferase-1 and 2 (XYLT1
and 2), galactosyl transferase-1 and 2 (GALT1 and 2),
and glucuronyl transferase-1 (GLCATT1) activities.
Assembly of the HS chain is initiated upon the attach-
ment of N-acetylglucosamine (GIcNAc) to the linkage
module by  N-acetylglucosaminyl transferase-1
(EXTL3), an enzyme complex of HS copolymerase
(N-acetyl glucosaminyl glucuronyl transferase-1 and 2,
EXT 1, 2); then, GicA and GIcNAc are added sequen-
tially to the nascent HS chain.*® The HS chain then
undergoes deacetylation of clusters of GIcNAc resi-
dues and sulfation of the generated free amino groups
by up to four members of the N-deacetylase-N-
sulfotransferases (NDST) enzymes. The C5 epimer-
ase (HSGLCE) epimerizes D-GIcA adjacent to
N-GIcNS residues at C5 to form L-ldoA, a series of
O-sulfotransferases then add sulfate, uronyl
2-O-sulfotransferase (HS2ST) attaches sulfate at C2
of the IdoA, and 6-O-sulfotransferases (Hs6st1, 2, 3)
add sulfate at C6 of N-GIcNS (and less frequently to
GlIcNAc residues). Seven 3-O-sulfotransferases (Hs3st
1,2, 3a, 3b, 4, 5, 6) add sulfate at C3 of N-sulfated or
non-substituted GIcNH_ residues although this is a
relatively rare sulfation motif.>® Sulfation along the HS
chain is therefore not uniform but contains highly mod-
ified areas reminiscent of heparin of high sulfation (NS
domains) and areas of unmodified low sulfation
(N-acetylated or NA domains) domains, which are not
present in heparin. After sulfation, the primary structure
of the HS chains of HSPGs can be further modified by
SULF1 and 2, endosulfatase enzymes that remove sul-
fate groups from C6 of GIcNH, sulfate in HS or by the
action of heparanase or extracellular proteases; this
releases any bound growth factors or cytokines.’ It is
the heterogeneous nature of HS and its diverse struc-
tural forms that facilitates its binding to various media-
tors of inflammation, and the ability to modulate and
control events that occur throughout this biological
process.

The Role of HS in Inflammation

Key events that occur during inflammation include
the recruitment, adhesion, rolling, and transmigration
of leukocytes from the circulation (Fig. 1). During
these processes, there are many molecules involved
that modulate these events including chemokines,
integrins, selectins, and enzymes. The initial stages
of inflammation may be stimulated by PAMPs or
DAMPs, and vary between tissues. PAMPs released
from pathogens include lipopolysaccharides or endo-
toxins. These stimulate the endothelium resulting in
the upregulation of selectins expressed on the sur-
face of endothelial cells, including P- and E-selectin.
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Figure I. The role of HS in inflammation. Key events that occur during inflammation include the recruitment, adhesion, crawling, and
transmigration of leukocytes from the circulation to the site of inflammation. The recruitment of leukocytes to the site of inflammation
occurs between P-selectin on endothelial cells and PSGL-1 on the surface of leukocytes, and L-selectin and HS that decorates HSPGs
on the endothelial cell surface. Interaction of G-protein-coupled receptors on the surface of leukocytes with chemokines presented by
cell surface HSPGs results in the activation of integrins that bind to cell surface receptors on endothelial cells, including ICAM. Migration
or crawling of leukocytes is driven by chemokine gradients, presented by HSPGs, along the surface of the endothelial cells. This is
followed by the transmigration of leukocytes, either transcellular or pericellular, to the site of inflammation. Cells at the site of inflam-
mation include macrophages and mast cells. Macrophages following inflammatory stimulation release chemokines that stimulate upregu-
lation of P-selectin on the surface of endothelial cells. On activation, mast cells release the contents of their a-granules that contain
chemokines and proteases. Heparin decorates the PG serglycin stored in the c-granules of mast cells that is also released on activation.
Abbreviations: HS, heparan sulfate; PSGL-1, P-selectin glycoprotein ligand-1; ICAM, intracellular adhesion molecule; PG, proteoglycan;
HSPG, heparan sulfate proteoglycan.

DAMPs are released from necrotic cells; these occur during this recruitment process involve

include DNA or RNA, heat shock proteins, and HA
oligosaccharides, which stimulate the innate immune
system via the vasculature resulting in the extravasa-
tion of leukocytes into tissues.” Interactions that

P-selectin, P-selectin glycoprotein ligand (PSGL)-1,"
as well as L-selectin, expressed on leukocytes, and
GAGs. HS is involved in the binding and release of
various mediators that modulate all stages of
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leukocyte recruitment, adhesion, rolling, and
transmigration.?'?

Infiltration of leukocytes and immune cells to the
site of inflammation is due to the presentation of che-
mokines along the endothelium. HS is present on the
surface of the cells covalently coupled to syndecan
and glypican PGs that interact with integrins, as well
as in intracellular o-granules decorating serglycin,
which bind the chemokines as inactive precursors
within neutrophils and monocytes. HS also decorates
the basal laminae of endothelial cells covalently
attached to the PGs, perlecan, agrin, and type XV and
XVIII collagens, where they bind to endothelial cell
growth factors and act as a reservaoir. It is thought that
a major role for HS is in the promotion of extravasation
and migration of inflammatory cells from the vascula-
ture into tissues, where it establishes and provides
cytokine gradients facilitating the communication
between bone marrow and progenitor inflammatory
cells in the tissues. Adhesion of leukocytes to activated
endothelial cells involves the activation of cell surface
receptors and molecules including intracellular adhe-
sion molecule (ICAM)-1 on endothelial cells and bind-
ing of chemokines to the G-protein-coupled receptors
on the leukocyte surface,' facilitated by the interaction
of chemokines attached to cell surface HSPGs. There
are a number of integrins expressed on the surface of
leukocytes which promote their adherence to the
endothelium, including Mac-1,"*'® which binds to both
HS and heparin but not to other GAGs.'® The immobi-
lization of macrophage inflammatory protein (MIP)-1p,
also known as CCL4, on endothelial PGs results in
adhesion of T cells."” It is not only the GAGs attached
to cell surface PGs that are capable of chemokine sig-
naling, soluble GAGs also modulate the binding of
chemokines to their receptors, modeled in vitro with
heparin, HS, and CS/DS." In addition, platelets bind
to activated endothelial cells but do so via interactions
with the C-type lectin, P-selectin. Platelets also inter-
act with leukocytes through P-selectin,’ facilitating
their adhesion to the endothelium.?’ This binding sup-
ports the rolling action of platelets to activated endo-
thelium and may involve HS. Heparin inhibits the
movement of these cells via a P-selectin-dependent
manner®'; however, the precise mechanism of action
has not yet been elucidated. Chemokines not only
modulate the adhesion of immune cells to GAG chains
on the endothelial cell surface, but they also modify
and increase the expression of HSPGs on the surface
of endothelial cells.??

Once immune cells have adhered to the surface of
the endothelium, they migrate, also known as crawl-
ing, across the endothelial surface before transmigra-
tion occurs. This crawling process is modulated by

GAG chains of various PGs on the endothelial cell sur-
face directing immune cell migration®*2° and is driven
by chemokine gradients.?®?” The extravasation of leu-
kocytes from the circulation culminates with transmi-
gration in either a transcellular or pericellular
manner.?®*® HSPGs are also involved in the transen-
dothelial migration of immune cells. Silencing of a key
enzyme involved in HS biosynthesis, EXT1, reduces
neutrophil transendothelial migration but does not
affect T-cell migration.®" Following transendothelial
migration, immune cells are required to move through
the endothelial basement membrane which is rich in
type IV collagen, laminin, and perlecan. Upon leuko-
cyte activation, endothelial cell gap junctions become
more permeable and the leukocytes move between
the endothelial cells via interactions with selectins,
integrins, and other cell surface molecules such as the
cluster of differentiation (CD) molecule, CD99, to cross
the basement membrane at regions where laminin
and type IV collagen levels are reduced. These same
regions do not show decreased perlecan,* suggest-
ing that the degradation of HS on perlecan by hepa-
ranase may stimulate the movement of leukocytes
from the circulation into tissues.

Mediators of Inflammation and Their
Interaction With HS

The activities of various inflammatory mediators,
including chemokines and selectins, are mediated by
interactions with GAGs including HS. The interactions
between HS and these mediators will be reviewed in
the following sections.

Chemokines

Cytokines are signaling molecules produced by
immune cells, endothelial cells, and fibroblasts.
Chemokines are a type of chemoattractant cytokine.
Chemokines are small, predominantly basic molecules
that regulate the migration of leukocytes during inflam-
mation, through interactions with G-protein-coupled
receptors. Chemokines are grouped into two main
subfamilies, referred to as CC and CXC, which are
named on the basis of whether the first two cysteine
residues are adjacent (CC) or contain an amino acid
between them (CXC).*® The structural diversity of
GAGs and chemokines gives rise to their specificity
and ability to fine-tune biological processes in vivo.
Such interactions have a crucial role in the activity of
chemokines and the recruitment and infiltration of
inflammatory cells including lymphocytes® and neu-
trophils.?” Chemokines, in a general sense, interact
with GAGs via clusters of basic amino acids, where
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four different modes of binding between chemokines
and HS have been shown.*® The oligomerization of
chemokines plays a role in the interaction with HS, and
GAGs in general. Chemokine oligomerization can
modulate the binding affinity to HS by altering the con-
firmation of GAG binding sites® and increase the bind-
ing surface as compared with monomeric forms.®’

CCL5, also known as RANTES, is predominantly
produced by T cells and plays a role in the migration of
leukocytes into inflammatory sites. GAG—chemokine
interactions have important roles to play in this pro-
cess; CCL5-GAG interactions are essential for the
creation of haptotactic gradients that are responsible
for the migration of leukocytes. The BBXB motif (basic/
basic/x/basic amino acid, x = any amino acid) present
in CC chemokines is essential for the interaction
between CCL5 and heparin disaccharide structures.®®
Specifically, the BBXB motif 44Arg-Lys-Asn-Argd7
(44RKNR47) present in CCL5 is responsible for inter-
action with heparin.®® Mutation of the 44RKNR47 motif
results in decreased binding of CCL5 to heparin in
vitro and a reduction in cell infiltration into the perito-
neal cavity following intraperitoneal injection.”® The
structure and availability of CCL5, and other chemo-
kines, and whether they are present as oligomers
modulate interactions with GAGs."®*'*2 While the
44RKNR47 motif in CCL5 binds to heparin, when
CCLS5 is oligomerized, this motif is buried, and in this
case, the primary heparin binding site of CCL5 is
55Lys-Lys-Trp-Val-Arg59 (55KKWVR59).%¢ The inter-
action between CCL5 and its receptor present on
monocytes, CCR1, can be inhibited by HS/heparin.*®
The interaction between CCL5 and GAGs is strongly
modulated by pH and by GAG sulfation with CCL5
binding to heparin and HS, as well as CS but with vari-
able affinity.*

The chemokine CXCL8 is also the human neutro-
phil chemoattractant interleukin (IL)-8 and binds to
GAGs on the surface of endothelial cells where it plays
a crucial role in the infiltration of neutrophils to the site
of inflammation. The binding affinity of monomeric and
dimeric CXCLS8 to a range of HS and heparin oligosac-
charide structures reveals differing affinities depend-
ing on the oligosaccharide length.*® Both monomeric
and dimeric forms of CXCL8 bind to HS, though the
dimeric form has been shown to have higher binding
affinity.*® HS/heparin interactions with CXCLS8 stabilize
its tertiary structure preventing it from unfolding.*® This
involves the amino acid residues Arg60, Lys64, Lys67,
and Arg68 which are present in the C-terminal a-helix
in CXCL8 and Lys20 within the proximal loop.*” These
residues, along with His18, are essential in the binding
of CXCL8 to GAG oligosaccharides, in addition to
Lys15, Arg47, Lys23, and Lys54. Like CCL5, CXCL8

displays variable binding affinities to GAGs, depending
on whether they are free in solution or associated with
the cell surface.'® CXCL8 has chemoattractant proper-
ties in zebrafish*® where it formed a gradient stabilized
by interactions with HSPGs in the vasculature, to mod-
ulate neutrophil infiltration by a haptotactic gradient.
Monomeric and dimeric CXCL8—GAG interactions are
tissue specific in a mouse model, and demonstrate
subtle differences in how neutrophils are recruited in
inflammation in cell-specific tissue contexts.*

CXCL1 is also a member of the neutrophil attracting
chemokine family. Similar to CXCL8 and other neutro-
phil-activating chemokines, dimeric CXCL1 is a highly
efficient neutrophil chemoattractant, and its associa-
tion with GAGs has an important role in this
activity.***° GAGs also stabilize dimeric CXCL1°" and
protect it from protease cleavage sites in the CXCL1
dimer overlap.®' These sites include residues within
the N-loop and C-terminal helix of CXCL1% and
CXCL8.*® Secondary GAG binding sites are the
N-terminus, 40s turn, and B-domain in CXCL1.>* GAG
binding to these residues disrupts the interaction of
CXCL1 with its receptor®® and may also involve further
N-loop and N-terminal residues.®*** Generation of
CXCL1 mutants with disrupted GAG binding sites have
a reduced ability to recruit neutrophils in vivo.>®

Monocyte and macrophage chemoattractant che-
mokines that interact with the chemokine receptor
CCR2 include CCL2 (monocyte chemoattractant pro-
tein [MCP]-1), and CCL7 (MCP-3).5%°" GAG binding
sites in CCL2 include Arg18, Lys19, Arg24, and Lys49
with a significant but small contribution from Lys58
and His66.*? Preparation of CCL2 mutants has identi-
fied residues critical for interactions with heparin.*
Interaction of CCL2, 3, and 7 alters with HS sulfation
where O-sulfation rather than N-sulfation is more
important in such chemokine-GAG interactions.*®
CCL2, CCL7, CCL8, and CCL13 are all members of
the MCP family (56%—71% sequence identity) and
bind to the CCR2 receptor. Monomeric forms of CCL7
have been shown to be incapable of oligomerization
in the presence of heparin® or HS,*® whereas CCL2
and CCL8 oligomerize when free in solution, and this
is increased in the presence of GAGs.***° CCL7 as a
monomer binds more strongly to GAGs compared
with monomeric CCL2,%° possibly due to an extended
GAG binding site in CCL7 (BXBXXB), where it is
within the 40s loop,®' together with the other within
the N-loop and the C terminus.®® The infiltration of
neutrophils and macrophages into inflamed tissues
can result in the generation of reactive oxygen® and
nitrogen®® species which can modify CCL2% and
CCL5.% Nitrated CCL2 displays reduced monocyte
chemoattractant properties probably due to a
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reduction in binding to heparin compared with wild-
type (WT) CCL2.%¢

Selectin

L-, P-, and E- selectin are cell surface adhesion mole-
cules expressed by leukocytes, platelets, and endo-
thelial cells, with P-selectin being expressed together
with E-selectin on endothelial cells. Interactions
between selectins and GAGs expressed on endothe-
lial cells control the recruitment and rolling of inflam-
matory  cells, particularly leukocytes  during
inflammation. Stimulated endothelial cells, via tumor
necrosis factor (TNF)-a, promote inflammation; how-
ever, when treated with heparinase I, which removes
HS/heparin chains from cell surface PGs, the attach-
ment of monocytes under flow conditions was inhib-
ited.” The binding of L-selectin to HS/heparin in a
rodent model of kidney transplantation together with
prolonged ischemia and reperfusion (I/R) replicates
early inflammatory events in tissues. Localization of
L-selectin (Fig. 2) in the kidney microvasculature, using
CD831 as a marker (Fig. 2B, D, and F), was absent fol-
lowing treatment with heparitinase (Fig. 2E and F).®®
Nitrous acid treatment, which cleaves HS/heparin at
unsubstituted amine groups within some of the glucos-
amine residues, also reduced the binding of L-selectin
indicating the involvement of these residues in these
interactions.®®

Endothelial cell-derived PGs are laid down in base-
ment membranes in specific locations. Co-localization
of L-selectin with three HSPGs in renal basement
membrane (Fig. 3) have been identified as perlecan
(Fig. 3A), agrin (Fig. 3B), and collagen type XVIII (Fig.
3C).”° While co-localization was shown, Celie et al.”
demonstrated that collagen XVIII was the only HSPG
able to bind to L-selectin and that it was bound to its
HS chains as binding was removed following hepariti-
nase treatment.”’

As already discussed, differences in GAG structure
and how this modulates selectin binding have been
investigated in rodent models in which different HS/
heparin biosynthesis enzymes have been inactivated.
The enzymes NDST1 and NDST2 are the most widely
distributed of the NDST enzymes, and are responsible
for the deacetylation and sulfation of GIcNAc residues
within HS.” The inactivation of Ndst7 and Ndst2 in
endothelial cells and leukocytes results in a decreased
HS sulfation and a decrease in neutrophil infiltration
into the peritoneal cavity of mutant mice compared with
WT mice.”®™ Endothelial cells from Ndst7 mutant mice
had reduced L-selectin binding, whereas cells derived
from Ndst2 mutant mice displayed no reduction in
L-selectin binding. Inactivation of Hs2st, an enzyme

acting downstream from Ndst7 and which couples sul-
fate to IdoA at the C2 position, resulted in an increase
in neutrophil recruitment into the peritoneal cavity.”
Endothelial cells from Hs2st™™ mice also showed
increased L-selectin binding concomitant with a reduc-
tion in the rolling velocity of neutrophils on endothelial
cells.”® L-, E-, and P-selectins play a role in leukocyte
rolling and adhesion to the endothelium during inflam-
mation, and their activities can be modulated by GAGs.
The presence of heparin was shown to inhibit E-selectin
and reduce P-selectin binding to endothelial cells.”
Modulation of L- and P-selectin binding was dependent
on the structure, including the amount and position of
the sulfate groups on heparin. The adhesion of mono-
cytes to endothelial cells in vitro was inhibited by the
presence of different heparin disaccharides that varied
in the degree and position of sulfation.”” Furthermore,
P- or L-selectin-deficient mice have an impaired inflam-
matory response that was further reduced following a
heparin injection.””

Heparanase

Heparanase is an endo-B-glucuronidase and the only
known mammalian glycosidase capable of cleaving
HS chains. Mammalian heparanase differs from the
bacterial heparitinases; the latter depolymerize HS/
heparin by eliminative cleavage resulting in a ring
opening reaction, which leaves an unsaturated bond,
whereas heparanase undertakes a glycosidic cleav-
age of HS via a hydrolase reaction. HS cleavage by
heparanase occurs at a limited number of sites along
the HS chain, resulting in the production of
HS-oligosaccharide fragments that are 10—20 saccha-
ride units in length.”® As described above, HS interacts
with chemokines, creating gradients, and selectins
that recruit and guide leukocytes to sites of inflamma-
tion. Heparanase plays a significant role in inflamma-
tion cleaving cell surface HS disrupting interactions
with chemokines and selectins that recruit leuko-
cytes.”” Elevated heparanase expression has been
shown in several inflammatory pathologies and is
described in the sections below. The role that hepa-
ranase plays in a number of disease states has been
investigated using heparanase-deficient (Hpse-KO)®°
and heparanase-overexpressing (Hpa-tg)®' transgenic
mice.

Heparanase activity is elevated in synovial fluid and
synovium of rheumatoid arthritic patients compared
with osteoarthritic patients.® Heparanase in the urine
of patients with type 1 or type 2 diabetes,®® and ele-
vated levels of insulin and glucose in patients with type
2 diabetes, induce the secretion of active heparanase



HS and HS Biomimetics in Inflammation 327

L-selectin-IgM binding (green) L-selectin-lgM binding (green) + CD31 (red)
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Figure 2. Localization of L-selectin in renal tissue. L-selectin ligands (A—F, green) on tissue sections of either contralateral rat kidney
(A, B) or kidney 24 hr after I/R (C— D). In (B), (D), and (F), double staining is shown to identify endothelium using anti-CD31| antibody
(red). Arrows indicate the presence of L-selectin ligands associated with interstitial capillaries, and high-power magnification indicates
that these ligands are localized in the microvascular basement membrane (D, inset). L-selectin ligands were shown to be HSPGs using
heparitinase | pretreatment of sequential I/R tissue sections (E, F). Scale bars = 50 pm. Reprinted with permission from Celie et al.*®
Abbreviation: I/R, ischemia and reperfusion.

by kidney cells.®* Heparanase is also associated with The expression of heparanase is elevated and
the onset of type 1 diabetes where autoimmune cells  localized to epithelial cells in psoriatic lesions com-
attach and damage the islet p cells.® pared with normal skin (Fig. 4A).% Furthermore, after
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Figure 3. Renal L-selectin ligands partially colocalize with per-
lecan, agrin, and collagen type XVIII. Sections of normal rat kidney
were probed for L-selectin (A—C, green) and anti-perlecan (A,
red), anti-agrin (B, red), or anti-collagen type XVIII (C, red). Bar =
100 um. Reprinted with permission Celie et al.”

induction of psoriasis in Hga-tg mice, an increase in
macrophage infiltration occurs within psoriatic
lesions, but not in WT mice®®; similar observations
have also been reported in psoriatic patients.®’
Differing levels of heparanase activity in acute and

chronic inflammatory bowel disease correlate with
high expression levels of heparanase in Crohn’s dis-
ease (Fig. 4B(iii)) and ulcerative colitis (Fig. 4B(iv)),
but not in normal tissue (Fig. 4B(i)) or in patients with
infectious colitis (Fig. 4B(ii)) where heparanase
expression was not detected.%®

Heparanase is produced and secreted by platelets,®
neutrophils,®® and mast cells.®’ Upon degranulation,
heparanase release is associated with diapedesis and
extravasation of inflammatory cells.®**® During extrava-
sation of leukocytes, a major obstacle to the successful
migration of leukocytes into the tissues is the subendo-
thelial basement membrane. In a model of delayed-type
hypersensitivity, increased heparanase activity by acti-
vated endothelial cells resulted in damage to the suben-
dothelial basement membrane enabling vessel leakage
and the migration of inflammatory cells into the site of
inflammation.®* Expression of heparanase by dendritic
cells demonstrated that immature cells expressed hep-
aranase in the nuclei and cytoplasm. Upon maturation,
heparanase expression was localized to the plasma
membranes concentrated in membrane extensions,
where its localization was thought to facilitate extracel-
lular matrix degradation and cellular transmigration.® In
chronic inflammation, stimulation of macrophages by
heparanase initiates a vicious cycle where infiltrated
macrophages further produce heparanase and recruit
more macrophages to the site of inflammation.”® A char-
acteristic feature of diabetic kidney disease is the acti-
vation and recruitment of macrophages, by TNF-a
secretion,® where TNF-a staining correlates with mac-
rophage infiltration.%

The role of heparanase in the autoimmune dis-
ease, Alzheimer’s, is thought to be due to the degra-
dation of HS chains that are responsible for the
infiltration of inflammatory cells, which clear amyloid
deposits. A delay in amyloid clearance in the brain of
heparanase-overexpressing mice, however, coin-
cided with an impaired recruitment of inflammatory
cells.®® Heparanase is reported to increase inflam-
matory cell infiltration in the case of the recruitment
of monocytes into the peritoneum after the induction
of inflammation; however leukocyte or endothelial
heparanase is not required for either T-cell or neu-
trophil extravasation.'®

Degradation of HS by heparanase modifies/remod-
els the glycocalyx. In a model of inflammatory lung dis-
ease, activation of endothelial cells and elevated
expression of endothelial heparanase result in a modi-
fication to the endothelial cell surface layer, and a loss
of HS, which was prevented by the use of heparanase
inhibitors.”" Degradation of the endothelial surface
layer and removal of HS chains increased neutrophil
adhesion by increasing the availability of endothelial
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Figure 4. Localization of heparanase. (A) Presence of heparanase in psoriatic lesions: (i) normal skin tissues and (ii) psoriatic tissue.
Original magnification x200. Reprinted with permission Lerner et al.*® (B) Presence of heparanase in inflammatory bowel disease: (i)
normal, (ii) infectious colitis, (i) Crohn’s disease, and (iv) ulcerative colitis. Original magnification x200. Reprinted with permission
Waterman et al.®® Tissue sections in both (A) and (B) were probed for the presence of heparanase with an anti-heparanase antibody and
the presence of heparanase indicated by brown (A) and red (B) staining.
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cell surface adhesion molecules.’ The heparanase-
mediated loss of the glycocalyx was suggested to con-
tribute to the development of septic acute lung injury.'”'
The heparanase-mediated degradation of the glycoca-
lyx has also been shown to be associated with the
onset of inflammatory conditions including acute
kidney'® and intestinal injury'® both of which were
associated with sepsis.

The role of heparanase in the inflammatory
response also involves indirect effects related to the
regulation of inflammatory chemokines. The addition
of heparanase to primary macrophages in vitro
increased levels of TNF-a, CCL2, matrix metallopro-
teinase (MMP)-9, and IL-1. An increase in TNF-a and
IL-1 also occurs after addition of heparanase to
monocytes. This effect is thought to be mediated
through the Toll-like receptor (TLR) pathways. The
addition of heparanase to macrophages isolated from
either TLR-2, TLR-4, or TLR-2/TLR-4-deficient mice
failed to elicit an increased release of TNF-a.." Ex
vivo treatment of blood-derived mononuclear cells
with heparanase also resulted in the release of
inflammatory chemokines including TNF-o, CXCLS,
IL-6, and IL-10."% Furthermore, soluble HS signals
through the TLR pathways, suggesting that the action
of heparanase and generation of HS oligosaccha-
rides may also upregulate cytokine production via the
TLR pathways.'®

Therapeutic Use of HS/Heparin
Mimetics and Heparanase Inhibitors

There is ample evidence indicating that chemokines
require HS to carry out their full range of functional
activities during innate immunity. Supporting the
hypothesis that molecules that interfere with the
inflammatory promoting activities of HS are of thera-
peutic interest. The approaches explored to date
include the use of heparin, HS mimetics, heparanase,
and other small molecule inhibitors as detailed below.

Heparin

Many studies have explored the therapeutic use of
heparin to inhibit the activity of HS in multiple stages of
innate immunity. The anti-inflammatory activities of HS
involve interactions with chemokines, cytokines, and
selectins. Soluble heparin can compete with the bind-
ing of these molecules to HS on the surface of the
endothelium.'®'%” |n addition, heparin can interfere
with leukocyte recruitment to and transmigration
through the endothelium, which uses L-selectin binding
to endothelial cell surface HS">""'%® and inhibits the
expression of T lymphocyte—derived heparanase.'®

These activities have also been demonstrated by the
use of low-molecular-weight heparin, which can block
leukocyte rolling, adhesion, and extravasation through
activated endothelium.” The efficacy of low-molecu-
lar-weight heparin to reduce inflammatory markers in
vivo has been reported.™

Although these studies indicate the potential of
heparin as an anti-inflammatory agent, it has not pro-
gressed to the clinic due to its structural diversity and
its ability to perturb many biological processes, most
notably coagulation. These data suggest that more
defined molecules that can interfere with the activities
of HS may be useful in the development of anti-inflam-
matory agents. Progress in this space has included the
demonstration that heparin oligosaccharides, contain-
ing four or more monosaccharide residues without
anticoagulant activity, are effective at inhibiting the
function of L-selectin mediated neutrophil adhesion."?
In addition, 2,3-desulfated heparin inhibited neutrophil
recruitment and leukocyte adhesion to the endothe-
lium in a rat peritoneal model of inflammation'?""
while N-desulfated heparin inhibited leukocyte
adhesion.™®

HS/Heparin Mimetics

Due to the ability of heparin to interfere with the activi-
ties of HS in innate immunity, a range of heparin/HS
mimetics have been explored to provide these func-
tions without anticoagulant activity. Mouse knockout
studies have aided in the design of these mimetics
and shown that Ndst7-deficient endothelial cells pro-
duce HS with low levels of sulfation and do not take
part in inflammatory processes the same way as WT
endothelial cells.” Most HS/heparin mimetics are car-
bohydrates or derivatives thereof. For example, tres-
tatin A sulfate, a sulfated derivative of trestatin A, a
non-uronic pseudo-nonasaccharide extracted from
Streptomyces dimorphogenes, is effective in inhibiting
L-selectin-mediated neutrophil interactions with the
activated endothelium including almost completely
blocking leukocyte rolling along rat mesenteric post-
capillary venules and neutrophil migration into the
thioglycollate-inflamed peritoneum of BALB/c mice."®
Low-molecular-weight fucoidin, a sulfated polysaccha-
ride from brown algae, reduced the expression of pro-
inflammatory cytokines including IL-6, TGF-f, TNF-q,
ICAM-1, JNK, and mitogen-activated protein kinase
(MAPK) in vivo"” and can modulate the expression of
L-selectin.® Fucosylated CS extracted from the sea
cucumber Acaudina molpadioides can bind to
L-selectin and inhibit the migration of neutrophils
through an endothelial cell layer in vitro."® Cyclitol-
based pseudo-sugars coupled with an alkyl chain
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spacer of 8—10 carbon atoms were effective in inhibit-
ing the activity of CXCL8, and interestingly, the sul-
fated derivatives did not enhance this inhibition.™
These findings support previous studies indicating
that HS fragments containing two highly sulfated hexa-
saccharides joined by a non- or undersulfated dodeca-
saccharide linker that can bind to CXCL8."' In a more
synthetic approach, heparin-like synthetic polymers,
called regenerating agents (RGTAs), preserved hepa-
rin-binding growth factor availability by inhibiting hepa-
ranase activity and thus protecting HS."®?

Heparanase Inhibitors

Multiple approaches have been explored to inhibit
heparanase activity including the use of modified
heparins including periodate-oxidized, carboxyl-
reduced, and N-desulfated, acetylated heparins.'?®
Phosphomannopentaose sulfate (PI-88) contains a
mixture of phosphomannopentaose and phospho-
mannotetraose sulfates and maltohexaose sulfate
which inhibit heparanase activity'®*; PI-88 decreases
heparanase activity in pancreatic islets, protecting
non-obese diabetic mice from developing type 1 dia-
betes.®> While the ability of PI-88 to bind a range of
chemokines has not been extensively explored, it is
reported to bind with high affinity to fibroblast growth
factor-2, hepatocyte growth factor and vascular endo-
thelial growth factor'®®; thus, it is plausible that PI-88
may also be involved in binding chemokines involved
in innate immunity. However, PI-88 does not inhibit the
activity of CXCL8."™° A more synthetic approach has
explored the components (R)-3-hexadecanoyl-5-
hydroxymethyltetronic acid (RK-682) and a benzylated
version, 4-benzyl-RK-682, and show that both inhibit
the activity of heparanase.'®

Small Molecule Inhibitors of HS—Chemokine
Interactions

An alternative to HS/heparin mimetics are small pep-
tides that resemble the HS binding sites of cytokines
and chemokines. One example is a peptide that cor-
responds to the HS-binding region of interferon-y that
has been effective in delaying the rejection of skin
allografts.” Chemokine variants that do not bind to
HS have also been explored and shown not to oligo-
merize and signal without the HS binding region.**'28

Conclusions

The role that HS plays in inflammation is dependent on
its structure, and ability to modulate interactions with
mediators of inflammation such as chemokines,

selectins, and enzymes. The fine structure of HS and its
interaction with inflammatory mediators are of great
importance to understanding how HS acts in such pro-
cesses. As such, the use of heparin as a model to
investigate these properties is not always appropriate.
This statement is evident in the development of HS/
heparin mimetics for anti-inflammatory biotherapeutics,
to ensure the desired patient outcome. As researchers
within this space continue to gain a more in-depth
understanding of the interactions that occur between
HS/heparin and mediators of inflammation, this will
allow the continuing development of anti-inflammatory
biotherapeutics that target these interactions.
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