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Preface to “Glycosaminoglycans and Proteoglycans”

1. Introduction

This short article is intended to provide a brief introduction to the structures of glycosaminoglycans
(GAGs) and proteoglycans (PGs) to set the articles in this special issue of Pharmaceuticals on “Proteoglycans
and Glycosaminoglycans” into context. The class of glycosylated proteins known as PGs is represented in
the pharmaceutical world chiefly by its carbohydrate constituents. These are polysaccharides known as
GAGs, such as heparin (Hp) [1] and chondroitin sulfate (CS) [2]. When attached to their native protein
cores these polysaccharides form the glycoconjugates known as PGs. Whole PGs are less often proposed
as therapeutic agents, though recently, particularly in the context of regenerative medicine, the concept of
PG mimetics, ‘neoproteoglycans’, is becoming more familiar [3]. The development of PG- and GAG-based
medicines is beginning to take into account the way the GAGs are organized and presented by attachment
to their PG cores, as well as the sequences and covalent structures of the compounds themselves. In this
special issue, contributed articles will cover the current pharmaceutical uses of GAGs and their mimetics,
with others describing the involvement of GAGs in processes, such as cell growth and differentiation,
morphogenesis, inflammation, and healing; all of which are likely to give rise to future therapeutic uses
of GAGs and PGs.

2. Glycosaminoglycans

2.1. Structural Features

GAG:s are linear and heterogeneous sulfated glycans. Although they are structurally complex,
the backbones of these polysaccharides are simply made up of repeating disaccharide building
blocks composed of alternating uronic acid (UA) and hexosamine units. The UA units can be
either 3-D-glucuronic acid (GlcA) or its C5 epimerized version, x-L-iduronic acid (IdoA). The amino
sugars can be either glucose (Glc)-based (x-D- or 3-D-glucosamine, GlcN) or galactose (Gal)-based, as
N-acetyl-p-D-galactosamine (GalNAc). The permutation of these monosaccharide units within the
GAG backbones gives rise to different GAG families, such as the GlcN-containing heparan sulfate
(HS) and Hp [4,5], and the GalNAc-containing CS and dermatan sulfate (DS) [6]. Keratan sulfate (KS)
alternates N-acetyl-glucosamine (GlcNAc) with Gal, and does not contain UA [7,8]; hyaluronan or
hyaluronic acid (HA) alternates GIcNAc with GlcA, and does not have a protein core [9].

The disaccharides of HS and Hp are both composed of alternating 4-linked UA and 4-linked
a«-GIcN units [4,5].  Structurally, HS and Hp differ only in the relative proportions of their
monosaccharide and disaccharide substructures. HS has $-D-GIcA as its major UA type while Hp
has o-L-IdoA. GIcA in HS usually alternates with GleNAc units, but lower amounts of N-sulfated
glucosamine (GIcNS) and rare amounts of unsubstituted GIcN can also occur. Hp is conversely
predominantly composed of 2-sulfated IdoA units (IdoA2S) together with N,6-di-sulfated GlcN
units (GIcNS6S). These disaccharides are reflected in the three-dimensional structures of HS/Hp
tetrasaccharides shown in Figure 1A,B. They are experimental structures from the Protein Databank
(PDB), and clearly adopt fairly linear shapes, though in solution they may twist and fold to varying
extents depending on the exact monosaccharide sequence [10].

Rarely, 3-O-sulfation at the GIcNS6S units can also occur (GIcNS356S) in both HS and Hp but is
more common in the Hp chains; a pentasaccharide containing this unusual monosaccharide residue
confers high affinity for antithrombin and, thereby, high anticoagulant activity, on Hp [1].

Since the length of GAG chains can vary widely, both among different GAG types and among
chains of the same GAG type, the range of MWs in GAGs is very broad, ranging from a few kDa to
over a hundred kDa. It is also true that manufacturing processes can alter the molecular weight (MW) of



GAGs; for example, unfractionated heparin (UFH) and low-molecular weight heparin (LMWH) have
chains whose average MWs are respectively ~15 kDa (~25 disaccharide units) and less than 8 kDa
(~12 disaccharide units or fewer). The measurement of MWs for LMWH is not straightforward, as Hp
consists of a mixture of sequence types as described above, each occurring in domains with particular
hydrodynamic and conformational properties. The contribution of Jian Liu and co-workers, introducing
the concept of homogeneous structurally defined MW markers for Hp is a real step forward [11].

Figure 1. Three-dimensional tetrasaccharide representations, taken from files in the
PDB as indicated, of: (A) Heparin [IdoA2S(«1—4)GIcNS6S(x1—4)IdoA2S(x1—4)GlcNS6S]
from 1HPN; (B) heparan sulfate [GlcA(f1—4)GlcNAc(axl—4)GlcA(B1—4)GIcNAc] from 3E7];
(C) chondroitin 4-sulfate [GlcA(B1—3)GalNAc4S(f1—4)GlcA(B1—3)GalNAc4S] from 10FM;
(D) dermatan sulfate [I[doA(x1—3)GalNAc4S(B1—4)IdoA(x1—3)GalNAc4S] from 10FL; (E) keratan
sulfate [Gal6S(B31—4)GIcNAc6S($1—3)Gal6S(p1—4)GIcNAc6S] from 1KES; and (F) hyaluronan
[GlcA(f1—3)GlcNAc(f1—4)GIlcA(f1—3)GIlcNAc] from 2BVK. The atoms in the ball-stick
representations are carbon (grey), nitrogen (blue), hydrogen (light grey); oxygen (red) and sulfur
(yellow). A and F are NMR solution structures, and non-exchangeable protons are shown; the others
are crystal structures so are shown without protons.

CS disaccharides are essentially composed of alternating 4-linked 3-D-GIcA and 3-linked GalNAc
units. Various CS subtypes exist; for example, CS-A is mostly 4-sulfated at the GalNAc units (Figure 1C),
while CS-C is predominantly 6-sulfated. CS-B, widely known as DS (Figure 1D), has x-L-IdoA units
rather than -D-GIcA. The IdoA units in DS may occasionally bear 2-sulfation while the GalNAc
units are mostly 4-sulfated [6]. The MWs of CS-A, CS-B, and CS-C are around 20-60 kDa. Thus,
approximately 35-130 disaccharide units for CS-A, CS-B, and CS-C calculated based on the MWs of
their commonest disaccharide structures.

KS disaccharides are composed of alternating 3-linked 3-D-Gal and 4-linked 3-D-GIcNAc units [8].
These KS disaccharides can bear sulfation at the 6-position of either unit (Figure 1E), although sulfation
at GIcNAc occurs more often [7,8]. The typical average MW of KS is around 20 kDa, thus, around 45
disaccharide units assuming the MW of the commonest structure. HA is the only GAG type which
is not sulfated; it is composed of repeating disaccharide units of alternating 4-linked (3-D-GIcA and
3-linked B-D-GlcNAc (Figure 1F) [9], and has the longest chain among all GAG types. The MW of HA
is usually above 100 kDa and the degree of polymerization of HA is, therefore, in the range of at least
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255 disaccharide units/chain, ranging upwards to MW of several million [12]. This very high MW
polysaccharide has high viscosity at low concentration [12].

The structures of all these GAG families are represented in Figure 1. The GAG structural variations
and heterogeneities associated with their high sulfation content (except HA) and their common
occurrence at the extracellular matrix (ECM) or at the surface of cells are all contributing factors to
the diversity of their biomedical roles because they give GAGs the capacity of binding to multiple
extracellular proteins [13,14] whose actions are spread in various pathophysiological events (Figure 2).

A

Wound repair,
coagulation

GAG-protein

Tissue development,
regenerationand
repair

Bone remodeling
and resorption

Figure 2. Structural representations from the crystal structures of some illustrative GAG-protein
complexes in PDB: (A) macrophage inflammatory protein 1-alpha (CCL3) monomer + Hp 4-mer (from
5D65); (B) platelet factor 4 (CXCL4) dimer + fondaparinux (antithrombin-high affinity Hp 5-mer)
(from 4R9W); (C) human heparanase complex + Hp tetrasaccharide (from 5E9C); (D) D-glucuronyl
C5-epimerase + Hp 6-mer (from 4PXQ); (E) cathepsin K monomer + DS 6-mer (from 4N79); and
(F) Sonic Hedgehog (Shh) monomer + CS-A 4-mer (from 4C4M). The atoms of the GAG ligands
represented in the ball-stick view are carbon (grey), nitrogen (blue), hydrogen (light grey); oxygen
(red) and sulfur (yellow). In the proteins, the alpha-helices, beta-sheets, loops, and random coils are
represented, respectively, in red, blue, green and grey. The pathophysiological systems in which these
complexes play a role are indicated by grey fonts in the panel.

2.2. Pharmaceutical Applications of GAGs and PGs

GAGs interact with proteins in many biological systems, and as a consequence they have
numerous biological and therapeutic functions [15-21]. In fact, GAGs can be considered the most
exploited carbohydrates in the pharmaceutical market [14]. The use of GAGs as therapeutic agents
is dominated by the potent anticoagulant and antithrombotic GAG Hp [1], isolated from mast-cell
rich tissues such as intestinal mucosa of pigs and cattle [22]. Hp is the by far the most widely used
GAG type and perhaps the most common therapeutic carbohydrate worldwide [23]; it is used in
treatments and prophylaxis of thromboembolic disorders [1,24,25]. The pharmaceutical analysis of Hp
preparations is rarely simple; in this issue, a radical new approach to molecular weight measurements
using synthetic calibrant and computational extrapolation [11] is proposed. The potent antiéoagulant



activity of Hp occasionally requires an antidote in clinical use. Hogwood and co-workers address the
use of protamine to neutralize Hp from different species and tissues [26]. The heterogeneity of Hp,
and other consequences of its origins as a natural mammalian product, has led to the development of
synthetic and semi-synthetic Hp mimetics, as described by Mohamed and Coombe in this issue [27].

CS [2] and HA [28] are also exploited as pharmaceutical ingredients. CS can be used as an
alternative therapeutic in cases of osteoarthritis [29], and sometimes even osteoporosis [30], because
of its essential roles in cartilage and other connective tissues, though some degree of caution in
interpretation of trials may be wise [30,31]. The beneficial use of CS in arthritic disease is usually
associated with the use of GlcN, another key constituent of cartilage tissues. Santos and coworkers
have in this issue described a systematic process based on electrophoresis, liquid-chromatography and
NMR for assessment and control of pharmaceutical preparations of CS combined with GleN [32]. KS
can be employed as active ingredient in eye drops for treatment of certain visual dysfunctions; KS is
one of principal functional components in cornea [7,8]. The best-known physicochemical property
of HA is its capacity of forming gels in solution. This property enables HA to be used as a vehicle
to make specific hydrogel formulations for regenerative medicine [33,34]. HA-based medium can be
employed in cosmetics to soften and smooth skin owing to its inherent regenerative and hydrating
properties; HA is an important functional component of the ECM of skin [35,36].

3. Proteoglycans

There are fewer than 50 distinct PG genes, though many more proteins due to alternative
splicing [37]. Fewer than 20 distinct mammalian HS-PG core proteins have so far been identified [38].
This apparently limited repertoire of structures is responsible for numerous structural and functional
properties of animal cells and ECM. Though many PGs are also glycoproteins, bearing N- and
O-glycans, the defining type of glycosylation for PGs is the presence of one or more—sometimes
many more—O-linked GAG chains. These GAGs make their contribution to the biological functions of
PGs in many ways, and in some extreme cases the protein core may simply act as a scaffold for the
presentation of the biologically-active GAG.

Most PGs act predominantly in the extracellular space, either as structural elements or as ligands
for the many small protein growth factors, cytokines, chemokines, and morphogens that regulate
embryonic development, inflammatory responses to pathogens and injury, and communication
between cells [16,37]. PGs are often large proteins, heavily glycosylated and attached to membranes at
the cell surface or in the ECM.

Descriptions of PGs have often used simple schematic diagrams, such as those shown in Figure 3
and in [39] depicting cartoon schematics for two major cell-surface PGs, syndecan, and glypican, and
several PGs of the ECM (aggrecan and the small leucine rich PGs (SLRPs) such as decorin, lumican
and biglycan). They are useful to show the rough relative sizes of PGs, with number and approximate
attachment sites of GAG chains. These simple diagrams can give a clue as to function; where GAG
chains are closely spaced they are likely to have a space-packing function, in the extracellular matrix in
the case of aggrecan, and in the mast cell secretory granules in the case of serglycin. Where the GAG
chains are less dense, such as on the cell surface attached to glypican or syndecan, their role is more
likely to be in signaling, or in tissue organization. In this short article we will introduce only a few of
the best known PGs; more comprehensive descriptions can be found elsewhere [37].



A B Syndecan

Glypican
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Figure 3. Schematic cartoon images (not to scale) for PGs on the cell surface and in the ECM. Protein
chains are shown as red ribbons, and GAG chains are depicted in a simplified form of the symbology
recommended by the Consortium for Structural Glycomics [40]; (A) the intracellular PG serglycin,
bearing closely packed Hp (or oversulfated chondroitin) chains, on a small peptide core; (B) cell-surface
PGs syndecan and glypican; the cell membrane is shown in black; (C) the complex between aggrecan
and HA, mediated by Link protein, that forms the structural basis for cartilage elasticity; and (D) a
generic diagram of a SLRP, such as biglycan or decorin. Between the globular regions near the N- and
C-termini the leucine-rich repeats (LRRs) form a curved structure; the dimers can form by interaction
between the two offset concave faces of monomers.

3.1. Intracellular Proteoglycans

The PG from which Hp is derived is called serglycin [41], and it is unusual as a PG in that it is
found only in the granules of mast cells and related cell types, not, like other PGs, in the ECM or on the
cell surface. The narrowly spaced Hp chains on the small peptide backbone of serglycin accommodate
positively charged proteins, such as the proteolytic enzymes found in mast cell secretory granules,
allowing much closer packing by neutralizing their charge [42]. Hp is partially depolymerized on
degranulation of mast cells, to give the MW distributions characteristic of Hp sodium in clinical
use [43]. Further deliberate depolymerization gives rise to the range of LMWH products, such as
enoxaparin, described by Arnold et al. in this issue [11].

3.2. Cell Surface PGs: Syndecans and Glypicans

The cell-surface PG groups of glypicans are modulators of morphogens such as Wnt, bone
morphogenetic proteins (BMPs), fibroblast growth factors (FGFs) and Sonic Hedgehog (Shh) [44].
There are six mammalian glypican genes, giving rise to core proteins glypican-1 to glypican-6, all of
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them attached to the outer surface of the cell membrane by a C-terminal glycosylphosphatidylinositol
(GPI) anchor [44]. The ‘cartoon’ schematics shown in Figure 3 depict the glypicans as globular proteins,
with an extended sequence containing HS attachment sites between the globular region of the protein
and the GPI anchor [45]. The glypican-1 protein measures about 120 A along its long axis [46], whereas
a 50-100 residue long HS chain could extend to 200400 A. The HS attachment site is a few amino acid
residues away from the globular protein core, with more than 50 amino acids between it and the GPI
anchor, allowing considerable freedom in the orientation of protein and GAG [46], both of which may
be available for interactions with extracellular proteins simultaneously.

By contrast, the four mammalian syndecans [45,47] hold their GAG side-chains out further from
the cell surface, around 200 amino acids from the cell surface, though we have no information on the
3D structure of syndecan ectodomains. Syndecans have a transmembrane domain, and a cytodomain
that interacts with kinases and the actin cytoskeleton [47].

Cell-surface GAGS attached to these PGs play a part in the early stages of viral invasion of the host
cell. As an example, Kim and co-workers in this issue describe the recognition of cell surface GAGs by
the envelope proteins of Flaviviruses, including dengue and yellow fever viruses [17]. In addition,
viral carbohydrates are involved in interaction with the cell surface receptor dendritic cell-specific
ICAM-grabbing non-integrin, DC-SIGN [17].

GAGs are also involved in the cell uptake of potentially useful drug-delivery systems.
Takechi-Haraya and associates have in this issue described the contribution of GAGs in the
non-endocytic direct cell membrane translocation of arginine-rich cell-penetrating peptides by studying
the cell-permeation of octaarginine monitored through real-time in-cell °F NMR spectroscopy [21].

Damage to the cell surface glycocalyx, of which GAGs form an important part, is a feature of disease
states of the vascular endothelium. Wodicka and coworkers have developed a PG mimetic designed to bind
to inflamed endothelium and prevent platelet binding to create a more quiescent endothelial state [20].

3.3. Extracellular Matrix Proteoglycans

3.3.1. Aggrecan in the Extracellular Matrix

The most abundant PG in ECM rich tissues such as cartilage is aggrecan, which forms very large
aggregates with HA, mediated by the link protein [18]. These aggregates are held in a collagen network
to form strong but elastic articular cartilage structure, a target tissue for regenerative medicine due to
the ubiquity of osteoarthritis in the aging population [18]. The close packing of CS chains attached to
the aggrecan core gives the molecule a ‘bottle-brush’ appearance, not only in the simplified diagram in
Figure 3C, but also in atomic force microscopy images [48].

3.3.2. Perlecan at the Basement Membrane

No 3D structure has been published for the large, multi-domain PG perlecan, found at the
basement membrane and in the pericellular space. As an HS-bearing PG in the space between cells,
perlecan can act as an extracellular storage device for growth factors such as FGFs and is involved in
angiogenesis through its interactions with vascular endothelial growth factor (VEGF) [49].

3.3.3. Small Leucine-Rich Proteoglycans

The SLRPs exemplified by decorin have ordering functions in tissues; decorin in tendons appears
to wrap round the D-band of collagen fibrils forming a ring-mesh of GAG [50]. SLRPs are also
important for the structure of cornea, for which transparency requires an absolutely regular structure.
The SLRP lumican is substituted with three N-linked KS chains [51] and its absence leads to a loss of
order in the array of collagen fibrils, resulting in opacity of the cornea [52]. The importance of the SLRPs
and their DS chains provides the focus of Mizumoto and coworkers, who, in this issue, have described
mutations in human genes encoding the glycosyltransferases, epimerases, and sulfotransferases



responsible for the biosynthesis of DS chains and their effects on connective tissue disorders, including
some forms of Ehlers-Danlos syndrome [19].

4. The Context of Glycosaminoglycans, Proteoglycans, and Their Pharmaceutical Uses in the
Special Issue “Glycosaminoglycans and Proteoglycans”

This special issue on “Glycosaminoglycans and Proteoglycans” contains a diverse collection of articles,
illustrating the range of biological systems in which GAGs and PGs operate and can be considered
in the design of pharmaceutical interventions. They range from the analysis of GAG pharmaceutical
products [32] and Hp neutralization [26] through Hp mimetics [27], GAG-mediated uptake of cell
penetrating peptides [21], to the development of PG mimics for endothelial repair [20]. Review articles
cast a new light on regenerative medicine [18], chemokine-GAG interactions [16], the DS-PG related
human genetic disorders, and Flavivirus interactions with host cells [17].

Some puzzles, vital to the progress of GAG and PG pharmaceuticals research, remain. The complex
substitution patterns that GAGs are capable of displaying allow a remarkably large repertoire of
structural motifs for recognition by proteins at the cell surface and between cells. We know that
HS epitopes vary through processes of stem cell differentiation and embryonic development [18],
and that the fine structure of GAGs adds to the intricacies of interactions between chemokines and
their receptors [16]. We still, however, have no clear strategy to determine the exact preference of a
protein for a specific sequence within a GAG polysaccharide chain, as we are hampered by a lack of
experimental tools for the task. The development of synthetic GAG mimetics [27] may, in the future,
offer libraries of homogenous GAG-like compounds that will allow detailed identification of protein
ligand motifs within long GAG chains, leading to the possibility of the rational design of a whole new
class of pharmaceuticals.
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Abstract: The indispensable roles of dermatan sulfate-proteoglycans (DS-PGs) have been
demonstrated in various biological events including construction of the extracellular matrix and cell
signaling through interactions with collagen and transforming growth factor-f, respectively. Defects
in the core proteins of DS-PGs such as decorin and biglycan cause congenital stromal dystrophy of the
cornea, spondyloepimetaphyseal dysplasia, and Meester-Loeys syndrome. Furthermore, mutations
in human genes encoding the glycosyltransferases, epimerases, and sulfotransferases responsible for
the biosynthesis of DS chains cause connective tissue disorders including Ehlers-Danlos syndrome
and spondyloepimetaphyseal dysplasia with joint laxity characterized by skin hyperextensibility,
joint hypermobility, and tissue fragility, and by severe skeletal disorders such as kyphoscoliosis,
short trunk, dislocation, and joint laxity. Glycobiological approaches revealed that mutations in
DS-biosynthetic enzymes cause reductions in enzymatic activities and in the amount of synthesized
DS and also disrupt the formation of collagen bundles. This review focused on the growing number
of glycobiological studies on recently reported genetic diseases caused by defects in the biosynthesis
of DS and DS-PGs.

Keywords: biglycan; carbohydrate sulfotransferase 14; decorin; chondroitin sulfate; dermatan
sulfate; dermatan sulfate epimerase; dermatan 4-O-sulfotransferase; Ehlers-Danlos syndrome;
glycosaminoglycan; proteoglycan; spondyloepimetaphyseal dysplasia

1. Introduction

Dermatan sulfate (DS) is a linear polysaccharide that has been classified as a sulfated
glycosaminoglycan, which is covalently attached to the core proteins of proteoglycans (PGs) [1—4].
PGs are widely distributed in extracellular matrices and at cell surfaces [1-4]. DS-PGs exist abundantly
in skin, cartilage, and the aorta. Furthermore, they are ubiquitously expressed in various tissues such
as brain, liver, lung, kidney and heart. DS chains consist of alternating disaccharide units comprising
L-iduronic acid (IdoUA) and N-acetyl-D-galactosamine (GalNAc) residues with 50-200 repeats
(Figure 1). DS chains are modified by sulfation at the C-2 and C-4 positions on IdoUA and GalNAc
residues, respectively, which is a structural fundament to a wide range of biological events involving DS
such as the assembly of extracellular matrices, signal transduction through binding to growth factors,
wound healing, and anti-coagulation [2,3]. Chondroitin sulfate (CS) is composed of D-glucuronic
acid (GlcUA) and GalNAc. After the synthesis of the chondroitin backbone, the GlcUA residue is
epimerized to IdoUA by DS-epimerase (DSE). Thus, the content of IdoUA or DS is varied in each
organ or developmental stage. CS-DS hybrid chains are also formed in specific cells and/or tissues.

Pharmaceuticals 2017, 10, 34 1 www.mdpi.com/journal/pharmaceuticals
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Figure 1. Typical repeating disaccharide units in dermatan sulfate (DS) and chondroitin sulfate
(CS), and their potential sulfation sites. The DS backbone consists of L-iduronic acid (IdoUA) and
N-acetyl-D-galactosamine (GalNAc), whereas CS is a stereoisomer of DS that includes D-glucuronic
acid (GIcUA) instead of IdoUA. These sugar moieties may be esterified by sulfate at various positions
indicated by the circled ‘S".

The small leucine-rich DS-PGs, decorin, biglycan, and fibromodulin, contain leucine-rich regions
and small protein cores [1]. The knockout mice of these PGs exhibit skin fragility, and osteoporosis
in addition to collagen fibrils with irregular and rough outlines of the Achilles tendon, suggesting
that DS-PGs play roles in the formation of skin and bone through the regulation of collagen [5-8].
Decorin core protein regulates the fibrogenesis of collagen [1]. The knockout mouse of decorin exhibited
irregular collagen morphology and similar phenotypes of the human Ehlers-Danlos syndrome (EDS) [5].
In addition, the phenotypes of double-knockout mice of decorin and biglycan directly mimic the rare
progeroid variant of the human EDS-like manifestation [9].

EDS is a heterogenous group of heritable connective tissue disorders characterized by skin
hyperextensibility, joint hypermobility, and tissue fragility. EDS has been classified into six major types:
The classical type (MIM#130000), hypermobility type (MIM#130020), vascular type (MIM#130050),
kyphoscoliosis type (MIM#225400), arthrochalasia type (MIM#130060), and dermatospraxis type
(MIM#225410) [10,11]. The dominant negative effects of a haploinsufficiency in the genes for the
mutant procollagen x-chain or a deficiency in collagen-processing enzymes have been identified as the
basis for these types of EDS [10]. Additional forms of EDS have also been reported in association with
abnormalities in extracellular matrix proteins and DS [11,12].

This review focuses on DS-defective EDS, which was recently characterized from a glycobiological
point of view in terms of disturbances in the biosynthesis of functional DS chains.

2. Biosynthesis of DS Chains

2.1. Glycosaminoglycan—Protein Linker Region

The repeating disaccharide regions of DS chains are attached to serine residues in
core proteins through the common glycosaminoglycan—protein linker region tetrasaccharide,
-O-xylose-galactose-galactose-GlcUA- (-O-Xyl-Gal-Gal-GlcUA-) (Figure 2) [1]. 3-Xylosyltransferases
(XylT), which is encoded by XYLT1 or XYLT2, catalyze the transfer of a Xyl residue from uridine
diphosphate (UDP)-Xyl to specific serine residues in the core proteins of PGs newly synthesized
in the endoplasmic reticulum and cis-Golgi compartments, which initiates the biosynthesis of
DS, CS, and heparan sulfate glycosaminoglycan chains (Figure 2) [13,14]. Two Gal residues
are added to serine-O-Xyl in the core proteins from UDP-Gal by (1,4-galactosyltransferase-I
(GalT-I) and B1,3-galactosyltransferase-II (GalT-II), which are encoded by B4GALT7 and B3GALT®6,
respectively [15-17]. 1,3-Glucuronosyltransferase-I (GIlcAT-I), which is encoded by B3GAT3,
then transfers a GIcUA residue from UDP-GIcUA to serine-O-Xyl-Gal-Gal (Figure 2) [18].
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2.2. Repeating Disaccharide Region of DS

The repeating disaccharide region in the chondroitin precursor chain, [-4GlcUA$1-3GalNAcp1-],,
is constructed by chondroitin synthase family members (Figure 2) [19-24]. DSE, which is encoded
by DSE or DSE2, subsequently converts GlcUA into IdoUA by epimerizing the C-5 OH group of
GIcUA residues during or after the construction of a chondroitin backbone [25,26]. Dermatan chains
are matured by sulfation reactions catalyzed by dermatan 4-O-sulfotransferase-1 (D45ST1) and uronosyl
2-O-sulfotransferase (UST), which are encoded by CHST14 and UST, respectively. D4ST1 and UST
transfer the sulfate group from the sulfate donor 3’-phosphoadenosine 5'-phosphosulfate to the C-4
position of GalNAc and C-2 position of IdoUA residues in dermatan, respectively [27-29].

Repeating disaccharide  Linker tetrasaccharide
AL AL Core protein

4 R\ r A\ \
: \

GalNAcT-Il GIcAT-Il GalNAcT-l GIcAT-l GalT-l GalT-I XylT
(Chondroitin synthase)

DSE
D4ST, UST \
" \
Quoua [Jeanac Saicua Qeal Ty xyi

Figure 2. Biosynthetic assembly of DS chains by various glycosyltransferases, epimerases, and
sulfotransferases. After specific core proteins are synthesized, the common glycosaminoglycan-protein
linker region, GlcUAB1-3Gal1-3Galp1-4Xylp1-, is built up by XylT, GalT-I, GalT-II, and GlcAT-I on
the specific serine (Ser) residue(s) of core proteins. These four groups of enzymes are common to the
biosynthesis of glycosaminoglycans including DS, CS, and heparan sulfate. After the formation of the
linker region, chondroitin synthases assemble the chondroitin backbone. Thereafter, the epimerization
of some GIcUA residues and sulfation of each sugar residue are catalyzed by DSE and D4ST
as well as UST, respectively. XylT, p-xylosyltransferase; GalT-I, $1,4-galactosyltransferase-I;
GalT-II, B1,3-galactosyltransferase-II; GIcAT-I, p1,3-glucuronosyltransferase-I; ~GalNAcT-I,
1,4-N-acetylgalactosaminyltransferase-I; GIcAT-II, (1,3-glucuronosyltransferase-II; GalNAcT-II,
1,4-N-acetylgalactosaminyltransferase-II; DSE, dermatan sulfate epimerase; D4ST, dermatan
4-O-sulfotransferase; UST, uronosyl 2-O-sulfotransferase; Xyl, D-xylose; Gal, D-galactose; GlcUA,
D-glucuronic acid; IdoUA, L-iduronic acid.

3. Human Disorders Affecting the Skeleton and Skin Caused by Disturbances in DS Biosynthetic
Enzymes and DS-Proteoglycans

3.1. B4GALT7 (GalT-I) Deficiency

Mutations in B4GALT7, which encodes GalT-I, cause EDS-progeroid type 1 (Table 1,
MIM#130070) [30-35]. The characteristics of EDS-progeroid type 1 include an aged appearance,
developmental delays, a short stature, craniofacial dysmorphism, generalized osteopenia, defective
wound healing, hypermobile joints, hypotonic muscles, and loose yet elastic skin [30-33]. GalT-I
encoded by B4GALT6 is responsible for the synthesis of the linkage region tetrasaccharide,
-Xyl-Gal-Gal-GlcUA-, which is common to both CS/DS and heparan sulfate chains (Figure 2).
Fibroblasts from patients with the compound heterozygous mutations of p.Ala186Asp/p.Leu206Pro
in GalT-I showed weaker galactosyltransferase activity than that of control subjects, and synthesized
de-glycanated decorin and biglycan core proteins in addition to their PG forms with shorter DS
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chains [33]. Furthermore, a homozygous mutation in B#GALT7, p.Arg270Cys, causes the same type of
EDS, with patient fibroblasts exhibiting marked reductions in GalT-I activity in vitro and the lack of the
DS side chain in 50% of decorin [33]. Fibroblasts with the mutation of p.Arg270Cys show reductions
in the sulfation of heparan sulfate chains and the retardation of wound closure in vitro [35]. Thus,
various clinical manifestations in EDS-progeroid type 1 may be partially caused by a lack of heparan
sulfate as well as DS.

A variant of Larsen syndrome in Reunion Island in France is caused by a homozygous mutation
in B4GALT7 (p.Arg270Cys), and is characterized by multiple dislocations, dwarfism, distinctive facial
features, and hyperlaxity [36]. The clinical manifestations of Larsen syndrome are congenital large-joint
dislocations and characteristic craniofacial abnormalities including dislocations of the hip, elbow,
and knee as well as foot deformities [37]. Therefore, EDS-progeroid type 1 and Larsen syndrome in
Reunion Island may share clinical spectra including joint dislocations. However, the reason why these
two disorders are caused by the same mutation in B4GALT7 currently remains unclear. Further analyses
are needed in order to elucidate the underlying pathogenic mechanisms.

3.2. B3GALT6 (GalT-II) Deficiency

Compound heterozygous mutations (p.Arg6Trp, p.Aspl18Alafs*160, p.Metl139Alal4ldel,
p-Argl97Alafs*81, or p.Ser309Thr) in B3GALT6 encoding GalT-II cause EDS-progeroid type 2
(Table 1, MIM#615349) [38]. The recombinant GalT-II mutant enzyme (p.Ser309Thr) exhibits
significantly weaker GalT-II activity than that of the wild-type enzyme [38]. Furthermore, compound
heterozygous or homozygous mutations (p.Met1?, p.Ser65Gly, p.Pro67Leu, p.Asp156Asn, p.Arg232Cys,
and p.Cys300Ser) in B3GALT6 cause an autosomal-recessive disorder, spondyloepimetaphyseal
dysplasia with joint laxity type 1, which is characterized by kyphoscoliosis, clubfeet, hip dislocation,
elbow contracture, platyspondyly, and craniofacial dysmorphisms including a small mandible with
a cleft palate, prominent eyes, and a long upper lip (Table 1, MIM#271640) [38—40]. The skeletal and
connective manifestations of EDS-progeroid type 2 and spondyloepimetaphyseal dysplasia with joint
laxity type 1 largely overlap, whereas there are no common mutations in BSGALT6 in these patients [38].
These findings suggest that the levels (amount) or length of glycosaminoglycan chains in patients
with EDS-progeroid type 2 or spondyloepimetaphyseal dysplasia with joint laxity type 1 may differ,
which gives rise to the number of clinical manifestations in these patients. The recombinant enzymes,
p-Ser65Gly-, p.Pro67Leu-, p.Asp156Asn-, p.Arg232Cys-, and p.Cys300Ser-GalT-II exhibit significantly
weaker galactosyltransferase activities than that of wild-type GalT-II [38]. Although wild-type GalT-II
is expressed in the Golgi, mutant enzymes (p.Met1?, p.Ser65Gly, p.Pro67Leu, and p.Arg232Cys) are
located in the cytoplasm and nucleus [38], indicating that the intracellular mislocalization of GalT-II
may be partially or fully defective in glycosaminoglycan biosynthesis. Cultured lymphoblastoid cells
from patients showed the reduced biosynthesis of heparan sulfate [38].

Malfait et al. identified homozygous missense mutations (p.Asp207His and p.Gly217Ser) and
compound heterozygous mutations (p.Alal08Glyfs*163 and p.Asp207His) in BBGALT6 in patients
exhibiting various symptoms similar to those of EDS and spondyloepimetaphyseal dysplasia with
joint hyperlaxity [39]. Cultured fibroblasts from the affected individuals synthesized markedly less
DS and heparan sulfate. Beighton et al. reported that six patients with spondyloepimetaphyseal
dysplasia with joint laxity from South African families had a homozygous missense mutation
(p.Thr79Ala) and compound heterozygous mutations (p.Arg6Trp, p.Pro67Leu, or p.Thr79Ala)
in B3GALT6 [40]. Moreover, Alazami et al. detected a homozygous missense mutations
(p.Phel86Lue and p.Argl79_Argl80dup) in patients with profound joint laxity, severe kyphoscoliosis,
spondyloepimetaphyseal dysplasia, arthrogryposis, and joint dislocation [41].

These findings indicate that partial defects in DS, CS, and heparan sulfate due to mutations in
B3GALTE6 affect the development of not only the skeleton, but also the skin with different or a wide
range of symptoms in each patient.
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3.3. DSE Deficiency

A homozygous missense mutation in DSE (p.Ser268Leu) causes EDS musculocontractural type 2
(Table 1, MIM#615539) [42]. Clinical features including hypermobility of the finger, elbow, and knee
joints, characteristic facial features, contracture of the thumbs and feet, and myopathy have been
observed in a patient [42]. A marked reduction in the epimerase activity of the recombinant mutant
DSE (p.Ser268Leu) as well as in the cell lysate from the patient has been demonstrated. Furthermore,
a decrease in the biosynthesis of DS is accompanied by an increase in that of CS in the fibroblasts
of patient [42]. Although the complete loss of DS from the fibroblasts of patients with CHST14
mutations has been reported (see 3.4 CHST14 deficiency) [46], a small amount of DS has been detected
in fibroblasts from the DSE-deficient patient [42]. This finding suggests that the mutant enzyme,
p-Ser268Leu-DSE, slightly residual enzymatic activity, or DSE2, which is a homologous protein to DSE
in humans, partially synthesizes DS in the fibroblasts of patient.

Syx et al. reported another family with a homozygous DSE missense variant (p.Arg267Gly) [43].
The clinical manifestations of the two affected adult sisters showed craniofacial dysmorphic
features, congenital clubfeet, long and slender fingers with contracture, muscle weakness, smooth,
hyperextensible, and translucent skin, and the formation of large hematomas. No obvious alteration
in the architecture of collagen fibrils was detected in DSE-deficient patients [43]. In contrast,
CHST14-deficient patients show collagen bundles with collagen fibrils of various diameters,
the intermittent presence of small flower-like fibrils, and irregular spaces filled with granulofilamentous
deposits [43]. Thus, DSE-deficient patients may have a milder form of the EDS musculocontractural
type than CHST14-deficient patients. However, difficulties are associated with describing the
characterization due to the limited number of patients with mutations in DSE. Thus, the further
characterization of DSE-deficient patients is needed in order to obtain a better understanding of
this disorder.

The deficiencies associated with DSE affect the biosynthesis of DS, which implies that DSE
and DS-PGs are both essential to the development of skin and bone as well as the maintenance of
extracellular matrices in humans. Dse™/~ mutant mice had fewer IdoUA residues in the skin and
affected collagen fibrils [67]. Moreover, DSE appears to be more efficient at forming IdoUA blocks,
which are characteristic of DS, than CS-DS hybrid structures, whereas DSE2 is more efficient at forming
a CS-DS hybrid structure than IdoUA blocks [26]. These findings indicate that each function of DSE
and DSE2 differs, and also that DSE2 may not be able to fully compensate for the loss-of-function
observed in DSE.

3.4. CHST14 (D4ST1) Deficiency

Kosho et al. reported six unrelated Japanese patients with very similar features. They showed
multiple congenital malformations, including craniofacial features such as a large fontanelle,
hypertelorism, short and downslanting palpebral fissures, blue sclerae, a short nose with a hypoplastic
columella, low-set and rotated ears, a high palate, long philtrum, thin upper lip vermilion, small mouth,
and micro-retrognathia; multiple congenital contractures including adduction-flexion contracture
and talipes equinovarus as well as other visceral or ophthalmological malformations. They also
showed progressive multisystem fragility-related complications, including skin hyperextensibility,
bruisability, and fragility with atrophic scars; recurrent dislocations; progressive talipes or spinal
deformities; pneumothorax or pneumohemothorax; large subcutaneous hematomas; and diverticular
perforation (Figure 3). These features are partially similar to those of EDS-kyphoscoliosis type VIA
caused by a deficiency in lysyl hydroxylase (Table 1, MIM#601776) [44,45]. Homozygosity mapping
of two independent consanguineous families revealed compound heterozygous mutations (p.Lys69*,
p-Pro281Leu, p.Cys289Ser, or p.Tyr293Cys) or a homozygous mutation (p.Pro281Leu) in CHST14,
which encodes D4ST1 [46]. Not only recombinant mutant D4ST1, but also fibroblasts from patients
showed a marked reduction in D4ST activity [46]. CS chains, but not non-sulfated DS, have been
produced on the decorin of fibroblasts from patients [46]. 4-O-Sulfation in CS and DS chains functions
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as an inhibitor of DSE [68]. Therefore, the defect in D4ST1 allows for a back-epimerization reaction
converting IdoUA back to GIcUA to form chondroitin by DSE, followed by the 4-O-sulfation of GalNAc
residues in chondroitin by C4ST. An aberrant reversed shift from the synthesis of DS to CS may affect
the formation or maintenance of adequate collagen bundles in patients [46].

According to Diinder et al., mutations in CHST14 cause an autosomal recessive disorder,
adducted thumb-clubfoot syndrome (Table 1, MIM#601776) [47]. Three homozygous mutations,
a 1-bp deletion (p.Val49*), two missense mutations (p.Arg213Pro and p.Tyr293Cys), and a compound
heterozygous mutation (p.Arg135Gly and p.Leul37GIn), were found in CHST14 in the three original
adducted thumb-clubfoot syndrome families from Austria and Turkey as well as a consanguineous
family from Japan [47]. The adducted thumb-clubfoot syndrome is characterized by adducted
thumbs, clubfeet, craniofacial dysmorphism, arachnodactyly cryptorchidism, atrial septal defects,
kidney defects, cranial ventricular enlargement, psychomotor retardation, thin and translucent skin,
joint instability, and osteopenia from birth to early childhood [48,49]. Five out of eleven patients
with the adducted thumb-clubfoot syndrome died in early infancy or childhood, suggesting that
adducted thumb-clubfoot syndrome patients may have more severe manifestations than patients
with the EDS-Kosho type. Malfait et al. previously reported that a homozygous deletion (p.Val49*)
and homozygous 20-bp duplication (p.Glu334Glyfs*107) in CHST14 from two Turkish siblings and
an Indian patient, respectively, caused EDS-musculocontractural type 1 [50].

Figure 3. Clinical photographs of a patient with EDS caused by a carbohydrate sulfotransferase
14/dermatan 4-O-sulfotransferase-1 (CHST14/D4ST1) deficiency. Craniofacial features at the age of
23 days (A); three years (B); and 16 years (C) indicate hypertelorism; short and downslanting palpebral
fissures, blue sclerae, a short nose with a hypoplastic columella, long philtrum, thin upper lip vermilion,
small mouth, and micro-retrognathia at birth to early childhood. A slender and asymmetrical facial
shape with a protruding jaw from adolescence is also observed. Congenital contracture of the fingers
include adducted thumbs at 23 days (D,E); slender and cylindrical fingers and wrinkling palmar
creases at 16 years (F); talipes equinovarus at birth (G); progressive foot deformities with talipes planus
and valgus at 16 years (H); large subcutaneous hemtomas in a patient at the age of six years (I) and in
another patient at the age of 16 years (J); kyphoscoliosis in a patient at the age of 16 years (J, K) (Figure (I)
was reproduced from [44]; Figures (A,B,D,E,G,J K) were reproduced from [45], with permission from
Wiley-Liss, Inc., Hoboken, NJ, USA).

These disorders are currently considered to be a single clinical entity, with the proposed
names ‘D4ST1-deficient EDS’ [51], ‘EDS caused by a CHST14/D4ST1 deficiency’ [12], or ‘EDS,
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musculocontractural type 1’ [50]. Forty patients from 27 families have been reported to date,
including other mutations in CHST14 (p.Arg29Glyfs*113, p.GInl133Argfs:14, p.Cys152Leufs*10,
p-Phe209Ser, p.Arg218Ser, p.Gly228Leufs*13, p.Glu262Lys, p.Arg274Pro, p.Met280Leu, and
pTrp327Cysfs*29) [11,12,41,43-58]. CHST14 mutations cause a defect in DS side chains on the core
protein, decorin, and affect the formation of collagen fibrils. Furthermore, DS side chains on other
PGs such as biglycan, versican, epiphycan, endocan, and thrombomodulin may be affected by these
mutations, which contribute to the wide range of the clinical manifestations of D4ST1-deficient EDS.
Further analyses of the underlying molecular mechanisms may provide a clearer understanding of
severe connective tissue disorders, and lead to the development of therapeutic approaches and agents.

Chst14~/~ mice showed smaller body weights, kinked tails, more fragile skin, and lower fertility
than wild-type mice [69]. Furthermore, the impaired proliferation of neural stem cells, reduced
neurogenesis, and altered subpopulations of radial glial cells were observed in Chst14~/~ mice [70].
These phenotypes are partially consistent with those of patients with D4ST1-deficient EDS. However,
biochemical analyses such as the quantification of DS, characterization of DS-PGs, measurement of
sulfotransferase activities, and pathological analyses of connective tissues including the skeleton and
skin using Chst14~/~ mice have yet be performed. Thus, pharmacotherapeutics for D4ST1-deficient
EDS may be accelerated by further analyses using Chst14~/~ mice.

3.5. UST Deficiency

A denovo 0.63 Mb deletion on chromosome 6q25.1 causes multiple congenital anomalies such
as developmental delay, mild dysmorphic facial features, abnormally elastic and redundant skin,
hyperextensible small joints, ventricular septal defect, and underdeveloped cerebellar vermis [59].
This region contains eight genes including UST, TAB2, and LATS1. TAB2 and LATS1 demonstrated
to be essential for cardiac development and normal growth, respectively [71,72]. Thus, the patient
with ventricular septal defect and developmental delay may be caused by defects in TAB2 and
LATS], respectively. The characteristic joint and skin abnormalities were found in the patient, which
are similar to the spectrum of those of the EDS. UST catalyzes the transfer a sulfate group from
3’-phosphoadenosine 5'-phosphosulfate to the C-2 position of IdoUA residues in DS chains [29]. Thus,
the loss of UST gene may cause EDS-like symptoms.

3.6. DCN Deficiecny

Knockout mice of decorin exhibit the EDS-like phenotype [5]. Unexpectedly, mutations found
to date in DCN, which encodes the decorin core protein, do not cause EDS. All mutations of DCN in
human cause the truncated form of decorin core protein, resulting in the partial defects in functions of
decorin. In fact, a congenital stromal dystrophy of the cornea (MIM#610048) is caused by heterozygous
mutations (p.Pro314fs*14, p.Gly316Aspfs*12, p.Lys321Argfs*7, or p.Ser323fs*5,) in DCN [60-63].
Decorin, a prototype small leucine-rich proteoglycan, carries a DS side chain and plays roles in
a number of cellular processes including collagen fibrillogenesis, wound repair, angiostasis, tumor
growth, and autophagy [1-3,73]. This functional diversity may depend on interactions with various
extracellular matrix components and growth factors through not only the core protein, but also
the DS side chain of decorin. Congenital stromal corneal dystrophy is an autosomal dominant
eye disease characterized by corneal clouding with fine opacities observed as small flakes and
spots [60,61,64]. Furthermore, affected individuals show refractive errors, amblyopia, strabismus,
nystagmus, and esotropia. Although the corneal epithelium and thin basement membrane are normal,
not only normal, but also abnormal collagen fibrils have been detected in the stroma lamellae of
patients [60-64,73]. The C-terminal truncation associated with mutations in the decorin of patients may
affect the interaction with collagen in stroma, which is supported by structural informatics on decorin
binding to collagen fibrils [63]. A mouse model of congenital stromal corneal dystrophy has been
developed with a frameshift mutation in DCN, resulting in a C-terminal truncation lacking 33 amino
acids [74]. Mutant mice show corneal opacities, abnormal fibril organization, and greater interfibrillar
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spaces and fibril diameters. Thus, truncated decorin may affect matrix assembly in the corneal stroma
in a dominant-negative manner. Mellgren et al. have reported that that the knock-in mice with the
truncated form of DCN exhibited a very low level in cornea, due to accumulation in the endoplasmic
reticulum, whereas wild-type DCN was localized in Golgi [75]. Thus, it remains to be elucidated these
differences of the phenotypes in both knock-in mice, and why only the corneal stroma is influenced by
truncated decorin. The molecular composition of the corneal stroma is mainly type I collagen, which
plays an important role in the maintenance of corneal transparency [76]. Therefore, the C-terminal
domain of decorin may play roles in organ specific manner or function during the fibrillar organization
of cornea.

Dcn ™/~ mice show skin fragility and an abnormal collagen morphology [5], which are similar
to the symptoms of EDS. Thus, although defects in DCN may cause EDS, an EDS patient with
a mutation in DCN has not been reported to date. Electron microscopic analyses revealed an abnormal
morphology and organization of collagen fibrils in the periodontal ligament [77]. The number of
periodontal ligament fibroblasts in Dcrn~/~ mice was reported to be higher than that in wild-type
mice [77], suggesting that decorin regulates cell proliferation. Dcn/Bgn double knockout mice show
severe skin fragility and marked osteopenia, which directly mimics the EDS-progeroid type [9],
indicating the potential of this mouse to become a model for the EDS-progeroid type caused by
mutations in B4GALT7 and/or B3GALT6.

3.7. BGN Deficiency

Two missense mutations (p.Lys147Glu and p.Gly259Val) in BGN, which encodes biglycan,
cause the X-linked form of spondyloepimetaphyseal dysplasia in Korean, Indian, and Italian families,
and are characterized by anomalies of the spine as well as the epiphyses and metaphyses of the long
bones, resulting in a short stature and osteoarthritic changes in joints [65] (Table 1, MIM#300106).
A member of the small leucine-rich PGs, biglycan, is expressed in bones, and is essential to the
assembly of the extracellular matrix and for cell signaling through interactions with type I collagen,
transforming growth factor-B (TGFf), bone morphogenetic protein 4, and Wnt [78-81]. Mutant
proteins do not interact with TGFf3, as shown by an analysis of a molecular dynamics simulation [65].
In addition, the biglycan of fibroblasts from patients is degraded more rapidly than that from unaffected
individuals [65]. These findings indicate that the identified variants, Lys147 and Gly259, are located in
the leucine-rich region and their substitutions, p.Lys147Glu and p.Gly259Val, may affect decreases in
biglycan stability and binding ability with TGEf.

Meester et al. recently reported that thoracic aortic aneurysms and dissections are caused by
mutations (p.Trp2* and p.GIn303Pro) or 21-kb and 28-kb deletions in BGN [66] (Table 1, MIM#300989).
The clinical manifestation is characterized by the early-onset of aortic aneurysm and dissection, which
involves the aortic root or more distal ascending aorta in all patients [66]. In addition, connective tissue
features include joint hypermobility and contractures, deformities of skin striae and pectus, craniofacial
dysmorphisms including dolichocephaly, hypertelorism, down-slanting eyes, a high-arched plate,
proptosis, malar hypoplasia, and frontal bossing as well as the features of Loeys-Dietz syndrome
(MIM#609192) such as a bifid uvula and cervical spine instability. Biglycan is not expressed in the
aortic walls in affected individuals (p.Gly80Ser and 21-kb deletion). The disorder has been designated
as Meester-Loeys syndrome (MIM#300989). The collagen content and elastin fibers in the aortic wall
are lower in patients than in healthy controls. Furthermore, increased TGFf signaling is observed in
patients [66], which is similar to affected individuals with Loeys-Dietz syndrome caused by mutations
in TGFp signaling-related proteins such as TGFf3, the TGFp receptor, and SMAD [82]. Biglycan has
also been identified as a regulator of TGFf signaling [79]. Thus, the clinical phenotypes of individuals
with BGN mutations are similar to those with mutations in TGF3-related genes.

BGN-deficient mice show a reduced growth rate and decreased bone mass [6]. A BGN
deficiency promotes myofibroblast differentiation and proliferation, and this appears to be due to
increased responses to TGF(3 and SMAD?2 signaling [83]. In addition, the aortas of BGN-deficient
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mice show structural abnormalities in collagen fibrils and reduced tensile strength [84], which
indicate that biglycan, similar to decorin, is essential to the structural and functional integrity of
the aortic wall through the regulation of collagen. These knockout mice may become models for
spondyloepimetaphyseal dysplasia and Meester-Loeys syndrome in human BGN deficiencies, and may
be helpful for developing therapeutic agents for these disorders.

4. Conclusions

Recent advances in genetic and glycobiological studies on connective tissue disorders have
clarified the biological significance of DS side chains and the core proteins of DS-PGs. Thus, defects
in the biosynthesis of DS and DS-PGs may affect the assembly of matrix proteins such as collagen
and cell signaling through TGFf during skeletal and skin formations; however, the underlying
pathogenic mechanisms remain unclear. Furthermore, the clinical symptoms of DS-defective genetic
disorders are not always similar to the different mutations in DS-biosynthetic enzymes. This number
of phenotypes may be partially due to distinct residual functions including the enzymatic activities,
cellular mislocalization, or partial compensation by other homologue(s) of each enzyme. A clearer
understanding of molecular pathogeneses involving DS chains is essential for facilitating the
development of therapeutics for these diseases.
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Abstract: Flaviviruses are enveloped, positive single stranded ribonucleic acid (RNA) viruses with
various routes of transmission. While the type and severity of symptoms caused by pathogenic
flaviviruses vary from hemorrhagic fever to fetal abnormalities, their general mechanism of host cell
entry is similar. All pathogenic flaviviruses, such as dengue virus, yellow fever virus, West Nile virus,
Japanese encephalitis virus, and Zika virus, bind to glycosaminglycans (GAGs) through the putative
GAG binding sites within their envelope proteins to gain access to the surface of host cells. GAGs are
long, linear, anionic polysaccharides with a repeating disaccharide unit and are involved in many
biological processes, such as cellular signaling, cell adhesion, and pathogenesis. Flavivirus envelope
proteins are N-glycosylated surface proteins, which interact with C-type lectins, dendritic cell-specific
intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) through their glycans. In this
review, we discuss both host and viral surface receptors that have the carbohydrate components,
focusing on the surface interactions in the early stage of flavivirus entry. GAG-flavivirus envelope
protein interactions as well as interactions between flavivirus envelope proteins and DC-SIGN
are discussed in detail. This review also examines natural and synthetic inhibitors of flaviviruses
that are carbohydrate-based or carbohydrate-targeting. Both advantages and drawbacks of these
inhibitors are explored, as are potential strategies to improve their efficacy to ultimately help eradicate
flavivirus infections.

Keywords: dengue virus; DC-SIGN; envelope protein; flavivirus; flavivirus inhibitors;
glycosaminoglycans; Japanese encephalitis virus; proteoglycans; viral infection; West Nile virus;
yellow fever virus; Zika virus

1. Introduction

Each year, 13.4 million deaths worldwide are caused by various parasitic, bacterial, and viral
infectious diseases [1]. Mosquito-borne infectious diseases annually cause several million deaths and
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hundreds of millions of cases [2]. Dengue virus (DENV), the world’s most dangerous mosquito-borne
flavivirus (FLV) disease, places 2.5 billion at risk of infection and results in 20 million cases each year in
100 countries and to date there is no completely effective vaccine [3]. Although more than 105 million
people have been vaccinated for yellow fever virus (YFV) in West Africa, 84 to 170 thousand severe
cases and 29 to 60 thousand deaths were estimated in Africa during 2013 [2]. While of less risk, West
Nile virus (WNV) has no approved human vaccine and outbreaks in the U.S. from 1999-2010 reminds
us that pandemic of vector-borne pathogens is still accessible due to frequent importation through
global travel [2]. Recently, Zika virus (ZIKV) joined the list of FLVs of concern due to its ability to
cross the placental barrier and cause serious birth defects with 2500 reported congenital syndromes
worldwide and nearly 4000 ZIKV infection in pregnant women in the U.S. and its territories [4,5].
DENY, YFV, WNV, ZIKV, Japanese encephalitis virus (JEV), and tick-borne encephalitis virus (TBEV)
belong to the Flaviviridae family. FLVs are enveloped, positive single stranded RNA viruses with
varying symptoms from hemorrhagic fever and fatal neurological diseases to fetal defects. There are
currently no approved antivirals for treating FLVs.

There are many similarities in pathogenesis of FLV in host cells. Glycosaminoglycans (GAGs), for
example, are the initial co-receptors that all pathogenic FLVs utilize for the infection of host cell [6-13].
GAG:s are anionic, unbranched polysaccharides comprised of repeating disaccharide units located on
the surface of eukaryotic cells and in their extracellular matrix (ECM; Figure 1). GAGs are involved
in many biological processes, including cell adhesion, cell migration, tissue repair, ECM assembly,
inflammation, and pathogenesis [14]. After successfully making contact with the host cell surface
through their binding to GAGs, FLV next interact with protein-based receptors [15-32]. Finally, FLVs
infiltrate into the host cell through clathrin-mediated endocytosis, accompanied by a conformation
change of envelope protein and membrane fusion and release of the viral genome (Figure 2) [33,34].
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Figure 2. Host cell entry of flavivirus (FLV) (A) adsorption and (B) internalization confirmation

change of envelope protein triggers membrane fusion and viral genome release; (C) replication and
(D) translation beginning of N-linked glycosylation and viral assembly in the endoplasmic reticulum;
(E) completed glycosylation and pre-membrane (prM) protein is cleaved to become a mature virion in
the Golgi apparatus; (F) exocytosis of a mature virion.

This review examines the role of carbohydrates in the mechanism of FLV infection and the
potential of carbohydrates in combating FLV pathogenesis. The roles of both host and viral glycans,
including host cell GAGs and FLV envelope protein (FLVE) N-glycosylation, in FLV pathogenesis and
the interactions of GAGs-FLVE and FLV envelope protein-dendritic cell-specific intercellular adhesion
molecule-3-grabbing non-integrin (FLVE-DC-SIGN) will be addressed. This review will particularly
focus on the viral and host surface interactions in the early stage of FLV entry. FLV inhibitors that are
either glycan-based or target host or viral glycans are described. The pitfalls of currently investigated
inhibitors and strategies that may improve them are discussed.

2. Glycan-Mediated Flavivirus Entry

From the perspective of not only pathogenesis but also therapy, understanding of FLVs entry
into host cells with greater precision and resolution is of great importance. FLVs enter host cells
through a receptor-mediated mechanism [35]. Multiple host cell receptors have been identified
to facilitate FLV entry, including GAG [6,36], heat-shock proteins (heat-shock protein 70, 90, R67,
R80) [15,25,37], a 45 kD mosquito glycoprotein [38], neolactotertraosylceramide [16], CD14 [17],
GRP78/BiP [18], phosphatidylserine (PS) receptors such as T-cell immunoglobulin and mucin domain
receptor (TIM) [39], Tyrosine-protein kinase receptor (TYRO3) [40], and AXL [41], and proto-oncogene
tyrosine-protein kinase (MERTK) [42]. C-type lectins implicated in FLV entry include DC-SIGN [22,43],
and the mannose receptor [23], C-type lectin domain family 5 member A (CLEC5A) [44]. Prohibitin
was the first discovered receptor involved in pathogenesis of DENV in insect cells [45]. Among these
receptors, GAGs, a 45 kD mosquito glycoprotein, and neolactotertraosylceramide are some of the
carbohydrate-based host cell receptors. C-type lectins also involve carbohydrates as they function
through their binding to glycans. Moreover, the structural glycoproteins, the envelope proteins in
particular, are ligands that interact with cell surface receptors [46]. In this section, glycan-protein
interactions that mediates the FLV entry into host cells on surface level, including FLVE, GAGs and
C-type lectin are discussed (Figure 3).
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Figure 3. E protein binding to DC-SIGN or GAG. Carbohydrate recognition domain (CRD) of
DC-SIGN with four domains (a cytoplasmic domain, a transmembrane domain, an extracellular
neck domain, and a carbohydrate recognition domain) in molecular structure in the presence
of Ca?* recognizes the high mannose moiety on glycosylated E protein. Flavivirus binds to
glycosaminoglycans (e.g., heparan sulfate or chondroitin sulfate depending on the virus) through
their envelope proteins. DC-SIGN: dendritic cell-specific intercellular adhesion molecule-3-grabbing
non-integrin; GAG: glycosaminoglycan.

2.1. The Flavivirus Envelope Proteins and Their Glycosylation

The FLV genome encodes for a single polypeptide that ultimately gets processed into the capsid
(C), the membrane (prM/M), the envelope (E) protein, and seven nonstructural (NS) proteins, NS1,
2a, 2b, 3, 4a, 4b, and 5 [47,48]. The E protein mediate important processes in viral infection, such as
viral attachment, fusion, penetration, hemagglutination; thus, it determines host range, cell tropism,
virus virulence and attenuation [49,50]. The structures of the recombinant E proteins of TBEV [51],
DENV [52], WNV [53,54], JEV [55] and ZIKV [56] have been solved by X-ray crystallography, and they
exhibit great structural similarities. These E proteins consist of 500 amino acids and can be divided into
three functional domains. Domain I is a central, stranded {3-barrel, which contains a single N-linked
glycan and is interspersed with domain II. Domain I is a long, finger-like protrusion from domain
I, which contains the most of residues involved in dimeric interactions and houses the hydrophobic
fusion peptide mediating post-entry endosomal fusion [57-61]. Domain III is an immunoglobulin-like
fold, linked to the central domain I through a flexible stretch of amino acids, and characteristic of
many cell receptors [62-66]. Domain III of FLVEs also contains GAG binding sites comprised of many
surface basic and acidic residues that are contribute to hydrogen bonding [51,52,54-56]. Although
the overall FLVE protein architecture is conserved, there are still significant differences within FLV
family. In contrast to DENV E and TBEV E, WNV E does not form dimers in the crystal and contains
more hydrogen bonds or buried surface area at the domain I-II interface [53]. An extra 3 strand (35a)
is formed in DENV-2 domain III, which is not found in DENV-3, DENV-4 [50]. The central domain
I of JEV is composed of a nine stranded p-barrel [56], while domain I of DENV is an eight stranded
B-barrel [57,59,61].
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Glycosylation of FLVEs is an important determinant in the interaction of FLVs with host cells.
Glycosylated variants of WNV were more virulent and had higher viremic levels in young chicks
than the non-glycosylated variants [67]. The highly pathogenic WNV emerging in the late 1990s was
attributed to glycosylation in WNV E. Viral replication in birds is enhanced by the glycosylation of
E protein and may result in increased transmissibility among bird population and higher pathogenicity
in birds [68]. Glycosylation of FLVEs takes place in the host cells that provide most or all of enzymes
and saccharide substrates, since the FLVs themselves do not encode these enzymes [69,70]. During
glycosylation, a pre-assembled oligosaccharide GlcsMangGlcNAc; (Gle (glucose), Man (mannose),
and GlcNAc (N-acetylglucosamine)) is trimmed stepwise by glucosidases and mannosidases and
then elaborated through the action of N-acetylglucosaminyltransferase, galactosyltransferases,
fucosyl-transferases, and sialyltransferases [71]. FLVs derived from different vectors may have
structurally different N-linked glycans since the enzymes involved in glycosylation produced by
different vectors, such as insect and mammalian cells, are different. For example, the structures of the
N-linked glycans on the viral glycoproteins produced by insect cells are much less complex than those
produced by mammalian cells [71]. Hacker et al. [43] analyzed mosquito-derived DENV glycoproteins
using endoglycosidase, PNGaseF or EndoH, and lectins, Galanthus nivalis agglutinin (GNA) and
Datura stramonium agglutinin (DSA), and found they have a mix of high-Man and paucimannose
glycans. Further, using both lectin microarray and matrix assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF-MS), Lei et al. proved that N-glycan structure on the surface of
mature DENV-2 derived from mosquito cells was highly heterogeneous [72]. Five types of N-linked
glycans were identified comprised of Man, N-acetylgalactosamine (GalNAc), GIcNAc, fucose (Fuc) and
sialic acid (SA). High Man-type N-linked oligosaccharides and galactose (Gal)-containing of N-linked
glycans were the major structures. In viruses derived from mammalian cells, the N-linked glycans
were a mix of high-mannose and complex type glycans [43]. The number and location of glycosylation
motifs in the E vary considerably both between and within FLV species [73]. It is well known that
DENYV E has two potential N-linked glycosylation sites at Asn-67 and Asn-153 [43]. The Asn-67 site is
unique to DENV E whereas Asn-153 (or nearby Asn-154) is common to other FLVs, with the exception
of Kunjin virus [51,74,75]. Interestingly, DENV2 E and DENV4 E proteins are glycosylated only at
the Asn-67 site while DENV1 and DENV3 E proteins are glycosylated at both Asn-67 and Asn-153
sites [74]. N-linked glycosylation at Asn-67 (or nearby Asn-64) is critical for the survival of the virus in
either mammalian or insect cell culture [76]. The high-mannose N-linked glycan at Asn-154 of JEV E
was shown to be crucial for JEV binding to DC-SIGN [77]. The glycosylation site in WNV E was also
confirmed at Asn-154 [49].

2.2. Glycans on Host Cells Mediating Flavivirus Entry

2.2.1. Flavivirus Binding to Glycosaminoglycans

GAGs are linear and negatively charged polysaccharides that have molecular weights of
10-100 kDa; and they contain repeating disaccharide units of uronic acid (D-glucuronic (GlcA) acid
or L-iduronic acid (IdoA)) and hexosamine (D-GalN or D-GIcN) (Figure 1). Hence, GAGs differ
according to the type of hexosamine, hexose or hexuronic acid unit that they contain, as well as
the chirality and position of the glycosidic linkage between their saccharide units [78]. Heparan
sulfate proteoglycans (HSPGs) are sulfated GAGs that represent a major GAGs component of the
cell surface of eukaryotes [8]. HSPGs have the common characteristic of containing one or more
covalently attached heparan sulfate (HS) chain [79]. The HS GAG has the major repeating unit of
monosulfated —4)GIcNAc(1—+4)GlcA/IdoA(1— per disaccharide [80,81]. HS contains a considerable
number of negatively charged sulfo and carboxyl groups that can interact with numerous proteins that
carry positive charges including growth factors, morphogens, ECM proteins and pathogen surface
proteins [6,82-86]. HS on host cell surface plays a very important role in the process of many virus
infections, and the affinity of the viral surface for HS may be a crucial determinant of tissue tropism,
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virus spread, or the establishment of latent infection. In most cases, the binding of the virus to HS
seems to be relatively low-affinity, thus, HS may serve the purpose of concentrating the virus on
the cell surface to facilitate the interaction with one or more high-affinity receptors, which induce
endocytosis and subsequent cell membrane fusion [8,87-89].

HS also serves as an attachment factor in the host cell entry of many FLVs, including DENV, JEV,
YFV, and TBEV. The efficiency of HS binding is virus-dependent. In multiple studies, HS has been
shown to serve as a receptor or co-receptor for DENV infection of host cells [6,8,36,90]. Clinical strains
of DENV1 can specifically interact with HS and heparin (HP). HP is the most negatively charged
occurring natural polymer with an excellent anticoagulant activity. DENV2 binding to the two mutant
cell lines of Chinese hamster ovary (CHO) cells defective in GAG expression was reduced by more
than 75% compared to binding to wild-type CHO K1 [7]. Human endothelial cells express HSPGs that
DENV4 specifically and efficiently interacts with in vitro. This was demonstrated by >60% reduction
in DENV4 infection when human endothelial cells were pretreated with HP or HS [91]. The level
of sulfation in GAGs on cell surfaces was found to be an important factor in success of in vitro JEV
infection in both neurovirulent (RP-9) and attenuated (RP-2ms) strains [92]. In a separate study, both
wild type (T1P1, CC27 and CJN) and laboratory-adapted strains (T1P1-L4, T1P1-S1, CJN-L1, CJN-S1,
CC27-L1, CC27-L3, CC27-S6 and CC27-S8) of JEV infected BHK-21 and C6/36 cells by binding to
surface HS [93]. An evident difference in attachment efficiency for JEV infection between CHO-K1 cells
and its mutant with defects in GAG biosynthesis proved the importance of HS during JEV infection [94].
Recombinant TBEV with mutations in a defined genetic backbone showed HS-dependent phenotypes,
resulting in an increased specific infectivity and binding affinity for BHK-21 cells and significant
attenuation of neuro-invasiveness in adult mice [12]. Mutants of TBEV attached to HS-expressing cell
lines with a 10-fold to 13-fold higher affinity than wild-type TBEV [95]. Although it was reported that
mutations in the WNV E protein that enhanced binding to GAG molecules in vitro led to attenuation of
virulence in a mouse model, the role of GAG in attachment of WNV is not clear [96]. A study conducted
in our laboratory showed that ZIKV might also utilize GAGs to mediate host cell entry [13]. Surface
plasmon resonance (SPR) kinetic measurements revealed that ZIKV E binds commercial HP strongly
(Kp =443 nM). Screening ability of ZIKV E binding to various natural GAGs with different disaccharide
units, and varying length of HP oligosaccharides revealed that ZIKV E exhibits structural specificity of
binding in addition to being electrostatically driven. The chondroitin sulfate (CS) GAG, isolated from
human placenta tissues, showed comparable binding to ZIKV E (Kp = 658 nM) and it may be one of
the candidate receptors for ZIKV. Main driving force of FLV-GAG interaction is electrostatically driven
between surface basic and acidic residues on the FLVE and concentrated negative charge density on the
sulfated polysaccharide chain [13,86,97]. Along the HS chain, relatively rigid, highly N-sulfo group rich
domains (NS domains) of approximately 12-20 residues are adjacent to relatively flexible N-acetyl group
rich domains (NA domains). This domain organization influences the orientation of the sulfate residues
in space, and facilitates protein interactions with the sulfate residue [86]. Degree of sulfation in GAGs
influences binding avidity and infection rate of FLVs shown in cell based studies. Treatment of BHK-21
target cells by a potent sulfation inhibitor, sodium chlorate, greatly reduced JEV binding avidity and
infection [92]. When TBEV mutants with high HS affinity were incubated with sulfate-depleted BHK-21
cells, the growth was significantly delayed by the inhibition of sulfation [12]. HP and highly sulfated
HS substantially inhibit DENV infection on Vero cells, with 99% and 87% inhibition respectively at the
highest doses used, whereas the low-sulfate form of HS had no significant effect [6].

Both basic and acidic surface residues that contribute to hydrogen bonding play an important role
in GAG-protein interactions in terms of both binding avidity and specificity [68]. Positively charged
amino acids such Arg, Lys and His confer the envelope E protein to bind with negative-charged
GAG. The GAG binding sites within FLVEs can be tentatively identified the crystal structures
of FLVs [51,52,54-56]. Three basic residues, K305, K307, and K310, at a lateral ridge of domain
III were speculated to form a potential GAG binding motif within DENV2 E [6]. Using an
enzyme-linked immunosorbent assay (ELISA)-based GAG-binding assay, cell-based binding analysis
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and antiviral-activity assays, two critical residues, K291 and K295, in domain III were identified in
GAG interaction with DENV E [61]. The highly DENV- and JEV-serogroup conserved K or R basic
residues at positions 282, 284, and/or 288 in the domain I-HS-binding cluster are essential for virus
function in both C6/36 and Vero cells [98]. Point mutations at E-138 and E-306 on the envelope protein
of JEV may alter its ability to bind to HS on the cell surface and consequently change JEV infectivity,
indicating these two sites are rather likely to be involved in determining efficiencies of JEV attachment,
penetration, and eventual infection [94].

2.2.2. Glycan-Mediated Dendritic Cell-Specific Intercellular Adhesion Molecule-Grabbing
Non-Integrin Binding to Flavivirus

DC-SIGN, a carbohydrate binding, C-type, lectin-like molecule, is abundant in immature dendritic
cells and is involved in the interaction with viruses, being an ancillary receptor [27,99]. DC-SIGN is
composed of four domains, including a cytoplasmic domain, a transmembrane domain, an extracellular
neck domain, and a carbohydrate recognition domain (CRD) [27,100].

Like other C-type lectins, DC-SIGN can recognize the glycosylation sites on the envelope FLVEs,
including DENV E and WNV E (Table 1), thus facilitating the virus infection to host cells. DC-SIGN is
a very important receptor for DENV E. Although Man receptor expressed on macrophages is another
carbohydrate-binding receptor for DENV DC-SIGN is abundant in dendritic cells (DC) on human skin
which is the first target for DENV once the infected mosquitos bite [21,101]. All four DENV serotypes
derived from mosquito and mammalian cells infected DC-SIGN-expressing human monocytic cell
line U937 cells with similar efficiency [44]. DC-SIGN transfected THP-1 monocytic cells also render
these cells permissive to infection with all DENV serotypes [22]. DENV cannot bind nor infect
the human B-cell line Raji, whereas DENV productively infects DC-SIGN transfected Raji cells [102].
Glycosylated WNV strains L1 infected DC-SIGN expressing THP-1 monocytic cell lines more efficiently
than DC-SIGN negative cells [103]. Comparison of DC-SIGN and DC-SIGNR (a DC-SIGN related
molecule, expressed on microvascular endothelial cells) in viral infection has been reported for WNV
and JEV. DC-SIGNR promoted WNYV infection much more efficiently than did DC-SIGN, particularly
when the virus was grown in human cell types [28]. Growth of JEV derived from pig in DC-SIGNR
expressing Daudi cells was greater than in DC-SIGN expressing Daudi cells [104]. ZIKV was also
reported to infect DC-SIGN expressing HEK293T cells [40]. In contrast to DENV, WNV, and JEV, YF17D
can infect immature and mature human DCs, but is independent of DC-SIGN [105]. It seems that
YF17D interacts with DCs via different mechanism rather than DC-SIGN binding.

Table 1. Dendritic cell-specific intercellular adhesion molecule-grabbing nonintegrin (DC-SIGN) are
involved in receptor mediated host cell entry of many pathogenic flaviviruses.

Receptor Virus Cell Reference
DENV-1, DENV-2, DENV-3, . .
DC-SIGN DENV-A human monocytic cell line (U937) [43]
DC-SIGN DENV-2 Raji [102]
HEK-293T, HeLa, Raji,
DC-SIGN DENV-1, glél\l\lr\\;—_i’ DENV-3, monocyte-derived dendritic cell [20]
(MDDC)
DENV-1, DENV-2, DENV-3,
DC-SIGN DENV-4 THP-1 [22]
DC-SIGN WNV THP-1 [103]
DC-SIGN, DC-SIGNR WNV K562, MDDC [28]
DC-SIGN, DC-SIGNR JEV Daudi [104]
DC-SIGN ZIKV HEK293T [40]

DENV: dengue virus; WNV: West Nile virus; JEV: Japanese encephalitis virus; ZIKV: Zika virus.

The interaction between DC-SIGN and the glycans of E protein on virus surface are essential
for virus infection. The CRD domain in DC-SIGN C-terminal is responsible for responsible for
recognition of high-Man glycans in the presence of Ca?* (Figure 3) [46,104,106,107]. Molecular docking
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analysis between carbohydrates on DENV-2 virions and DC-SIGN revealed that hydrogen bonding
and hydrophobic interactions are two of the forces that exist between glycan receptors and DC-SIGN,
and most of the persistent H-bonds were formed from hydroxyl groups on Asn36, Glu366, Ser363
and Man [72]. The structural organization of N-linked glycans on the surface of E protein can favor
the engagement of multiple E proteins dimers by each tetrameric lectin, enhancing the interaction
between oligomeric DC-SIGN and virus [20]. The affinity of CRD to N-linked glycans on viral
E proteins is dependent on the glycosylation level, increasing with the number of Man residues
in the glycan [107,108]. Treatment of JEV particles with endoglycosidase H, which removes only
N-linked sugars containing more than three terminal Man residues [109], or use of de-glycosylated JEV
mutants reduced JEV infection of DC-SIGN-expressing cells [77]. DC-SIGN preferentially recognizes
mannosylated E protein, rather than E protein with complex glycosylation [20]. DENV infection
inhibited by Concanavalin A supported that x-Man carbohydrate residues participate in the attachment
of DENV to DC-SIGN [21]. The involvement of Man during the interaction between JEV and DC-SIGN
is further supported by the fact that JEV infection is significantly reduced in DC-SIGN expressing Raji
cells in the presence of mannan, a competitor of insect-derived glycans [77].

3. Combating Flaviviruses with Carbohydrate-Based Or -Targeting Compounds

Extensive research has been performed to eliminate FLV entry at every step of host cell invasion
including adsorption, membrane fusion, polypeptide processing, and viral assembly (Figure 2).
The majority of the FLV inhibitors tested are comprised of carbohydrates, proteins, peptides, and small
molecules, which are described in some excellent reviews [110-113]. The current review focuses on
the inhibitors that are carbohydrate-based or carbohydrate-targeting (both viral and host cell glycan
targeting). First, we examine the compounds that block the interactions between the host glycan,
GAGs, and the viral envelope protein either by mimicking structure and activity of GAGs or binding to
GAGs. Next, we investigate the compounds that block the interactions between viral glycan (N-linked
glycan on FLVEs) and host receptor DC-SIGN by mimicking, attaching to, or permanently modifying
the viral glycan on its envelope protein. Finally, we revisit the obstacles that were encountered when
these compounds were studied and explore prospective strategies to eradicate FLVs infections.

3.1. Glycan-Based Entry Inhibitors Targeting Host Cell Glycans by Mimicking Structures and Activity
of GAGs

Anionic surface GAGs provide an excellent starting point for preventing the initial attachment of
FLV to the surface of host cells. HS is a universal eukaryotic surface GAG that all pathogenic FLVs
bind to and, thus, various natural and synthetic HS mimetics have tested for their ability to inhibit
GAG-FLVE interactions (Table 2).

3.1.1. Natural and Synthetic GAGs

A previous study in our laboratory, we screened small polyanionic drugs, larger GAGs and their
semisynthetic derivatives for their binding affinity to DENV2 E to investigate their structure-activity
relationships [114]. Small polyanionic drugs (having two to six sugars), such as sucrose octasulfate,
sulfated lactobionic acid, and sulfated -cyclodextrin, failed to efficiently bind to DENV2 E despite
their high level of charge density. This is presumably due to inability to efficiently occupy the entire
putative GAG binding sites within DENV2 E. However, suramin, synthetic sulfonated aromatic, was
able to bind to DENV2 E at comparable affinity, 40 nM, to that of HP, 15 nM. Next, we screened
persulfated GAGs and HA (hyaluronan) oligosaccharides (decasaccharide to eicosisaccharide) where
every hydroxyl group was sulfated. Binding affinity of persulfated GAGs, 4-15 nM, was similar or
greater than that of HP whereas HA oligosaccharides showed size dependent binding, 57-100 nM.
Using SPR, more rapid on-rate and off-rate were observed in HP and suramin than those of persulfated
GAGs due to higher level of conformational flexibility HP and suramin possessed. Structure-activity
relationships that promoted effective interactions between DENV2 E and polyanions were concluded:
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(1) minimum size 39 A; (2) high charge density; and (3) high level of structural flexibility. In a separate
study, we also demonstrated inhibition of DENV2 infection using highly sulfated HS, HP, and suramin
in vitro model involving Vero cells [6]. In our recent study, we concluded similar requirements for the
structure-activity relationships between ZIKV E and natural GAGs and HP oligosaccharides, however
HP bound ZIKV E with lower avidity, 443 nM, potentially due to less basic surface residue observed
in GAG binding sites within ZIKV E [13]. Germi et al. reported that HP, but not CS-type B, inhibited
binding of DENV2 and YFV in Vero cells [7]. Varying concentrations of HP (0.2 to 200 pug/mL) also
inhibited YFV infection in Vero cells up to 97% with an IDs; of about 0.2 pg/mL. Despite having same
degree of sulfation, CS-type E (CSE), but not CS-type D (CSD), was found to inhibit DENV infection
in Vero cells [115]. Interestingly, CSE showed comparable inhibition of all serotypes of DENV and
JEV infection to HP in Vero cells. The ECgj for the inhibition of DENV1-4 infection was 0.5-1.89 and
0.3-3.80 pg/mL for HP and CSE, respectively. ECs of JEV infection inhibition by HP and CSE were
0.77 and 0.93 pg/mL, respectively. HS, CS-type A and B showed 50-70% inhibition activity against
DENV4 in human endothelial cells at high concentrations (>10 pg/mL) whereas HP inhibited by >60%
even at low concentration (>1 pg/mL) [91]. These concentrations of GAGs can be easily achieved in
plasma without toxicity.

3.1.2. Fucoidan

Fucoidan, a natural polysaccharide from the marine algae, Cladosiphon okamuranus, is comprised
of carbohydrate units containing glucuronic acid and sulfated Fuc residues [116]. Fucoidan was
reported to selectively inhibit DENV2 infection, but not other serotypes, in BHK-21 cells. The ICsg
against DENV2 by fucoidan was 4.7 pug/mL while those against DENV1, 3, and 4 ranged from 365 to
greater than 1000 pg/mL. The inability of desulfated fucoidan, carboxyl-reduced fucoidan, and Fuc
polymer (fucan) to inhibit DENV infection demonstrated that sulfation on the Fuc units and carboxyl
group at the C6 of glucuronic acid were important for effective binding to DENV2 E. Structure analysis
revealed that Arg 323 is also important for binding to DENV2 E. While fucoidans from many species
of brown algae possess anticoagulant activity, those from C. okamuranus did not exhibit significant
level of anticoagulant activity [117]. Thus, fucoidan from C. okamuranus makes an excellent natural
polysaccharide candidate for selective inhibitor of DENV2 infection.

3.1.3. Carrageenans

Talarico et al. tested the anti-FLV activity of sulfated polysaccharides, k/1/v carrageenan G3d,
from Gymmnogongrus griffithsine against all serotypes of DENV and reported these to be selective
inhibitors of DENV2 infection in vitro models [118]. Carrageenans consist of linear chains of alternating
(1—3)-p-D-Gal and (1—4)-a-D-Gal (or 3,6-anhydro-Gal). The ICsp of k/1/v carrageenan against
DENV], 2, 3, and 4 infections were >50, 0.9, 13.9, and >50 pg/mL in Vero cells, respectively. The ICsg
of k/1/v carrageenan against DENV2 infection were 1.8 and 0.31 pg/mL in human hepatoma HepG2
and foreskin PH cells, respectively. In DENV3, IC5p was 10.4 and 9.5 pg/mL for HepG2 and PH cells,
respectively. Surprisingly, neither k/1/v carrageenan, HP, nor dextran sulfate 8000 could inhibit DENV
infection even at the maximum concentration tested, 50 ug/mL, in C6/36 HT cells that are derived from
Aedes albopictus mosquitoes that are main vector of DENV. In a subsequent study, k/1/v carrageenans
were used to test their inhibition against DENV2 infection in Vero and C6/36 HT cells [119,120].
All three carrageenans inhibited against DENV2 infection with (-carrageenan being a most potent
inhibitor (ECsy = 0.4 ug/mL) in Vero cells. However, only t-carrageenan was able to inhibit DENV2
infection in C6/36 HT cells and at a 17.5-fold lower potency (ECsp = 7 ng/mL). The mode of action of
-carrageenan differed in Vero and mosquito cells. Inhibition occurred at adsorption of DENV2 in Vero
cells whereas it did not in mosquito cells. The order from the greatest degree of sulfation to the least
per disaccharide unit follows: A (3) >t (2) > k (1). It is interesting that (-carrageenan demonstrated
greatest inhibition against DENV2 infection even though (-carrageenan had the greatest degree of
sulfation. This reinforces that polyanion-DENV E interaction possesses structural specificity and is not
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entirely dependent upon electrostatic forces as found in our previous studies [6,114]. Carrageenans
also have been reported to have anticoagulant activity and effects to enhance their activity has been
employed by oversulfation and regioselective sulfation modification [121-123].

3.1.4. Sulfated K5 Polysaccharides from Escherichia coli

K5 polysaccharides from E. coli and their chemically modified sulfated derivatives were evaluated
for their anti-FLV activities against DENV2 [124]. K5 polysaccharides have the disaccharide unit of
—4)-B-GlcA (1—4)-o-GlcNAc(1—, which is similar to de-sulfonated HS [125]. They were previously
reported for their antiviral activity against human immunodeficiency virus (HIV), herpes simplex
virus (HSV), human papillomavirus (HPV) and human cytomegalovirus (HCMV) [126-129]. Out of
native form K5 and its sulfated derivatives (N-sulfo K5 (K5-NS), O-sulfo K5-OS (L) and N,O-sulfo
K5-N,0S (L) with low degree of sulfation and K5 with high degree of sulfation K5-OS (H) and K5-N,0S
(H)), K5-OS (H) and K5-N,OS (H) were most potent in inhibiting DENV2 infection in HMEC-1 and
HMVEC-d. K5-0S (H) and K5-N,OS (H) inhibited DENV?2 infection with ECs of with an ECsg; value
of 113 and 111 nM in HMEC-1 cells, and 266 and 330 nM in HMVEC-d cells, respectively. HP, HS, CSA,
and CSB were used as references and their EC5g against DENV2 infection in HMEC-1 cells were 77
nM (or 1 ug/mL), 6000 nM (60 ug/mL), 4200 nM (67 pg/mL), and 3300 nM (46 ug/mL), respectively.
K5-OS (H) and K5-N,OS (H) present promising inhibitors against DENV2 because they not only have
comparable level of inhibition of infection to HP, but K5 and its sulfated derivatives were evaluated to
be devoid of anticoagulant activity [130].

3.1.5. Curdlan Sulfate (Sulfated Glucan)

A sulfated 1R3-B-D-glucan, curdlan sulfate, showed excellent inhibition against infection of all
serotype DENV and selectively against DENV?2 infection (selectivity index > 1428) in various types of
cell lines, such as BHK-21, C6/36, LLC-MK2, HL-60, and THP-1 [131]. The order of ECs; values in
LLC-MK?2 cells were as follows: DENV1 (262 pg/mL) > DENV4 (69 ug/mL) > DENV3 (10 pug/mL)
> DENV2 (7 ug/mL). Curdlan sulfate was also reported as effective inhibitors of HIV and to exhibit
anticoagulant activity [132,133].

3.1.6. Sulfated Galactomannans

Chemically sulfated forms of galactomannans from seeds of M. scabrella (BRS) and L. leucocephala
(LLS) demonstrated antiviral activity against DENV1 and YFV in vitro and in vivo models [134].
Galactomannans has a main chain of (1—4)-linked -D-Man units substituted by «-D-Gal units with
varying degree of D-Man units, which ranges from 60 to 80% [135,136]. Their structural analysis
showed that galactomannans from BRS and LLS have Man to Gal ratio of 1:1 and 1:4, respectively.
After sulfation, galactomannans from BRS and LLS had 0.62 and 0.5 degree of sulfation per unit and
the average molecular weight of 620 kDa and 574 kDa. In C6/36 cells, concentration that reduced
the YFV viral titer 100-fold in comparison to that of the positive control were 586 and 387 mg/L for
BRS and LLS, respectively. In DENV1, these concentrations were 347 and 37 mg/L for BRS and LLS,
respectively. Ata dose of 49 mg/kg~!, BRS and LLS gave protection against death caused by YFV
infection in 87.7 and 96.5% of young mice, respectively. In a separate study, chemically sulfated forms
of galactomannans from fenugreek gum, guargum, tara gum, and locust bean gum were reported
to for their antiviral activity against HIV and DENV2 [137]. Sulfated galactomannans generally had
higher anticoagulant activity, 13.4-36.6 unit/mg, compared to that of dextran and curdlan sulfates,
22.7 and 10.0 unit/mg. They also exhibited similar anti-HIV and anti-DENV?2 activities, 0.04-0.8 and
0.2-1.1 pg/mL, to those curdlan sulfates, 0.1 ug/mL, respectively.

3.1.7. Sulfated Xylomannans

A diverse group of sulfated polysaccharides isolated from red, brown, and green seaweeds were
tested for their anti-DENV activity [138]. Composition analysis revealed that the polysaccharides
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from Grateloupia indica (Gi) and Gracilaria corticate (Gc) were sulfated galactans, Scinaia hatei (Sh) gave
sulfated xylomannans, Stoechospermum marginatum (Sm) and Cystoseira indica (Ci) sulfated fucans,
and those from Caulerpa racemose (Cr) were heteropolysaccharides made up of Gal, Glc, arabinose
(Ara) and xylose (Xyl). All sulfated polysaccharides most effectively inhibited against DENV2 in
Vero cells with ICsy ranging from 0.12-20 pg/mL. Sulfated galactans (Gi), sulfated xylomannan (Sh),
and sulfated fucan (Cr) had even greater anti-DENV2 activities with ICsp of 0.12-0.6 pg/mL compared
to those of reference HP and dextran sulfate 8000 of 1.9 and 0.9 pg/mL. Sulfated polysaccharides from
seaweeds have been generally reported to possess many biological activities including anticoagulant
activity [139,140].

3.1.8. Methyl-«-3-O-Sulfated Glucuronic Acid

A series of monomer carbohydrate compounds with varying conformations at anomeric center
(«/P) and degree and position of sulfation on 1-methyl glucose (MeGlc), glucuronic acid (MeGIcA),
and galactose (MeGal) were synthesize to evaluate their anti-DENV?2 activities in BHK-21 cells [141].
The 3-O-sulfated MeGIlcA was the most anti-DENV2 compound, inhibiting DENV2 infection by 87.5%,
which is comparable to that of a reference compound sucrose octasulfate, 92.4%, at 500 M. The ECsq of
3-O-sulfated MeGlcA was 120 uM, which was lower than that of sucrose octasulfate. Although lower
than sucrose octasulfate, 3-O-sulfated MeGlcA still may not be a potent inhibitor. The chain length of
sucrose octasulfate is only a disaccharide, which was not long enough to occupy the GAG binding
site of DENV E in our previous study [6,114]. Thus, 3-O-sulfated MeGlIcA being as a monosaccharide
surely cannot efficiently bind DENV E to inhibit DENV infection. All the other derivatives with higher
degree of sulfation also did not successfully inhibit DENV2 infection as expected. However, this study
provides a structural rationale for designing low molecular weight sulfated carbohydrate compounds
as anti-DENV agents. Two negatively charged groups a 3-O-sulfo and carboxyl group at C6 of GlcA
were found important for anti-DENV activity. Carboxyl group at C6 of GlcA was also important
in fucoidan [116]. No anticoagulant activity is expected at the monosaccharide length due to the
importance of chain length for HP’s anticoagulant activity.

3.1.9. Phosphomannopentaose Sulfate, Pentosan Polysulfate, and Suramin

Lee et al. evaluated the in vitro and in vivo anti-FLV activity of compounds that are currently
approved or in clinical trials for DENV2 and encephalitis FLV, including phosphomannopentaose
sulfate (PI-88), pentosan polysulfate (PPS), and suramin [142]. In BHK-21 cells, the ECs( against DENV2
infection followed the order from the highest to the lowest: PI-88 (200 pug/mL) > suramin (60 pg/mL) >
PPS (30 pg/mL). However, ECs) against JEV infection followed the order: suramin (50 pg/mL) > PI-88
(40 pg/mL) > PPS (7 pg/mL). In both DENV2 and JEV, PPS was the most potent inhibitor in vitro
models. The ECsg of PI-88 against WNV and MVE infections was 50 ug/mL. Surprisingly, PI-88 was
the only compound with potent antiviral activity in vivo experiments. PI-88 inhibited against JEV,
DENV2, and MEYV infection in C57B1/6 mice at an acceptable toxicity concentration (0.5 mg/injection).
In interferon-« and -y receptor knockout mice, PI-88 increased the survival time from 15 to 22 days.
This study is an excellent example of additional factors, such as physiochemical and pharmacological
properties, alter the in vitro potency in vivo and must be carefully monitored. PI-88, PPS, and suramin
have been reported to exhibit anticoagulant activities [143-145].

3.1.10. Multivalent Lacto-N-Neotetraose Glycodendrimers

Aoki et al. identified that glycosphingolipid, neolactotetraosylceramide (nLc4Cer) was a host
receptor for all serotypes of DENV in mammalian cells and that the non-reducing terminal disaccharide
residue —4)Galp(1—4)GIcNAcf(1— was critical for DENV2 binding [146]. Multivalent dendrimers
containing lacto-N-neotetraose (nLc4, Galp(1—4)GIcNAcp(1—3)Gal B(1—4)GlcB(1—) or lactose
(Lac, Galp(1—4)Glcp(1—) in three different structures named Fan(0)3, Ball(0)4, and Dumbbell(1)6,
were synthesized and tested for their anti-DENV?2 activities in BHK-21 cells. At 500 uM concentration,
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the inhibition of DENV2 infection follows: Dumbbell(1)6-nLc4 (57%), Fan(0)3-nLc4 (44%), and
Ball(0)4-nLc4 (32%). However, the same dendrimer structures synthesized with lactose did not show
effective inhibition at this concentration. While this is not a HP /HS mimetic, it attempted to mimic the
carbohydrate moiety of glycosphingolipid and amplify its binding to DENV by multivalency.

3.2. Non Glycan-Based GAG Binding Agents

Although these are not glycan based, peptides and proteins deserve attention for their anti-FLV
activity resulting from specifically binding to cell surface GAGs.

3.2.1. Lactoferrin

An antimicrobial protein, bovine lactoferrin, demonstrated anti-JEV activity by binding to cell
surface HS in vitro [93]. Lactoferrin showed concentration-dependent inhibition against infection from
HS-adapted JEV (CJN-51) with ICsg of 25 pg/mL in BHK-21 cells. The inhibition was lower against
infection from non-HS adapted JEV, reaching only 40% inhibition even at 200 pg/mL. HS binding of
lactoferrin was determined by reduced anti-JEV activity from its binding to HP-Sepharose as well as
the co-incubation with soluble HS. However, another potential pathway was discovered by the reduced
anti-JEV activity when co-incubated with each low-density lipoprotein receptor and its antibodies.

3.2.2. Basic Chemokine Derived Peptide

Basic peptides derived from antimicrobial chemokines, CXCL9 and CXCL12y, with high affinity
for GAGs have shown to inhibit DENV?2 by its ability to bind to GAGs [147]. Using SPR, peptides
derived from the carboxyl terminal regions of CXCL9 and CXCL12y exhibited broad range of affinity
to HP (Kp = 3.1-3559 nM). Inhibition of DENV2 infection in HMEC-1 cells by CXCL9 and CXCL12y
peptides ranged from ECs of 11 to 48 uM with CXCL9 (74-103) being the most potent peptide. Using
SPR competition assay, CXCL9 (74-103) blocked domain III of DENV2 envelope protein (DENV2 E)
binding to immobilized HP even at 1:10 ratio for their concentrations in the sample.

3.3. Entry Inhibitors Targeting Viral Glycans

3.3.1. Multivalent Mannose Glycodendrimers Mimicking Viral Envelope Protein Glycans

FLVs bind to a C type receptor DC-SIGN through the high-Man on their envelope proteins.
Varga et al. synthesized multivalent Man glycodendrimers with varying valency to better compete with
the high mannose expressed on the viral envelope protein to inhibit its interactions with DC-SIGN [148].
Surface plasmon resonance competition assay showed that the hexavalent glycodendrimer bearing
six copies of bisamide gave the lowest ICs5p of 6 uM to inhibit DC-SIGN binding to immobilized
mannosylated bovine serum albumin. Interestingly, this same hexavalent glycodendrimer most
successfully inhibited HIV and DENV2 infection in B-THP-1/DC-SIGN and Raji cells over-expressing
DC-SIGN, respectively. Hexavalent glycodendrimer comparably inhibited against HIV and DENV2
infection with ICsp of 1 and 5.9 uM. This is an interesting approach to mimic the viral glycans, rather
than the host glycans to compete for the carbohydrate-binding region on the host cell receptor.

3.3.2. Lectin Based Inhibitors Targeting Viral Glycans

Rather than mimicking the viral glycans, several plant lectins were utilized to bind to the
viral glycan on its envelope protein to block the viral envelope protein and DC-SIGN interactions.
Three plant lectins, Hippeastrum hybrid agglutinin (HHA), Galanthus nivalis agglutinin (GNA) and
Urtica dioica (UDA) isolated from the amaryllis, the snowdrop and the stinging nettle showed
anti-DENV2 activities in vitro [149]. HHA specifically recognizes «1—3 and al—6 Man residues,
GNA recognizes x1—3 Man residues, and finally UDA recognizes GlcNAc residues. These lectins
showed cell type dependent inhibition of DENV2 infection with ECsy of 0.1-2.2 and 4-56 pM in
DC-SIGN transfected Raji cells and interleukin 4 (IL-4) treated monocytes, respectively. However, they
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did not exhibit any antiviral activities in Vero-B (DC-SIGN ™). Both Raji/DC-SIGN* and IL-4 treated
monocytes express DC-SIGN on their cellular surface while Vero-B did not, which may explain the
absence of anti-FLV activity in Vero-B cells.

Griffithsin (GRFT) is a lectin isolated from red algae Griffithsia and has been reported to exhibit
antiviral activities against many enveloped viruses. It is 121 amino acid residues long, yet contains
three distinctive carbohydrate-binding sites for Man and Glc [150]. GRFT successfully inhibited against
JEV infection both in vitro and in vivo [151]. Pretreatment of GRFT in BHK-21 cells inhibited against
JEV infection with IC5) of 265 ng/mL. In vivo data showed that intraperitoneal administration of GRFT
(5 mg/kg) into BALB/c mice completely prevented mortality of JEV infection with a lethal dose. In a
separate study, it was postulated that GRFT inhibits against JEV infection by binding to the viral glycan
on the envelope protein [152].

3.3.3. «-Glucosidase Inhibitors: Disrupting Proper N-Linked Glycosylation of Viral Glycoproteins

While 3.2.1 and 3.2.2 deal with competitive inhibitors to successfully interrupt viral glycan on
the envelope protein and DC-SIGN in the extracellular space, glucosidase inhibitors permanently
modify the “original” glycan structure of viral glycan in cytoplasm. Glucosidases first must properly
trim the terminal glycans on the lumen of endoplasmic reticulum (ER) before sending the proteins
over to Golgi apparatus for further processing. FLVs have three main glycoproteins: prM/M
(premembrane/membrane protein), E (envelope protein), and NS1 (nonstructural protein 1). Improper
N-glycosylation of viral glycoproteins can interrupt proper folding of prM, leading to destabilization
of the prM/E complex, and improper viral particle assembly [153]. Iminosugar derivatives, such as
castanospermine (CST), celgosivir (6-O-butanoyl-CST), and N-nonyldeoxynojirimycin (NN-DNJ),
are some of the most well studied glucosidase inhibitors in FLV infection. The pathway of
N-glycosylation and chemical structures of these inhibitors are shown in Figure 4.

A 1 . Endoplasmic reticulum lumen

- 1: glucosidase I

2 2: glucosidase IT
= 3: ER mannosidase
PX J

1-3 >

3

=

~@— O—o -
. glucose , ,
.mannose = .

Asn Asn

N-acetylglucosamine
(GlcNac)

CHy(CHz);CH3
Castanospermine, R = H NN-DNJ
Celgosivir, R = COCH2CH,CH3

Figure 4. (A) Schematic of glucose- and mannose-removal by glucosidase I, II, and endoplasmic reticulum
(ER) mannosidase during asparagine (Asn)-linked glycosylation in the ER lumen; (B) Chemical structures
of x-glucosidase inhibitors, castanospermine, celgosivir, and N-nonyldeoxynojirimycin (NN-DNJ).
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3.3.4. Castanospermine

Whitby et al. tested antiviral activity of castanospermine (CST) against all four types of DENY,
YFV, and WNV in vitro and in vivo [154]. CST showed comparable inhibition level against all serotypes
of DENV in Huh-7 and BHK-21 cells, however this activity was cell type dependent. For example,
the ICsp against DENV2 infection was 85.7 and 1 uM in Huh-7 and BHK-21 cells, respectively. CST also
showed inhibition against YFV by 57 and 93% at 50 and 500 uM. However, CST did not show significant
inhibition against WNV even at high concentration (500 uM). In C57BL/6 and A /] mice, CST promoted
survival at 10, 50, and 250 mg/kg of body weight per day. However, no protective effect was shown
against WNV. It was postulated that the mechanism of inhibition was due to ineffective secretion of
virus with improper N-glycosylation.

3.3.5. Celgosivir (6-O-Butanoyl-CST)

Celgosivir is an oral prodrug of CST and inhibits x-glucosidase I and II, and its antiviral activities
were tested in DENV [155-157]. Celgosivir effectively inhibited against DENV infections in BHK-21
cells with EC5) ranging from 0.16 to 0.68 uM depending on the serotype, which was partly due to
accumulation of misfolded NS1 of DENV in the ER [156]. Interestingly, Celogosivir showed two-fold
higher efficacy than that of CST when ADE mice were challenged with 50 mg/kg. However, a recent
study demonstrated that celgosivir was not a potent inhibitor of ZIKV in Vero cells (ECsy was not
determined even at 50 pM) [158]. Despite its great efficacy in vitro and in vivo, celgosivir did not
succeed at treating DENV patients due to its rapid elimination [159].

3.3.6. N-Nonyldeoxynojirimycin (NN-DNJ)

N-Nonyldeoxynojirimycin (NN-DNJ), a 9-carbon alkyl iminosugar derivative, was found to
inhibit against DENV, JEV, and WNV [160,161]. Wu et al. reported that NN-DN]J inhibited more
successfully against DENV than JEV in BHK-21 cells although the ICs, values were not reported.

In Institute of Cancer Research (ICR) mice, NN-DNJ successfully increased the survival rate by
40% against JEV infection, compared to the control group, at 200 mg/kg/day. Secretion of the E and
NSI1 proteins was greatly reduced, indicating that the proper N-glycosylation steps must be followed
for successful virus assembly. In a separate study, NN-DNJ showed anti-WNYV activity with ICsg of
4 uM in BHK cells [161].

4. Future Directions and Conclusion

A number of strategies might be used to improve GAGs and other sulfated polysaccharides to
more effectively inhibit against FLV infections. The first classes of compounds studied were natural
GAGs and then GAG mimetics that inhibit GAG-FLVE interactions. Although these compounds
have the required level of charge density and structural flexibility to successfully occupy the
GAG binding sites of FLV and inhibit against FLV infections in vitro, the majority of these also
possess anticoagulant activities. Anticoagulant activity is problematic because it will promote
plasma leakage in the patients infected with DENV and YFV, diseases that cause haemorrhagic
fever. This undesired characteristic might be attenuated by processing these polysaccharides
into smaller oligosaccharides that reach the minimum size required for occupying the E protein
GAG-binding site (a HP decasaccharide corresponding to 39 A in the case of DENV). For example,
HP is a very potent anticoagulant drug, however its anticoagulant activity was relatively low until
it reaches a hexadecasaccharide [140,162,163]. Several different chain lengths of oligosaccharides
must be prepared to retain anti-FLV activity while minimizing its anticoagulant activity. Sulfated
polysaccharides can also go through chemical modifications to reduce their anticoagulant activity.
In our laboratory, non-anticoagulant heparin (NACH) has been synthesized by periodate cleavage at
the GlcA and IdoA residues located within and adjacent to the antithrombin III [164]. Upon chemical
modification, NACH completely loses its anticoagulant activity. However, these structurally modified
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sulfated polysaccharides can also result in a reduced level of interactions to the GAG-binding sites of
FLVE as shown in our interactions studies of DENV E and ZIKV E [6,13]. Multivalent glycopolymers
or glycodendrimers can also be produced to amplify glycan-protein binding, as this is often how
glycans and proteins are presented on the surface of cells in nature. Another potential pitfall of
sulfated polysaccharides is their poor bioavailability. While exhibiting excellent in vitro antiviral
activities, those activities of PPS and suramin did not translate well to in vivo experiments. The least
potent inhibitor, PI-88, in vitro, showed the greatest efficacy, which was postulated to be caused by
their interactions with other HP-binding proteins in vivo [142]. This drawback may be overcome by
improved in vivo delivery approaches. The simplest approach would be to conjugate the sulfated
polysaccharides to a molecule that has higher specificity towards the target such as envelope protein,
or specific cell or organ types. There are antibodies against FLVE for research use, however no effective
antibody is available for clinical treatment due to antibody dependent enhancement between different
serotypes of DENV. DNA or RNA aptamers may be excellent alternatives to specifically target FLVE;
they are cost efficient, nontoxic, non-immunogenic, and exhibit incredible specificity against their
targets once the “hit” compound is found from a large library. Highly specific DNA based aptamers
were discovered against FLVE in recent studies [165,166]. Conjugating sulfated polysaccharides with
highly specific and synergistic compounds, such as DNA aptamers, may improve the potential hurdle
of oral bioavailability. Lastly, an additional hurdle is presented in the treatment of pregnant women
infected with ZIKV infection. Inhibitors against congenital ZIKV infection must be large enough and
not readily metabolized in the blood stream so that they do not enter the cells and cross the placental
barrier to avoid undesired additional harm to the fetus.

In conclusion, this review examined the role of carbohydrates in the pathogenesis of pathogenic
FLVs and their antiviral inhibitors. First, we briefly introduced the general mechanism of host cell
entry of FLVs. Then we described the glycosylation of FLV envelope protein, host surface GAGs,
DC-SIGN, and interactions between them. FLV inhibitors that are both glycan-based and targeting
were reviewed and strategies to improve carbohydrate-based inhibitors were discussed.
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Abstract: Chemokines have two types of interactions that function cooperatively to control cell
migration. Chemokine receptors on migrating cells integrate signals initiated upon chemokine
binding to promote cell movement. Interactions with glycosaminoglycans (GAGs) localize
chemokines on and near cell surfaces and the extracellular matrix to provide direction to
the cell movement. The matrix of interacting chemokine-receptor partners has been known
for some time, precise signaling and trafficking properties of many chemokine-receptor pairs
have been characterized, and recent structural information has revealed atomic level detail on
chemokine-receptor recognition and activation. However, precise knowledge of the interactions of
chemokines with GAGs has lagged far behind such that a single paradigm of GAG presentation on
surfaces is generally applied to all chemokines. This review summarizes accumulating evidence
which suggests that there is a great deal of diversity and specificity in these interactions, that
GAG interactions help fine-tune the function of chemokines, and that GAGs have other roles in
chemokine biology beyond localization and surface presentation. This suggests that chemokine-GAG
interactions add complexity to the already complex functions of the receptors and ligands.

Keywords: chemokines; glycosaminoglycans/GAGs; heparan sulfate; chemokine therapeutics;
chemokine structure; chemokine oligomerization

1. Introduction

Chemokines have been known to interact with glycosaminoglycans (GAGs) for more than 40 years,
since the discovery of Platelet Factor 4 (PF-4, now referred to as CXCL4). CXCL4 was best known
for its role in neutralizing heparin in the context of coagulation [1] and this interaction ultimately
enabled its isolation by heparin affinity chromatography [2]. When y-interferon inducible cytokine
(IP-10/CXCL10) was cloned in 1985 [3], a common pattern of four cysteine residues was noted in
CXCL10, CXCL4, and the previously identified platelet-derived protein 3-thromboglobulin/CXCL7 [4],
and led to the suggestion that these proteins might belong to a common family of inflammatory
mediators [3]. With the cloning and functional characterization of interleukin-8 (IL-8/CXCLS8)
as a neutrophil chemoattractant in the late 1980s, the role of this family of proteins in directing
cell migration was firmly established, and led to their classification as chemokines (derived from
chemoattractant cytokines) [5,6]. The signature cysteine motif facilitated the identification of many
additional members of the chemokine family, which is now the largest cytokine sub-class, with
approximately 50 members [7,8].

Although it was initially thought that soluble chemokines promoted cell migration, this notion was
challenged in 1992, and an alternative hypothesis was put forward suggesting that cell migration occurs
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along gradients of chemokines bound to substrates such as endothelial cells or the extracellular matrix
(ECM) [9,10]. Support for a haptotactic mechanism came shortly thereafter with the identification of
heparan sulfate (HS) as a plausible component of endothelial cells and the ECM that could facilitate
the creation of solid phase gradients [11]. CXCL8 was subsequently shown to be associated with
endothelial cell (EC) projections in vivo; moreover, the presence of an intact GAG binding domain at its
C-terminus was required for EC presentation and transcytosis of the chemokine, and correspondingly,
the induction of neutrophil migration [12]. In more recent studies, tissue bound gradients of CXCL8
have been observed in vivo in zebrafish, with neutrophil migration dependent on the ability of CXCL8
to bind HS [13]. HS-dependent gradients of the chemokine, CCL21, have also been directly visualized
within lymphatic vessels in mouse skin, and shown to be required for guiding dendritic cells toward
the vessels, thereby firmly establishing the concept of haptotaxis along GAG-immobilized sources of
chemokine [14].

The above and other seminal studies support the paradigm illustrated in Figure 1, where
GAGs and chemokine receptors both function as chemokine-interacting partners to promote cell
migration [15-19]. According to this mechanism, chemokines are secreted from the blood vessel wall
or underlying tissue in response to inflammatory signals (e.g., infection and damage), transported to
the luminal surface of the endothelial cells, and immobilized on the GAG chains of endothelial
proteoglycans. Bound to GAGs, the chemokines are concentrated at the source and form an
immobilized gradient that provides directional signals to guide the migration of leukocytes towards
the inflammatory site. In this scenario, infiltrating leukocytes first roll along the endothelial cell surface
due to weak interactions with adhesion molecules such as selectins [20,21]. Once they encounter
chemokines at or near the source, the chemokines engage their cognate chemokine receptors on the
surface of leukocytes, resulting in leukocyte arrest via integrin activation, followed by diapedesis
through the endothelium to resolve the physiological insult [20-22]. This glycosaminoglycan-mediated
mechanism for spatially restricting the encounter between chemokine and receptor (at a surface near
the source) is thought to prevent premature activation of leukocytes before reaching the inflammatory
site [10,23].

Rolling Firm adhesion Transmigration
Selectins Integrins Chemokines
Blood vessel 8

Tissue QQO‘%% JIEEN
RS < g@iy
i : AN .
©  Chemokine ’ — Soetan
] Chemokine | ligand o
~ receptor - °
3 . [ GAG
E Selectin

Figure 1. The role of GAGs in cell recruitment. Chemokines (yellow circles) produced by the underlying
tissue are immobilized on cell surface GAGs. Circulating leukocytes first roll upon interaction with
selectins (pale gray symbols), followed by firm adhesion to integrin ligands (dark gray symbols)
following integrin activation on the leukocytes after which they transmigrate into the tissue. Although
chemokines are depicted as a single species, many different chemokines may be involved.
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The type of leukocyte recruited during an inflammatory response is determined in large part
by the nature of the secreted chemokines and corresponding receptors expressed on the migrating
cells [7,8,24]. Thus, a large number of molecular players make up the chemokine network (discussed
below) to selectively control the migration of specific leukocyte subpopulations towards specific
tissues and microenvironments. However, in addition to the chemokine-receptor interaction,
chemokine-GAG interactions may impose another level of control, adding complexity to an already
complex system [15-19]. In this review we summarize the structural diversity of chemokine-GAG
interactions, which suggests chemokine-specific regulation by GAGs. These diverse interactions not
only regulate the formation and location of the chemokine gradient, but also its physical properties
(e.g., composition, steepness and duration [14,25-29]). We also highlight emerging evidence for
the involvement of chemokine-GAG interactions in other aspects of chemokine function, such as
chemokine stability, negative and positive regulation of receptor activation, and remodeling the cellular
glycocalyx, potentially to facilitate cell-cell interactions and transcytosis [30-36]. Finally, we address
the implications of chemokine-GAG interactions on the development of therapeutics, which may
explain puzzling results observed with anti-chemokine antibodies [37].

2. Overview of the Chemokine-Receptor and Chemokine-GAG Interactome

Approximately 50 human chemokines have been identified [7,8], most of which promote cell
migration. They share a characteristic pattern of cysteine residues that defines them as belonging
to CC, CXC, CX3C or C subfamilies, and led to the modern chemokine/receptor nomenclature
(e.g., CXCLS, previously called IL-8, is a CXC ligand; and CCL2, previously called MCP-1, is a CC
chemokine). Twenty-three human receptors have also been discovered [7,8], 18 of which belong to
the G protein-coupled receptor (GPCR) family of receptors (e.g., CXCR1 belongs to the CXC receptor
family), while five are “atypical receptors” (ACKR1-4, CCRL2) that neither couple to G proteins nor
induce cell migration, but have other functions such as chemokine scavenging and transport [38,39].
Many chemokines bind multiple receptors and similarly many receptors bind several chemokines,
leading to a dense network of interacting partners. The system is further complicated by the fact that
the interactions can be regulated by post-translational modifications (PTMs, such as tyrosine sulfation),
alternative splicing of the receptors, proteolysis and other PTMs of the ligands, ligand and receptor
dimerization, and many other mechanisms [8].

Much less is known about precise chemokine-GAG interacting partners because of the many
challenges of studying carbohydrates at the biochemical and cellular level. This is largely due to the
heterogeneous non-template nature of GAGs [17,19,40]. GAGs are long, linear, sulfated and highly
charged heterogeneous polysaccharides that are expressed throughout the body. They consist of
repeating disaccharide units, and form chains that range from one to over a hundred disaccharide
units, thus representing incredible biological diversity. According to an estimate by Shriver and
colleagues, a GAG containing six disaccharide units could theoretically encode for more than 12 billion
different sequences, which is 100 times greater than that of a hexapeptide and two million times
greater than DNA [41]. As a consequence, the composition and structures of relevant chemokine-GAG
complexes are likely quite heterogeneous and large in number, even for a single chemokine.

GAG:s are also difficult to produce synthetically and to characterize analytically [42—44]; thus even
though heparan sulfate (HS) is biologically more relevant, heparin is often used for in vitro studies
due to the availability of reagents including short GAGs that are size-defined and homogeneous in
composition [45,46]. Demonstrating that specific chemokine-GAG complexes are relevant in vivo is
even more challenging because antibodies to specific GAG sequences are not available and siRNA
strategies against specific enzymes broadly affect GAG composition. Nevertheless two decades of
mutagenesis, biophysical, structural and in vivo studies, have lead to a basic understanding of the
structural principles of chemokine-GAG interactions, their functional consequences, and strategies to
exploit or interfere with their interactions for therapeutic purposes [16,17,47].
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3. Structural Biology of Chemokine-Glycosaminoglycan Interactions

3.1. Chemokine Tertiary Structure, Receptor-Binding Domains and Glycosaminoglycan-Binding Epitopes

The structure of CXCLS8 [48] revealed what has proven to be the consensus fold of all chemokines
known to date [7,8,49]. It consists of a disordered N-terminus, an irregular loop referred to as the
“N-loop”, a three stranded B-sheet connected by loops (the 30s-, 40s- and 50s-loop), and a C-terminal
helix. The “core” globular domain of the chemokine (everything beyond the N-terminus) is stapled
to the N-terminus via one, and usually two, disulfide bonds (Figure 2A). The N-terminus of the
chemokine functions as a key signaling domain, and binds within the pocket of chemokine receptors
where it interacts with receptor transmembrane helices (chemokine recognition site 2, CRS2) to promote
activation, similar to small molecule activation of GPCRs [50-52]. The chemokine core domain interacts
with the receptor N-termini and extracellular loops (CRS1 and CRS1.5) and functions primarily as
a binding determinant (Figure 2B). However, it also serves as the binding site for GAGs [53-56]
(Figure 2C).

Figure 2. Chemokine tertiary structure, chemokine-receptor interactions, and chemokine—
glycosaminoglycan interactions. (A) Structure of a typical chemokine, illustrated by a monomeric
subunit of CXCL8 (PDB ID 1IL8 [48]). (B) Structure of CCR5 bound to a variant of CCL5 with a
modified N-terminus (PDB ID 5UIW [52]). Chemokine recognition sites 1, 1.5 and 2 (CRS1, CRS1.5
and CRS2) are highlighted in green, blue and salmon. In CRS1, residues that contribute to GAG
binding are highlighted in dark blue (R17 and 40s-loop BBXB motif residues R44 (not visible), K45
and R47). Tyrosine sulfates are highlighted as orange and yellow spheres interacting with the 40s-loop
cluster and R17. (C) Model of CCL5 in complex with a chondroitin sulfate (CS) hexasaccharide
from paramagnetic relaxation enhancement and intra- and intermolecular nuclear Overhauser effect
constraints (supplementary data to [56]). GAG binding residues R17, R44, K45 and R47 are highlighted
in dark blue. Comparison with (B) shows that GAG and receptor utilize similar epitopes on the
chemokine core domain (CRS1) and sulfation is involved in both cases. Consequently, binding of GAGs
and receptors to chemokines are generally mutually exclusive. Panels (A—C) are not to scale.

With the exception of CCL3/MIP-1« and CCL4/MIP-13, which are acidic, chemokines are highly
basic proteins. As a consequence, they tend to have the highest affinity for HS and heparin over
GAGs with lower sulfate content (e.g., chondroitin sulfate (CS), dermatan sulfate (DS) [35]). The
GAG-binding epitopes for many chemokines have been identified and unsurprisingly are dominated
by basic residues [17,49,53,55,57-63]. In several chemokines, GAG binding motifs are defined by
characteristic “BBXB” sequence motifs (where B is a basic and X is any amino acid). Taking the example
of CCL5, the 40s-loop BBXB cluster, “RKNR¥, was originally shown to be the most important GAG
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binding epitope by in vitro and in vivo experiments [47,58] (Figure 2C). In the case of CCL2, the
main contributors are non-BBXB residues R18, K19, R24 and K49, which form a basic patch on the
chemokine core domain [55]. In both CCL2 and CCLS5, these basic residues are also important for
receptor binding, and interestingly, involve interactions with sulfate groups on both the GAG and
the receptors (which are modified by tyrosine sulfation [64,65]). In general there is a great deal of
overlap between GAG binding residues and receptor binding residues on the chemokine core domain,
which suggests that a single chemokine subunit cannot simultaneously interact with receptors and
GAGs [54-56,61] (Figure 2B,C).

3.2. Chemokines Bind Receptors as Monomers but Many Chemokines Bind GAGs as Oligomers

Numerous chemokine structures have now been solved and show the tendency of many
chemokines to oligomerize [16,49,66]. CXCL8 and other CXC chemokines form a characteristic
“CXC dimer” driven by the antiparallel association of B1 strands from two separate subunits of
chemokine monomers (Figure 3A) [48]. CC chemokines such as CCL2/MCP-1 adopt the canonical
tertiary structure (Figure 2A), but have a different quaternary fold (Figure 3B) [67,68]. They form
elongated “CC dimers”, stabilized by the formation of an antiparallel (3-sheet between residues
proximal to the first two Cys residues of the component dimer subunits. At first, chemokine
dimers were thought to contribute to the selectivity of CXC chemokines for CXC receptors and CC
chemokines for CC receptors [67]. However, it was subsequently shown with oligomerization-impaired
mutants that chemokines bind and activate receptors as monomers, which was confirmed by cell
based studies [69-71] and by recent X-ray structures of intact chemokine-receptor complexes [50-52]
(Figure 2B). Moreover, when the first structure of a chemokine-receptor complex was determined,
it was clear that CC dimers cannot bind receptors due to steric incompatibility [S0] (Figure 3C),
which is consistent with experimental studies [72,73]. Disulfide cross-linked CXC chemokine dimers
are compatible with receptor binding (Figure 3D) and have been shown to be functional in vitro
and in vivo; however, these engineered dimers typically show lower affinity and partial agonism
compared to their WT counterparts in vitro [74-78]. In summary, chemokine monomers function as
full agonists of receptors, CC chemokine dimers cannot bind receptors and while CXC dimers are
sterically compatible with receptor binding, the role of such complexes in vivo is not known.

Figure 3. Chemokine oligomers and their ability to bind chemokine receptors, or not. (A) Structure of
a typical CXC dimer, illustrated by CXCL12 (PDB ID 3GV3) with individual subunits colored in blue
and orange. (B) Structure of a typical CC dimer, illustrated by vMIP-II (PDB ID 2FHT) with individual
subunits colored in blue and orange. (C) Docked model of the vMIP-II dimer to CXCR4 shows that CC
dimers are sterically incompatible to bind receptor; the orange subunit completely overlaps and clashes
with the receptor. (D) Docked model of the CXCL12 dimer with CXCR4 shows that CXC dimers are
compatible with receptor binding. Models from (C,D) are reported in [50].
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By contrast, chemokine oligomers are important for the interactions of many (but not
all) chemokines with GAGs. Invitro biochemical and biophysical studies showed that
chemokines oligomerize on GAGs and that GAGs stabilize dimers and higher order chemokine
oligomers [45,55,79,80]. This suggests that binding of chemokines to GAGs and chemokine
oligomerization are mutually re-enforcing processes, which would provide a mechanism for
concentrating chemokines near inflammatory sites. Importantly, in vivo studies of chemokine-induced
cell migration also demonstrated the importance of chemokine oligomerization and GAG binding [81];
in these studies GAG-binding deficient mutants and monomeric mutants of CC chemokines failed to
stimulate cell migration into the peritoneal cavity of mice. In similar in vivo peritoneal recruitment
assays, obligate CXC chemokine monomers were active; nevertheless, since they were less active than
their WT counterparts, the data also support the importance of chemokine oligomerization [74,75].
Taken together, the studies collectively suggest that for many chemokines, both oligomerization and
GAG binding are critical for regulating cell migration in vivo [27,74,75,81,82].

3.3. Chemokines Have a Wide Range of Oligomerization Propensities and Affinities for GAGs

Chemokine oligomerization is not restricted to dimers; instead they adopt a spectrum of
oligomerization states from monomers (e.g., CCL7 /MCP-3) to tetramers and polymers (e.g., CXCL4
and CCL5, respectively) [45,83-85] (Figure 4). For those that do self-assemble, the ability to oligomerize
has been show to be important for their GAG-binding affinities. This has been demonstrated
with oligomerization-deficient variants, which have markedly reduced affinities for heparin and
HS in vitro, and corresponding reduced abilities to accumulate on cell surfaces compared to WT
chemokines [31,45,81]. By contrast, although CCL7/MCP-3 does not oligomerize, it still binds GAGs
because it has a high density of GAG binding epitopes within its tertiary structure compared to the
highly homologous but oligomerizing chemokine, CCL2 [83].

Figure 4. Chemokines adopt a wide range of oligomeric structures, sometimes in response to different
GAGs. Structures are shown with the different chemokine subunits color-coded in sky blue and gray,
and the main GAG binding residues highlighted in dark blue. (A) The CCL2 dimer, which binds to HS
(PDB ID 1DOM [68]); residues highlighted include R18, K19, R24, K49. K58, H66 [55]. (B) The CCL2
tetramer, which binds to heparin (PDB ID 1DOL [86]); residues highlighted include R18, K19, R24,
K49. K58, H66 [55]. (C) The CXCL4 tetramer, which binds to heparin (PDB ID 1RHP [85]); residues
highlighted include R20, R22, K46, R49, K61, K62, K65, K66 [87]. (D) The CCL5 polymer (PDB ID
5DNF [84]); residues highlighted include K55, K56 and R59 [58,88].
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Chemokines also have a wide range of affinities for GAGs. CXCL4, CXCL11, CCL5 and CCL21
have very high affinities for GAGs whereas CCL2 and CXCLS8 have intermediate affinities, and the
affinities of CCL3 and CCL4, the two uniquely acidic chemokines, are weak [45,89]. This is consistent
with studies which suggest that only a subset of chemokines bind efficiently to cell surface and
ECM GAGs [89]. Together, the GAG-binding affinities of chemokines coupled with their different
oligomerization propensities affect the amount of chemokine that accumulates on GAGs, as well as the
persistence of the chemokines on GAGs [31,45]. The expectation is that these in vitro results should
translate into differences in the nature, shape and duration of chemokine—glycosaminoglycan gradients
in vivo [28,29].

3.4. Some Chemokines Bind GAGs through C-Terminal Tail Interactions

Whereas CXCL12¢, the most well-characterized of the CXCL12 isoforms, forms dimers and
polymers [90,91], the CXCL12 splice variant, CXCL12y, is not known to oligomerize. Instead, CXCL12y
disordered, approximately 30 amino acid C-terminal extension with a tight array of BBXB motifs that
confers even higher affinity for GAGs than CXCL12wx [62,92]. Similarly, the CCR7 ligand, CCL21,
has an extended, basic C-terminal region of approximately 40 residues, which is required for its
immobilization on GAGs and the recruitment of dendritic cells [14]. Along with diverse oligomers
formed by chemokines, these alternative GAG-interaction mechanisms imply chemokine-specific and
GAG-specific control of cell migration [92].

3.5. Specificity and Structural Plasticity in Chemokine—-GAG Interactions

An important but challenging problem is identifying the structure of GAGs that are recognized
by specific chemokines. Given the diversity of GAG sequences, it is likely that chemokines
recognize numerous GAGs. As reviewed by Monneau and coworkers [19], little is known about
this topic, because GAGs are not as easily isolated and analytically characterized, or amenable to
structure-function analysis as routinely performed for proteins. However, some generalizations are
worth noting. First, longer GAGs (e.g., roughly 18-20 monosaccharides for CCL3 and CXCL12) tend to
have higher affinity for chemokines than short GAGs. This is expected since longer GAGs would be
able to bridge multiple GAG-binding epitopes including those between different chemokine subunits
on oligomers [35,36,93] (Figure 4). As described above, GAG sulfation is also important. For example,
2-O-desulfation of heparin causes a significant loss of affinity for many chemokines. However, the
distribution of sulfates appears to be more important than the actual average sulfate content. In a
study by Dyer and coworkers [45], a panel of chemokines was shown to have similar affinities for
heparin (characterized as having an average of 2.3 sulfate groups per disaccharide, where >90% of
the disaccharides have at least one sulfate) and HS (characterized as having an average of 0.8 sulfates
per disaccharide, where 55% of the disaccharides were unsulfated). By contrast, chondroitin sulfate-A
(CS-A), which has a relatively low content and uniform distribution of sulfates (characterized as having
~0.7 sulfates per disaccharide, similar to HS, where ~84% of the disaccharides are sulfated, similar to
heparin), had a significantly reduced affinity for chemokines compared to HS and heparin. In fact,
only the subset of chemokines with the highest affinity for HS and heparin were able to bind CS-A [45].
Even the precise position of a single sulfate can be important, as demonstrated in a study where
the presence or absence of a 6-O-sulfate interchanged the ability of a dodecasaccharide to inhibit the
biological function of CXCL8 vs. CXCL12 [94]. These and other data suggest that there is significant
specificity in chemokine—-GAG recognition [19,94,95].

Despite evidence for specificity, it is becoming clear from structural data that chemokine-GAG
interactions are not defined by single structures; instead, these complexes are characterized by
structural plasticity which may enable a single chemokine to recognize multiple GAG sequences. For
example, different oligomeric structures of the same chemokine can present different spatial geometries
of its GAG binding residues, enabling recognition of different GAGs. Along these lines, HS prefers
CCL2 dimers, whereas heparin binds and stabilizes CCL2 tetramers [55,83]. These preferences can be
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rationalized in terms of the distribution of GAG-binding epitopes on the chemokine oligomers, and the
corresponding pattern of sulfation on the GAGs [55,57,93]. In the CCL2 dimer, the basic GAG binding
clusters are separated by ~45 A, while HS typically consists of highly sulfated regions connected by
intervening N-acetylated regions (e.g., SAS domains) [19,40]. By associating with the CCL2 dimer, the
spacing of the sulfated domains on HS presumably overlap with the basic epitopes of CCL2, thereby
stabilizing the complex [55] (Figure 4A), similar to complexes of CCL3 with HS (90). By contrast, in the
tetrameric arrangement of CCL2, the GAG-binding residues form an almost continuous basic epitope
that wraps around the chemokine surface and would better complement the more uniformly sulfated
nature of heparin than the epitope distribution in the chemokine dimer [55] (Figure 4B). A similar
continuous distribution of epitopes on the CXCL4 tetramer has also been suggested to facilitate its
interaction with heparin [87] (Figure 4C). Other chemokines such as CXCL10 and CXCL12, have been
captured in different oligomerization states by crystallography [90,96,97], which may reflect an ability
of these chemokines to bind different GAGs by adopting different oligomer forms.

Structural plasticity, whereby different epitopes are involved in GAG binding, depending on the
oligomerization state of the chemokine, is also apparent from studies of CCL5 [56,58,98,99]. Three
structures of a CCL5 dimer with sulfated disaccharides showed contacts between the disaccharides
and the 40s-loop BBXB cluster, as well unexpected interactions with the 30s-loop and N-terminus of the
chemokine [58,98]. The 40s-loop and N-terminal interactions of the dimer were also observed in the
structure of the CCL5 dimer with a CS hexasaccharide [56] (Figure 3C). However, in the structure of a
polymeric CCL5 complex containing a heparin hexasaccharide, the 50s-loop basic motif, Y KKWVR>®,
was shown to be the main binding site for heparin while the 40s-loop motif was largely buried [84]
(Figure 4D). These data suggest oligomerization-dependent specificity in chemokine-GAG interactions,
with the 40s-loop and 50s-loop playing roles in different contexts. In fact, one study attributes different
functions to the 40s-loop and 50s-loop GAG interactions, and emphasizes the importance of chemokine
presentation in mediating these different functional roles [88].

Certain chemokines that utilize unstructured C-terminal tails for GAG binding (e.g., CCL21,
CXCL12y) may be particularly promiscuous in their ability to bind numerous GAGs because of the
likelihood that the tails adopt multiple geometries. Chemokines with high-density GAG binding
domains (e.g., CCL7) may also have a high degree of structural plasticity even if they do not
oligomerize [83]. Structural plasticity has the potential to expand the range of chemokine interactions
beyond what might be expected for these small proteins, and enable chemokines to adapt to local GAG
environments, potentially with differentiating functional consequences, as suggested by the CCL5
study [88].

3.6. Heterodimerization and Post-Translational Modifications of Chemokines—Mechanisms for Regulating
Chemokine-GAG Interactions

In addition to forming homo-oligomers, chemokines have been shown to heterodimerize [100-105].
Since multiple chemokines are frequently expressed at sites of inflammation, heterodimerization
would offer a potential mechanism for regulating GAG binding, and indirectly, receptor activation.
Using NMR, Nesmelova and coworkers demonstrated that incubating CXCL4 tetramers and CXCL8
dimers together resulted in subunit exchange and the formation of CXCL4:CXCL8 heterodimers [104].
Similarly, incubation of CCL2 with CCLS8 resulted in a strong preference for CCL2:CCL8 heterodimers
over the corresponding homodimers [100]. CC:CXC heterocomplexes involving CCL5 and CXCL4
have also been observed and are thought to have functional consequences in amplifying leukocyte
arrest responses to CCL5 [102]. As shown by Crown and coworkers, GAGs can also stabilize the
formation of chemokine heterocomplexes [100], and in principle heterocomplexes can modulate
GAG-binding affinity [100,106] and possibly even specificity. For example, the isolation of GAG-bound
heterocomplexes containing CCL3, CCL4 and CCL5 with sulfated proteoglycans [106] may represent
an example where the high affinity of CCL5 dominates the weak affinities of CCL3 and CCL4 such
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that CCL3 and CCL4 assemble with CCL5 in a GAG complex that might not otherwise form for CCL3
or CCL4 alone.

Post-translational modifications (PTMs) of chemokines also affect GAG interactions. Citrullination
of Arg5 in CXCLS8 by peptidylarginine deiminase reduces its affinity for GAGs [107] as does nitration
of Tyrl3, Tyr28 and Trp59 in CCL2 [108]. Since Tyrl3 is important for CCL2 dimerization [70,86]
while Tyr28 is involved in the tetramer interface [86], nitration of these residues almost certainly
disrupts GAG binding by destabilizing CCL2 oligomers. Thus, modulating the interaction of
chemokine-GAG interactions via PTMs adds yet another mechanism for regulating cell migration in a
chemokine-dependent manner.

4. Are Chemokine Receptors Activated by GAG-Immobilized Chemokine, Soluble Chemokine,
or Both?

Despite the emphasis on haptotactic gradients, a long-standing issue has been the role of
immobilized versus soluble gradients of chemokines, as well as if, and how, GAG-bound chemokines
activate receptors. Specifically: (i) Are receptors on leukocytes activated by chemokines simultaneously
bound to GAGs on endothelial cells or the ECM (i.e., immobilized haptotactic gradients)? (ii) Are
chemokines concentrated in immobilized depots by GAGs but released in soluble form to activate
receptors and cause cell migration close to the source (a hybrid haptotactic/chemotactic gradient)?
(iii) Do some chemokines have little or no interaction with GAGs and simply create a gradient by
diffusion from the source (e.g., chemotaxis)? This issue awaits a definitive answer, but current data
suggest that all three scenarios may be relevant depending on chemokine, and that different types of
gradients may function together to control cell migration in vivo [28,29]. It is clear that cell migration
to soluble chemokines is feasible since simple Boyden chambers that rely on soluble gradients are
routinely used by most laboratories to monitor cell migration. Migration to essentially immobilized
chemokine has also been observed in some [28] but not other [109] experiments where differences
may reflect the completely different experimental setups and/or chemokine systems under study. The
development of sophisticated microfluidic devices and biomimetic surfaces that enable precise control
over the composition, shape and stability of chemokine gradients [28,109,110], will undoubtedly lead
to a deeper understanding of this complex issue and complement in vivo studies where achieving
such precise control would be much more challenging.

In the meantime, one can hypothesize based on structural and affinity information, what types of
gradients might be feasible for different chemokines. Simultaneous binding of chemokine to receptor
and GAG should be possible for CCL21 and CXCL12y since the extended C-terminal tails of these
chemokines is expected to orient away from the receptor in the receptor-chemokine complex, making it
accessible to GAG. This hypothesis is supported by the fact that a CCL21 variant, immobilized through
a PEG-biotin tag to a streptavidin-biotin surface and patterned in a gradient, promotes dendritic cell
(DC) adhesion and migration [28]. Whether this happens in vivo, or the chemokine is released from
GAG:s prior to receptor engagement, remains to be seen. However, in vitro results clearly support the
idea that soluble and haptotactic gradients of CCL19 and CCL21, respectively, work together to recruit
CCRY7 expressing DCs [14,25,28,111].

For other chemokines lacking a tail, simultaneous interactions of chemokine with receptor and
GAG seems less likely. As described above, the extensive overlap between GAG binding sites and
receptor binding sites on the surface of chemokine monomers, suggests that the interactions are
mutually exclusive (Figure 2B,C). Arguments could be made that the N-terminus of the chemokine
can bind in the receptor binding pocket (CRS2) while the chemokine core domain (CRS1) binds to
glycosaminoglycans prior to engaging the receptor N-terminus. However, given the low affinity of
monomeric forms of oligomerizing chemokines for GAGs [45], this scenario seems highly unlikely. It
has also been suggested that oligomerized chemokines might be able to simultaneously interact with
receptors and GAGs using different subunits of the oligomers [55]; however, this is not possible for CC
chemokines because CC dimers cannot physically bind receptors [50,72,73] (Figure 3C). While CXC
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chemokine dimers are compatible with receptor binding (Figure 3D) [50,74-77,80], again, the affinity
of a single subunit of a chemokine dimer for GAG is low [45]; thus simultaneous interaction seems
unlikely. We are also unaware of higher order CXC chemokine oligomers that would be physically
compatible with receptor binding. Majumdar and colleagues suggested that while chemokines may
remain bound to GAGs while being sensed by receptor, that it is also possible that GAGs attract
dense “clouds” of chemokines, which are then sensed in their soluble state [29]. Structural data
are most consistent with this explanation for the majority of chemokines; in other words, GAG
interactions provide a mechanism for concentrating and localizing chemokines, but chemokines most
likely dissociate before interacting with receptor. This contradicts a previous hypothesis proposed by
the authors suggesting that the bound form might be the active form [55,81]. However, it is consistent
with studies of a neutralizing anti-CXCL10 antibody (described below) that supports the concept of a
cloud of chemokine released from a GAG-bound cluster [37].

As suggested in early studies [89], some chemokines may only form soluble gradients which is
consistent with their low affinities measured in vitro [45]. Recent studies also suggest that endothelial
presentation is not necessary for some chemokines and cells. As demonstrated by Stoler-Barak and
colleagues, activated T cells can obtain transmigration cues directly from intra-endothelial chemokine
stores [112].

5. Beyond Chemokine Gradients: Functional Effects of Chemokine-GAG Interactions

Most literature reports discuss the role of chemokine-GAG interactions in the context of gradient
formation. However, GAG interactions are involved in many other aspects of chemokine biology, as
reviewed in this section.

5.1. Positive and Negative Regulation of Receptor-Mediated Functional Responses

Several reports have documented the ability of soluble, exogenously added GAGs, to inhibit
the function of many chemokines in assays of receptor binding and activation [35,94]. Now that
structures are available, the reason is clear—the GAG binding epitopes and receptor binding epitopes of
chemokines overlap heavily [54-56,61], as illustrated in Figure 2B,C. This means that while GAGs and
receptors work together to promote cell migration, they can also have opposing functions. Cells shed
GAGs during many pathological situations [40], which, in principle, could inhibit chemokine-receptor
interactions and consequently inflammatory responses. On the other hand, soluble HS has been
reported to act as a coreceptor for CCL21 [113] and to enhance neutrophil responses to CXCL8 [11].
Inhibition of chemokine function is the more commonly documented result, however, and this has
inspired efforts to develop small GAG mimetics as receptor antagonists [114,115], which is discussed
in Section 6.

Several studies have reported that combinations of chemokines, including chemokines from
different subfamilies, and those that activate different receptors, can potentiate the functional
responses of individual chemokines. For example, chemokines CCL2, CCL3 and CCLS8 (all monocyte
chemoattractant proteins) were shown to function cooperatively with CXCL8 in an assay of neutrophil
chemotaxis, when none of the CC chemokines showed any function on their own. CXCL8 also showed
synergy with CXCL4 and CXCL12, in neutrophil migration [116]. Similarly, CCL19 and CCL21, which
do not have receptors on monocytes, caused migration and cellular responses of CCR2 agonists at
much lower concentrations than the CCR2 agonists alone [117]. These and many additional examples
of synergistic chemokine activities [102,118-121] led to the hypothesis that in inflammatory situations,
an abundance of different chemokines could produce a reduction in the threshold for cell migration
and activation [122], thereby invoking more robust cell responses at lower chemokine concentrations
than would be anticipated from single chemokine-receptor pairs.

In some reports, this functional synergy has been attributed to positive crosstalk
between intracellular signaling pathways downstream of receptors [116,119] or by formation of
hetero-complexes between a receptor, its cognate chemokine, and a non-cognate chemokine [102,122].
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However, other reports suggest that interactions with GAGs can produce synergistic effects of
chemokines on receptor activation [32]. In the latter scenario, chemokines that do not activate a given
receptor, potentiate the activity of a bona fide receptor agonist by displacing the agonist from GAGs,
and increasing its effective concentration for binding receptor. In support of this competitive binding
mechanism, functional cooperativity was demonstrated for many chemokine combinations, whereas
GAG-binding deficient chemokines (still able to activate receptor) were incapable of reproducing the
same synergy.

Although not a subject of the above study, CXCL4 might be expected to show synergy with other
chemokines due to its exceptionally high affinity for GAGs, and corresponding ability to competitively
displace many chemokines. Since it is a weak chemoattractant [123] but a strong GAG-binder [45],
having a significant role in regulating chemokine function by modulating chemokine-GAG interactions
is intuitively appealing. On the other hand, competitive displacement of certain chemokines from
GAGs could also lead to functional inhibition by disrupting chemokine gradients, and CXCL4 could
certainly also negatively regulate more weakly binding chemokines in this manner. In this regard, a
negative regulatory role was postulated for CCL18, another chemokine with weak chemoattractant
properties [124]. CCL18 is found at high levels in the circulation, and is further upregulated in many
diseases [125,126]. Along with its ability to inhibit the function of several chemokine/receptor pairs
through competitive receptor interactions, it was found to displace chemokines from heparin in vitro,
which could also translate into gradient disruption in vivo [124]. Finally, since many cytokines and
growth factors also rely on GAG binding, it is possible that chemokines could regulate other cytokines
as well, and visa versa, through competitive displacement from GAGs.

5.2. GAGs Protect Chemokines from Proteolysis

Proteolysis of chemokines is a well documented mechanism for regulating the inflammatory
response [127], which can be rich in proteases in addition to inflammatory stimuli. The role
of chemokine N-termini as the crucial mediators of signaling makes them natural targets for
proteolytic processing, where even single amino acid changes can alter the pharmacological activity
of chemokines [127]. For example, limited proteolytic processing of the N-termini of CXCL8
and CCL3L1 results in enhanced chemokine activity, while it results in reduced activity of CCL7
and CCL11 [128-131] and inactivation of CXCL12 [132]. Chemokines are also proteolytically
cleaved internally and at their C-termini, which regulates their activity. For example, the
extended GAG-binding domain of CCL21 is cleaved by a dendritic cell-associated protease, and
this modification produces a soluble version of CCL21 that can no longer induce leukocyte
arrest [14,25]. GAGs can modulate these regulatory processes by protecting chemokines from
proteolytic degradation [33,36,133]. The protection may be due to steric blockade of the chemokine
from the protease active site in some cases. However, stabilization of chemokine oligomers may also
play a role [36,84]. In the context of the CCL5 polymer, for example, the chemokine N-terminus is
buried and unavailable for modification. Thus, in principle, chemokine protection from proteolysis
through interactions with GAGs could regulate the intensity and duration of an inflammatory response.

5.3. Chemokines Modulate the Mechanical Properties of Heparan Sulfate and May Contribute to
Glycocalyx Remodeling

In addition to providing a substrate for the localized accumulation and slow release of chemokines
to guide leukocytes to inflammatory sites, the GAG chains of endothelial cell surface proteoglycans
contribute to the physical adhesion-resistant barrier function of the glycocalyx [134-136]. By virtue of
its physicochemical properties and thickness, the glycocalyx inhibits contact between key molecules
(e.g., selectins, integrins and their ligands) that mediate cell—cell interactions required for leukocyte
adhesion and transmigration [137] (Figure 5A). The molecular mechanisms that control this barrier are
poorly understood but the glycocalyx is known to undergo remodeling in the context of disease and
inflammation to permit close approach of endothelial cells and leukocytes [136,138,139]. Inflammatory
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mediators like TNF play a role in reducing the barrier thickness to promote cell adhesion and
subsequent transmigration [140]. This suggests that chemokines may also play a role [31], although,
at a nascent stage of understanding, novel biophysical techniques that report on the fluidity and
diffusion of HS chains have shown that chemokines differentially crosslink and rigidify HS in
biomimetic surrogates of cell surface proteoglycan layers [30,31]. Notably, high affinity chemokines
showed the greatest propensity to crosslink and remain associated with HS chains, which was
also significantly enhanced by their ability to oligomerize. Although the implications of these
findings are speculative at this point, it has been suggested that HS clustering may be involved
in receptor-independent signaling of chemokine through proteoglycans (Figure 5B), as has been
observed for CXCL12 and CCL5 [31,34,141]. HS remodeling may also prepare the endothelial surface
for localized leukocyte-endothelial adhesion events prior to leukocyte transmigration (Figure 5C) [31].
Consistent with this concept, CXCL12 and CCL5 have been shown to stimulate proteoglycan (syndecan)
clustering and shedding, an important mechanism for reducing the glycocalyx barrier thickness and
density to permit cell-cell contact [142,143]. This clustering may be a consequence of the ability
of these chemokines to crosslink proteoglycan HS chains as demonstrated by the above in vitro
experiments [30,31]. If relevant, HS/glycocalyx remodeling would likely occur concomitantly with
chemokine gradient formation, and represent yet another critical role for chemokine-GAG interactions
in cell migration.

A Hydrated B Chemokine-mediated C Chemokine-mediated
adhesion-resistant proteoglycan clustering glycocalyx remodeling
glycocalyx

Signaling
|
a 5
Selectin Integrin Protein core _/GAG chain ~ © Chemokine
ligand of proteoglycan of proteoglycan

Figure 5. Functional effects of chemokine-GAG interactions. (A) The GAG chains of proteoglycans
form a hydrated adhesion-resistant surface on endothelial cells that inhibits leukocyte transmigration.
(B,C) Binding of chemokines to the HS chains of proteoglycans may promote: clustering of the
syndecans and chemokine-receptor independent signaling (B); or remodeling of the endothelial
glycocalyx to enable leukocyte transmigration (C). Figure adapted from [31].

6. Exploiting Chemokine-GAG Interactions for Therapeutic Applications

Targeting the chemokine system for therapeutic applications has almost exclusively focused on
inhibiting chemokine-receptor interactions, either with small molecules interacting with receptors,
or with antibodies neutralizing the receptors or the chemokines themselves. However, in view of the
essential nature of chemokine-GAG interactions for cell migration and activation, alternative strategies
targeting these interactions can be envisioned to disrupt the function of the chemokine system, as
described below.
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6.1. Protein-Based Strategies

In one approach, non-signaling chemokine variants were created by mutating residues
that activate receptor, concomitant with mutations that increase the strength of the GAG
interaction [144,145]. Such non-signaling super-GAG-binding variants have been tested in several
disease models and found to reduce inflammation in preclinical models (for example a CXCL8 variant
reduced inflammation in an antigen-induced arthritis model [146]). This approach, trademarked as
the CellJammer® technology, is in clinical development [147].

An alternative approach was discovered by serendipity in the process of defining the GAG-binding
pharmacophores of CCL5 and several other chemokines. Mutation of the BBXB motif (**RKNRY
to** AANA?Y) produced a CCL5 mutant incapable of recruiting cells in vivo, thereby highlighting
the essential role that this interaction plays in directing cell migration [58,81]. Other chemokines
with abrogated GAG binding such as CCL2, CCL7 and CXCL11 were also unable to recruit cells
in vivo [55,148,149]. While these observations were important for elucidating the biological relevance of
chemokine-GAG interactions, the most surprising result was that these variants had anti-inflammatory
properties. Essentially, pre-treatment with these mutated proteins blocked the ability of the wild type
chemokines to induce cell recruitment in vivo, which translated into reduced inflammatory symptoms
in several pre-clinical disease models. For example, the #*AANA¥-CCL5 variant reduced inflammatory
and clinical symptoms in experimental autoimmune encephalitis (EAE), as well as in models of liver
injury and fibrosis, myocardial reperfusion and atherosclerosis [47,150-152], and a CCL7 GAG binding
mutant prolonged skin allografts [149]. However, these variants were partial or full agonists that
retained some ability to activate their receptors, which in the case of CCL5, ultimately halted a
discovery program prior to Phase I clinical studies.

Subsequent studies of the mechanistic basis for the inhibitory properties of *AANA*-CCL5
re-enforced the interrelationship between GAG binding and oligomerization of chemokines, suggesting
that oligomerization-deficient mutants might also be functional antagonists. Specifically, the BBXB
mutation not only disrupted the ability of CCL5 to bind GAGs, but limited it to the formation of dimers
rather than the polymers. Furthermore, *AANA%-CCL5 was shown to act as a “dominant-negative”
inhibitor of WT CCL5 by forming non-functional (i.e., GAG-binding deficient) heterodimers [47].
Following this observation, oligomerization-impaired mutants of CCL2, CCL4 and CCL5 were then
tested and shown to be inactive in vivo [81]. As was the case for the GAG mutants, inhibition of
WT proteins by the oligomerization-deficient mutant of CCL2, PSA-CCL2, was also observed. The
P8A-CCL2 variant demonstrated anti-inflammatory properties in a murine model of EAE [153] as well
as in a rat model of arthritis [154].

The inability of GAG-binding deficient and oligomerization deficient chemokines to recruit cells
in vivo, does not hold for all chemokines. When administered into the lungs of mice, CXCL8 GAG
mutants recruited more neutrophils than WT CXCLS8 [82]. The result was attributed to the appearance
of the mutants in plasma at significantly higher concentrations than WT CXCLS, due to more rapid
diffusion across the extracellular matrix. Disulfide-crosslinked obligate monomers of CXCL1 and
CXCL8 were also shown to be active in vivo, although less so than their WT counterparts [74,75].
Furthermore, different results have been observed when the same chemokine variant was administered
in different tissue compartments (i.e., recruitment in the lung versus the peritoneal cavity [74]. Thus, a
major take home message is that the GAG interactions and oligomeric properties of chemokines are
finely tuned to regulate cell migration in a chemokine-specific and tissue-specific manner [27,74,75,82].

In addition to the potential of chemokines with modified GAG-binding properties as therapeutics,
chemokine-GAG interactions can be exploited for stabilization and delivery purposes. An N-terminally
modified variant of CCL5 was developed as a potent CCR5 antagonist and inhibitor of HIV
infection [155,156]. Encapsulation of the chemokine in GAG-containing hydrogels was shown to
significantly preserve its activity and facilitate its controlled released over the course of a month [157].
Other therapeutic applications of GAG-based hydrogels have been reported such as their use in
sequestering chemokines to promote wound healing [158].
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6.2. Small Molecule-Based Strategies

In view of the facts that chemokine-GAG interactions often involve binding epitopes defined
by small clusters of basic residues on the chemokine, and that soluble GAGs inhibit receptors, it was
hypothesized that small molecule inhibitors targeting these clusters, could be identified. Earlier proof of
concept studies showed that small heparin derived saccharides could indeed block CCL5-mediated cell
migration in vivo [114]. However, a tetrasaccharide was the minimum-sized fragment to show an effect,
and a 15-fold excess of GAG over chemokine was needed to observe statistically significant inhibition;
in other words it was not very effective. Subsequent studies explored the use of small persulfated
oligosacharrides, which also showed anti-inflammatory results in some disease models [114]. However,
for reasons that are unclear, these molecules induced pro-inflammatory responses in a CCL5-mediated
peritoneal recruitment model.

In contrast to small molecules directed against CCL5, promising results were obtained from
a study targeting CCL20. A GAG microarray, designed to explore the specificity of various
chemokines for different GAGs revealed that a synthetic monosaccharide, 2,4-O-di-sulfated iduronic
acid (Di-S-IdoA), had high affinity for CCL20 but not for seven other chemokines [115]. When tested
in a mouse model of allergic asthma, the monosaccharide caused attenuated leukocyte recruitment
into the lungs and bronchoalveolar lavage fluid. Moreover, the reduced leukocyte accumulation
was associated with a lack of CCL20 on the vascular endothelial cells in the treated mice, whereas
robust CCL20 expression was observed in the untreated mice. What is most striking about the
results is that Di-S-IdoA is only a monosaccharide, which bodes well for the potential of blocking
chemokine-mediated disease with small molecule carbohydrate mimics. It may be that some
chemokines and some disease contexts are easier to block than others. For example, CCL20 interactions
with GAGs may be more amenable to inhibition than CCLS5 interactions due to the fact that CCL20 is a
weakly oligomerizing chemokine [159] whereas CCL5 interacts with GAGs as a high affinity polymer
with multiple redundant epitopes. In any case, success will be dependent on synthetic feasibility, and,
fortunately, there has been enormous progress in carbohydrate chemistry in recent years [43,160-162],
which may help position GAG mimetics as viable therapeutic entities.

6.3. Antibody-Based Strategies

Although the majority of approaches for therapeutics targeting the chemokine system have
been small molecules, several programs have aimed to develop antibodies against chemokines
or their receptors. However, the only successful anti-chemokine antibody developed thus far is
a topical anti-CXCL8 monoclonal antibody for psoriasis (Abcream, a product of Anogen), which was
approved in China. Examples of failures include an anti-CXCL8 antibody produced by Abgenix [163],
which did not meet its endpoints in phase II trials for chronic obstructive pulmonary disease and
psoriasis, and anti-CCL2 antibodies for rheumatoid arthritis [164] and metastatic prostate cancer [165]
which also failed due to lack of efficacy [37]. Many possible reasons for efficacy failures have been
proposed. For example, the anti-CXCLS8 antibody did not recognize GAG bound CXCLS8, which could
be hypothesized to be the cause of its failure [163], and the anti-CCL2 caused dose dependent increases
of systemic CCL2 [164]. Additionally, the CCL2/CCR2 axis is now considered an inappropriate target
for rheumatoid arthritis, which would account for clinical trial failures [166,167].

Other potential reasons may relate to whether the form of a chemokine recognized by an
antibody is the appropriate target. As described above, chemokines may be soluble or bound to
GAG, and in response to prior anti-chemokine antibody failures, it had been suggested that antibodies
targeting both the GAG-bound form and the soluble form of a given chemokine might be most
effective [37] (Figure 6A). A comparison of two anti-murine CXCL10 antibodies that recognize soluble
CXCL10 (antibody 1B11) versus GAG-bound CXCL10 (antibody 1B6) illustrated how this is indeed
an important parameter that needs to be considered, and which form might be most efficacious for
blocking the chemokine-receptor interaction [37,168]. In vitro chemotaxis studies showed that 1B6
(recognizing GAG-bound CXCL10) was considerably more potent than 1B11 (recognizing soluble
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CXCL10). Surprisingly, however, in several in vivo disease models, the less potent 1B11 showed
efficacy, whereas 1B6 showed little effect [37]. After ruling out other reasons for the failure of 1B6, it
was concluded that complexation of the antibody with GAG-bound chemokine causes target-mediated
drug disposition (TMDD) and rapid clearance from the circulation. Furthermore since the amount of
the GAG-bound form significantly exceeds that of the soluble form, most of the antibody would be
depleted leaving little to neutralize soluble CXCL10. By contrast, binding of 1B11 to soluble CXCL10
inhibits chemokine interactions with both GAGs, required for forming a gradient, and with receptor
CXCRS3 (Figure 6B) [37]. These data illustrate how the complexities introduced by chemokine-GAG
interactions need to be carefully considered when developing antibodies, with special attention to
those chemokines that are particularly abundant and avid GAG binders. The data are also most
consistent with the “cloud” concept—that CXCL10 must be released from GAGs to bind its receptor
on leukocytes in soluble—and they provide further evidence that GAG-bound CXCL10 is not “the
active form”.

©  Chemokine Integrin %gév mAb
Chemokine ligand
receptor f GAG

Figure 6. Proposed modes of action of antibodies 1B6 and 1F11. In the updated model of chemokine
activity the directional signal is produced by a localized cloud of soluble chemokine. (A) The majority
of 1B6 molecules are bound to GAG-displayed CXCL10 and free chemokines in the soluble gradient are
not inhibited. (B) The binding of the antibody to soluble chemokines inhibits cell migration induced by
the soluble chemokine cloud and may interfere with the formation of the chemokine gradient.

7. Conclusions

Chemokine-receptor interactions are often described as “redundant”, because many chemokines
interact with the same receptor and many receptors interact with multiple chemokine [169]. While this
may be true to some extent, there are now many examples where GAGs break this otherwise functional
redundancy. Although precise in vivo GAG partners for chemokines are not known, it is clear that
chemokines have a wide range of affinities for GAGs, ranging from extremely weak binders (e.g.,
CCL3 and CCL4) to extremely strong nanomolar and subnanomolar binders (CCL5, CCL21, CXCL4,
CXCL11). Chemokines also have a wide range of propensities to oligomerize in solution or on GAGs,
while others have unstructured C-terminal tails as GAG-binding domains. Similarly, they also have a
wide range of propensities to heterodimerize. Without even considering impacts on other functions
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described in this review, all of these parameters will effect the size, shape and duration of chemokine
gradients and whether they are haptotactic or soluble. CCL19 and CCL21 are the most well studied
examples of non-redundant ligands of the same receptor, CCR7. Whereas CCL21 has a C-terminal tail
that enables it to bind GAGs with high affinity and to form haptotactic gradients, CCL19 lacks the tail
and is considered a soluble chemokine. Of the CCR5 ligands, all of which form stable polymers, CCL5
is basic and has high affinity for GAGs whereas CCL3 and CCL4 are acidic and have low affinity for
GAGs. CXCLA4L1, like CXCL4 is a ligand of CXCR3; however it differs by three amino acids, which
is sufficient to make it essentially a soluble chemokine in contrast to the exceptional high affinity of
CXCL4 for GAGs [170].

From these and other examples, it has become clear that there is a great deal of diversity in
chemokine-GAG interactions. However, most of the observations have been made from in vitro
studies. Going forward, it will be critical to understand their functional significance in vivo. If this
can be done, it may be possible to exploit this information to make better therapeutics, as illustrated
by the anti-CXCL10 antibody story where understanding whether one should target soluble versus
GAG-bound chemokine was the difference between success and failure in an animal model.
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Abstract: Endothelial cell (EC) dysfunction is associated with many disease states including deep
vein thrombosis (DVT), chronic kidney disease, sepsis and diabetes. Loss of the glycocalyx, a thin
glycosaminoglycan (GAG)-rich layer on the EC surface, is a key feature of endothelial dysfunction
and increases exposure of EC adhesion molecules such as selectins, which are involved in platelet
binding to ECs. Once bound, platelets cause thrombus formation and an increased inflammatory
response. We have developed a GAG derived, selectin targeting anti-adhesive coating (termed
EC-SEAL) consisting of a dermatan sulfate backbone and multiple selectin-binding peptides designed
to bind to inflamed endothelium and prevent platelet binding to create a more quiescent endothelial
state. Multiple EC-SEAL variants were evaluated and the lead variant was found to preferentially
bind to selectin-expressing ECs and smooth muscle cells (SMCs) and inhibit platelet binding and
activation in a dose-dependent manner. In an in vivo model of DVT, treatment with the lead variant
resulted in reduced thrombus formation. These results indicate that EC-SEAL has promise as a
potential therapeutic in the treatment of endothelial dysfunction.

Keywords: glycocalyx; endothelial cell; dysfunction; selectin; dermatan sulfate; deep vein thrombosis

1. Introduction

Deep vein thrombosis (DVT) affects approximately 900,000 individuals annually in the United
States, and pulmonary emboli, a severe complication of DVT, are often observed in these patients [1].
Unlike in arterial thrombus, which is observed to initiate upon exposed extracellular matrix (ECM),
venous thrombus initiates from dysfunctional endothelium, in part due to platelet binding to
and activation on endothelium [1]. The binding and activation of platelets not only supports
thrombus formation, but also further contributes to the inflammatory state of the venous endothelium,
thus exacerbating the diseased vessel state [2].

Vascular endothelial cells (ECs) line the entire cardiovascular system in the human body. As the
innermost layer of the blood vessel lumen, ECs are in constant contact with the blood and perform
many critical functions. These include involvement in metabolism, regulating blood vessel tone,
permeability and growth, vascular smooth muscle cell (SMC) proliferation, inflammation, platelet and
leukocyte interactions, thrombosis and fibrinolysis [3-5]. Given these overlapping and wide-ranging
activities, it is not surprising that disruption of normal EC function is associated with many different
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disease states. Indeed, EC dysfunction has been shown to play a role in DVT, atherosclerosis,
myocardial infarction, peripheral vascular disease, stroke, hypertension, diabetes, chronic kidney
disease, infections including sepsis, and even cancer [3,4,6-11].

In general, characteristics of endothelial dysfunction include a reduction in ability of vessels to
vasodilate, along with increases in inflammation and prothrombotic properties [3,12]. Additionally,
loss of the glycocalyx, an anionic layer comprised primarily of glycosaminoglycans (GAGs) that lines
the endothelium, is a key feature of EC dysfunction [13,14]. The loss of this delicate layer causes
a significant increase in vascular wall permeability and subsequent migration of fluid, protein and
other cell types into the vessel [15]. Lack of a glycocalyx layer also results in exposure of EC adhesion
molecules such as E-selectin, P-selectin, intracellular adhesion molecule 1 ICAM-1), vascular cell
adhesion molecule 1 (VCAM-1) and platelet-endothelial cell adhesion molecule 1 (PECAM-1) [13,16],
some of which are known to play a role in platelet binding to the endothelial cell surface. Once bound,
platelets release cytokines, chemokines and platelet activation factors, such as platelet activating factor
(PAF), neutrophil-activating peptide-2 (NAP-2) and platelet factor-4 (PF-4), which leads to thrombus
formation and a further increase in inflammatory cell recruitment to the site [17-20].

Endothelial dysfunction is likely a reversible disorder as eliminating cardiovascular risk factors
through such means as smoking cessation, hypertension control, cholesterol lowering and physical
activity have been shown to improve endothelial health [10]. Angiotensin converting enzyme (ACE)
inhibitors, N-acetylcysteine (NAC), ascorbic acid (Vitamin C), vitamin E, and erythropoietin (EPO)
have all been studied as potential therapeutics for EC dysfunction [21-24]. While some positive
outcomes have been observed, they have often displayed a minimal effect on overall endothelial health
or resulted in unintended cardiovascular events [4,23]. Therefore, additional means of targeting and
effectively treating EC dysfunction and reducing associated cardiovascular events are needed.

Targeting EC adhesion molecules, such as selectins, for therapeutic or diagnostic purposes
has been relatively well studied. Examples include microparticle drug delivery [25], therapeutic
gene delivery [26,27], inflammation reduction [28-30], cancer metastasis prevention [31] and in vivo
diagnostic imaging [32,33]. Specifically, antibodies and peptides have been utilized to target selectin
receptors on EC surfaces to prevent platelet and leukocyte binding and the subsequent inflammatory
response that occurs [28-30,34]. Therefore, our laboratory has recently developed several variants
of a GAG derived, selectin targeting anti-adhesive coating (termed EC-SEAL) designed to utilize
overexpressed selectins in EC dysfunction to prevent platelet binding and subsequent thrombus
formation and restore a more quiescent endothelial state. Each variant consists of a dermatan sulfate
(GAG component of the glycocalyx) [13] backbone with multiple selectin-binding peptides attached.
EC-SEAL variants differing in type and number of peptides attached were investigated to determine
highest binding affinities to inflamed ECs and assess ability to prevent platelet binding along the EC
surface. Results indicated effective molecule binding to inflamed ECs and subsequent prevention of
platelet binding and activation, as well as suppression of thrombus formation in a murine model of
DVT, highlighting the possibility of EC-SEAL as a therapeutic to treat EC dysfunction.

2. Results

2.1. Selectin Expression

To measure levels of selectin expression on SMCs and ECs under various conditions, antibodies
designed to target E-selectin were utilized. ECs were stimulated with 5 or 25 ng/mL tumor necrosis
factor (TNF)-« or control (unstimulated) media, and SMCs were stimulated with only control
(unstimulated) media. While all cultures showed selectin expression compared to the background (No
Cells), there was no difference in expression between cultures that contained TNF-o stimulated and
control media (Figure 1). Since antibodies are likely cross-reactive with P-selectin, these data suggest
SMCs, which have been shown to express P-selectin [35,36] but not E-selectin [37], also exhibited
selectin expression. Both lower and higher concentrations of TNF-« (Supplementary Figure S1) and
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other proinflammatory cytokines (interleukin (IL)-1f, IL-6, lipopolysaccharide (LPS)) at varying
concentrations (10-100 ng/mL) (Supplementary Figure S2) were tested in an attempt to upregulate
selectin expression compared to unstimulated ECs. All proinflammatory stimuli failed to show any
upregulation in selectin expression, indicating that EC cultures likely exhibited a basal upregulation
of selectin receptors. Additionally, ECs were unable to form fully intact monolayers despite a lack of
proinflammatory stimuli present, as indicated by their permeability to fluorescently-labeled dextran
(Supplementary Figure S3). This lack of cell-cell junctions under normal conditions is another
indication that the cultured ECs were likely in a constitutively activated state.
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Figure 1. Selectin expression on SMCs and ECs under various conditions. Expression was quantified
using primary anti-E-selectin and secondary horseradish peroxidase (HRP)-conjugated antibodies.
All cultures exhibited significant selectin expression; however, selectin levels did not change when
stimulated with TNF-«. n = 3; p < 0.05.

2.2. EC-SEAL Binding (Cells)

Each selectin-binding peptide being examined (IDLMQARGC (IDL), IELLQARGC (IEL) and
QITWAQLWNMMKGC (QIT)) was used to synthesize EC-SEAL variants containing 10, 15, 20 and
30 peptides per dermatan sulfate (DS) backbone (with, on average, one biotinylated peptide per DS
molecule). To test the binding ability of these EC-SEAL molecules varying in both type and number of
peptides, binding to SMCs and ECs (with and without 5 ng/mL TNF-«) was examined. Results of our
first analysis are shown in Figure 2. Overall, both the peptide itself and the number of peptides attached
to each molecule affected binding affinity. We observed that none of the variants tested displayed
a difference in binding when added to ECs in control (unstimulated) media versus ECs stimulated
with 5 ng/mL TNF-« (Figure 2C). This was consistent with data presented in Figure 1 in which
ECs exhibited the same level of selectin expression with or without TNF-« stimulation. In addition,
all variants (except DS-IDLyg) exhibited a higher affinity for ECs than SMCs (Figure 2B,C). EC-SEAL
variants containing the IDL peptide appeared to have increased nonspecific binding, particularly in
molecules with a low number of peptides, as indicated by the relatively high binding in the absence
of cells (Figure 2A). Additionally, variants containing the peptide IEL displayed the highest level of
binding to ECs with and without TNF-« stimulation (Figure 2C). It should be noted that QIT variants
with 15, 20 and 30 peptides per DS were also tested in other studies and showed similar binding as
DS-QITj, but due to solubility issues leading to difficulty in molecule synthesis, use of these variants
was discontinued.
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Figure 2. EC-SEAL variant binding to No Cells, SMCs and ECs (with and without 5 ng/mL TNF-«).
(A) No Cells; (B) SMCs; and (C) ECs with and without 5 ng/mL TNF-« were treated with 3 uM of each
EC-SEAL variant. Absorbance was measured using a streptavidin-HRP assay to quantify biotinylated
peptides on each molecule bound to the surface. None of the EC-SEAL variants displayed a significant
difference in binding to unstimulated ECs and ECs stimulated with TNF-a. Variants containing the
peptide IEL showed the highest binding affinity to ECs. n = 3; p < 0.05.

Given its superior ability to bind to ECs, further investigations focused on EC-SEAL variants
containing the peptide IEL. Since DS-IEL;( displayed some of the highest levels of binding during
initial testing, variants with even fewer peptides were synthesized and evaluated. Figure 3 depicts a
comparison of two controls (No Treatment and DS-Biotin Tag Only) and all synthesized IEL variants
ranging from 2 to 30 peptides per DS backbone. There was again no difference between binding
to unstimulated ECs versus ECs stimulated with 5 ng/mL TNF-c, regardless of treatment applied.
All variants demonstrated an increased binding affinity to ECs over SMCs (with the exception of
DS-IEL3p) and all IEL variants showed increased binding compared to the DS-Biotin Tag Only control.
As indicated in Figure 3, DS-IEL,, DS-IEL; and DS-IEL;( had the highest number of molecules bound
to ECs and were statistically equivalent to each other. Therefore, DS-IEL;y was chosen as the molecule
for further testing given that it contained the most selectin-binding peptides among the highest
binding group.

2.3. Platelet Activation and Binding

After confirming EC-SEAL variants not only bound to cell surfaces, but also their binding was
dependent on type and number of peptides attached, their ability to prevent platelet binding and
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subsequent activation was quantified. We first investigated DS-IEL( because, based on its increased
level of binding to endothelial cells (Figure 3), we expected that it would best inhibit platelet binding
as compared to the other variants we examined. DS-IEL3, was included to verify that the IEL peptide
would not enhance platelet binding to the activated endothelium due to its interaction with the
P-selectin receptor that is present on platelets. Levels of NAP-2 and PF-4, released from platelets during
activation [18,20,38], were used as platelet activation markers to compare various treatment conditions.
Surprisingly, treating ECs with DS-IEL; prior to platelet rich plasma (PRP) incubation had no effect
on NAP-2 and PF-4 release as compared to the control (No Treatment), regardless of concentration of
DS-IELyg applied (Figure 4). However, treating with 30 uM DS-IEL3, showed a significant decrease in
NAP-2 and PF-4 levels when compared to the control and all other treatment groups.
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Figure 3. IEL variant binding to No Cells, SMCs and ECs (with and without 5 ng/mL TNF-«).
Concentration of IEL variants = 3 uM. Absorbance was measured using a streptavidin-HRP assay to
quantify biotinylated peptides on each molecule remaining bound to the surface. Each letter represents
groups that exhibited statistically equivalent binding to ECs. Number of molecules bound to EC
surface: A>B>C>D.n=2;p<0.05.
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Figure 4. Impact of DS-IEL;g and DS-IEL3) on platelet activation markers NAP-2 and PF-4. ECs were
stimulated with 5 ng/mL TNF-« and treated with 3-30 uM EC-SEAL variants or control (No Treatment).
PRP was added and NAP-2 and PF-4 levels in the collected PRP were recorded using sandwich ELISAs.
DS-IEL3( showed the greatest reduction in platelet activation. * represents a significant difference from
the control (No Treatment); # represents a significant difference when compared to all other treatment
groups. n = 3; p <0.05.
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Next, various concentrations of DS-IEL3) were tested to determine an effective dose. As shown
in Figure 5, DS-IEL3, decreases platelet activation markers at 10 uM compared to the control (No
Treatment), however, treating with 30 uM DS-IEL3 results in a greater decrease in both NAP-2 and
PF-4 compared to the control and all other treatment groups. The individual components of DS-IEL3,
DS only (30 uM) and free IEL peptide (0.9 mM), were also tested at concentrations equivalent to 30 uM
DS-IEL3p. While both components decreased platelet activation markers compared to the control,
neither did so as effectively as 30 uM DS-IEL3,.
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Figure 5. Dose-dependent response of DS-IEL3; on platelet activation. ECs were stimulated with
5ng/mL TNF-« and treated with 3-30 uM DS-IEL3 or control (No Treatment). PRP was added and
NAP-2 and PF-4 levels in the collected PRP were recorded using sandwich ELISAs. DS-IEL3 at 30 uM
proved to be the most effective dose to reduce platelet activation. * represents a significant difference
from the control (No Treatment); # represents a significant difference when compared to all other
treatment groups. n = 2; p < 0.05.

In addition to reducing platelet activation, DS-IEL3, was also shown to prevent platelet binding
to ECs (Figure 6). Labeled with membrane bound CellTrackers, platelets (red) were added to ECs
(green) with and without prior 30 uM DS-IEL3 treatment. Treated EC cultures (Figure 6B) displayed
a decrease in overall platelet binding, particularly directly on ECs, compared to untreated cultures
(Figure 6A). In addition, the limited number of platelets that did bind to cultures treated with DS-IEL3
appeared to bind in areas not covered by ECs, indicating that DS-IEL3y was preferentially targeting
ECs (and not the underlying tissue culture plastic) and subsequently preventing platelet binding
and activation.

Figure 6. Platelets binding to ECs in the presence of EC-SEAL. ECs (green) were stimulated with
5ng/mL TNF-« and treated with: control media (A); or 30 uM DS-IEL3q (B). Platelets (red) were
isolated from human whole blood and incubated on ECs. Cultures treated with DS-IEL3, showed
less platelet binding, particularly on EC surfaces. The 10x images were acquired using a fluorescent
microscope. Scale bar =250 um. n = 3.
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2.4. EC-SEAL Binding (Selectin Protein)

To confirm that the observed interactions between EC-SEAL variants and cells were through a
selectin binding process, the ability of DS-IEL3 to preferentially bind to selectin protein was studied.
Increasing concentrations of human recombinant E-selectin were coated on a high bind plate and 1%
bovine serum albumin (BSA) was added to eliminate nonspecific binding. A single concentration
of DS-IEL3 (3 uM) was incubated and the amount bound to the surface was quantified (Figure 7).
Initially, DS-IEL3) binding increases with increased concentrations of E-selectin. Then, at 50 pg/mL
E-selectin, DS-IEL3) binding falls off slightly, but is overcome with further increases in E-selectin
concentration (100 ug/mL).

A similar trend is observed when the binding of antibodies (primary mouse monoclonal
anti-E-selectin IgG,, with secondary goat anti-mouse IgG HRP-conjugated) are quantified under
the same conditions (Figure 8). There is also an initial increase in antibody binding with increased
concentrations of E-selectin. Then, at 10 pg/mL E-selectin, antibody binding falls off significantly, but
is also overcome with increasing concentrations of E-selectin (25-100 pg/mL).
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Figure 7. EC-SEAL binding to recombinant human E-selectin. Absorbance was measured using a
streptavidin-HRP assay to quantify biotinylated peptides on DS-IEL3) bound to the surface. DS-IEL3,
exhibits preferential binding to selectin over BSA and is dependent upon the concentration of selectin
protein present. n = 3; p < 0.05.
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Figure 8. Antibody binding to recombinant human E-selectin. Expression was quantified using primary
anti-E-selectin and secondary HRP-conjugated antibodies. Antibodies display preferential binding to
selectin over BSA and binding is dependent upon the concentration of selectin protein present. n = 2;
p <0.05.
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2.5. DVT Mouse Model

To assess the effects of DS-IEL3 in vivo, a study utilizing a mouse model of DVT was conducted.
Partial ligation of the inferior vena cava (IVC) was performed and tail vein injections of saline
(n = 6), 200 IU/kg heparin (n = 6), or 30 uM DS-IEL3( (n = 4) were administered. Ultrasound images
were obtained at 6 h post-ligation for each mouse (Figure 9). The thrombus volume (expressed
as mean =+ standard error of the mean) was 12.3 + 1.6 mm? for saline, 5.0 + 2.2 mm? for heparin,
and 4.3 + 2.2 mm? for DS-IEL3y. The mean thrombus percentage (defined as thrombus volume/total
IVC volume between the ligation suture and iliac bifurcation) was 63% =+ 5% for saline, 26% =+ 11% for
heparin, and 26% =+ 11% for DS-IEL3, (Figure 10). Both heparin and DS-IEL3, significantly decreased
thrombus percentage compared to the saline controls (p < 0.05).

Figure 9. B-Mode ultrasound images of the IVC before and after partial ligation surgery. Representative
images from: (A) Baseline (pre-surgery); (B) Saline; (C) Heparin; and (D) EC-SEAL (DS-IEL3)) at 6 h
after partial ligation are shown. IVC is outlined in red and thrombus is outlined in yellow. White
arrows represent the location of the 6-0 silk suture creating the partial ligation.
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Figure 10. Thrombus percentage in DVT mouse model. Ultrasound images were utilized to calculate
thrombus percentage by dividing thrombus volume by total IVC volume between the partial ligation
suture and iliac bifurcation. Both heparin (n = 6) and EC-SEAL (1 = 4) decreased thrombus percentage
compared to saline controls (1 = 6). * represents a significant difference from the control group (Saline).
p <0.05.
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2.6. Clotting Time (aPTT)

Although heparin and EC-SEAL (DS-IEL3)) showed statistically equivalent outcomes with respect
to thrombus percentage in the DVT mouse model, it is believed these effects are achieved through
different mechanisms. Therefore, clotting times (activated partial thromboplastin time (aPTT)) were
obtained for various concentrations of heparin and EC-SEAL (Figure 11). It should be noted that
the highest concentration of both heparin and EC-SEAL depicted in Figure 11 were equivalent to
the doses administered to mice in vivo. Heparin displayed a substantial effect, causing a nearly
four-fold increase in aPTT at the highest dose compared to saline controls. Comparatively, EC-SEAL
exhibited a relatively small effect on aPTT (e.g., 23% increase at the highest concentration compared to
saline controls).
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Figure 11. Whole blood clotting time (aPTT) in the presence of heparin and EC-SEAL. aPTT
measurements were recorded with varying concentrations of heparin and EC-SEAL. Heparin exhibited
a much greater effect on aPTT than EC-SEAL, likely indicating different mechanisms of reducing
thrombus formation in vivo. n = 2; p < 0.05.

3. Discussion

Loss of the glycocalyx is a key characteristic of EC dysfunction [13,14]. Removal of this
glycosaminoglycan (GAG)-rich layer results in the exposure and upregulation of EC adhesion
molecules, including selectins [13,16]. Selectins and their ligands, located on both ECs and platelets,
play a key role in the binding of platelets to inflamed endothelium. In the context of endothelial
dysfunction, this process can lead to complications in a myriad of disease states including DVT,
atherosclerosis, diabetes, chronic kidney disease and sepsis [3,4,6,8,39]. Masking these selectins with
antibodies or peptides to prevent platelet binding presents a possible avenue of treatment [28-30].
We sought to develop and test multiple variants of a GAG derived, selectin-binding anti-adhesive
coating (termed EC-SEAL) utilizing selectin-binding peptides to bind to an inflamed endothelial
surface. We demonstrate the ability to successfully synthesize variants ranging from 2 to 30 peptides
per dermatan sulfate molecule that bind to E-selectin and cells expressing selectins, and prevent
platelet binding and activation in a dose-dependent manner. Additionally, we present evidence that
the lead variant reduces thrombus size in vivo while exhibiting minimal effects on clotting time.

In order to examine the binding of EC-SEAL variants to vascular cells, we first established that
selectin was present on the cell surfaces. As shown in Figure 1 and Supplementary Figures S1 and S2,
ECs (which express both E and P-selectin) did not increase selectin levels following TNF-« stimulation
or any other proinflammatory stimulants used. Although not anticipated because it has been shown
previously that adding TNF-« to human aortic ECs leads to an increase in E-selectin expression 3-6 h
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after stimulation [40—42], there is also evidence that many different factors including number of cell
passages, seeding density, certain growth factors present in media, and even the culture substrate can
lead to increased basal levels of adhesion molecules on cultured ECs [43—46]. It is also possible that
the rinsing and manipulation of the live ECs throughout the experiments contributed to the observed
basal selectin expression. The presence of selectins on the EC surface in the unstimulated cultures,
the lack of response to multiple proinflammatory cytokines (TNF-«, LPS, IL-18 and IL-6), and the
inability to form intact monolayers (Supplementary Figure S3), all suggest that the EC cultures were
in a constitutively activated state. SMCs, known to express P-selectin [35,36], but not E-selectin [37],
demonstrated P-selectin cross-reactivity with the anti-E-selectin antibody.

The selectin-expressing cells were then used to test and compare EC-SEAL variant binding. Both
the type and number of peptides attached to the DS backbone had a significant impact on binding
affinity (Figures 2 and 3). There was no difference in binding to unstimulated ECs or ECs stimulated
with TNF-« for any EC-SEAL variant, which is consistent with the selectin expression data discussed
previously. Although nearly all variants had a higher binding affinity to ECs, they also adhered to
SMCs, presumably through P-selectin. Prior studies on IDL and IEL peptides indeed indicated binding
to both E and P-selectin [31]. QIT was previously shown to have a significantly higher preference for
E-selectin over P-selectin [47], but in our hands the binding observed in the DS-QITy variants was
primarily due to nonspecific interactions as indicated by the (relatively) high level of binding with no
cells present compared to both SMCs and ECs (Figure 2). IEL was selected as the peptide to examine
further due to its increased binding to ECs and reduced nonspecific interactions when no cells were
present. This is consistent with a previous study that showed IEL had a higher binding affinity to
E-selectin expressing bacteria than IDL [31]. Importantly, all DS-IELy variants showed increased levels
of binding compared to only DS, which as a native glycocalyx component will interact with the EC
surface, indicating the benefit of the selectin-binding peptides. The apparent ability to bind to both E
and P-selectin is also viewed as advantageous as it may allow for more complete coverage of: (1) ECs
expressing both E and P-selectin; and (2) SMCs expressing P-selectin should they become exposed
following EC injury or denudation.

DS-IELyo was originally chosen for platelet binding and activation testing given that it possessed
the greatest number of selectin-binding peptides among the highest binding group of DS-IEL variants
(Figure 3.) However, using NAP-2 and PF-4 as platelet activation markers, DS-IEL;( did not reduce
platelet activation at any treatment concentration compared to untreated controls (Figure 4). DS-IEL3
was also studied because the high density of selectin-binding peptide per backbone presented the
possibility that some peptide would not be bound to the endothelial cell surface and might in fact
bind to P-selectin on platelets and increase platelet binding. Importantly, there was no evidence for
platelet-peptide interactions in these studies; in fact, DS-IEL3 showed a dose-dependent response in
reducing platelet activation compared to untreated controls (Figure 5). Additionally, 30 uM DS-IEL3,
proved to be an extremely effective dose even when compared to equivalent amounts of its individual
components (30 uM DS Only and 0.9 mM Free IEL Peptide). We believe that the apparent discrepancy
between the binding studies (where DS-IEL;o was believed to be best) and platelet activation results
(where DS-IEL3) was most effective) lies in how the binding was quantified. Since each DS backbone
has one biotinylated peptide, the streptavidin-HRP assay will quantify each DS molecule attached
regardless of the number of selectin-binding peptides bound to the surface. Therefore, despite DS-IEL;g
showing a slightly more than two-fold increase in number of molecules bound compared to DS-IEL3,
there are three times the number of selectin-binding peptides on each molecule of DS-IEL3, resulting
in a higher number of peptides available to bind to the cell surface and block interaction with platelets.
Furthermore, increasing the number of peptides per molecule appeared to decrease nonspecific
interactions (Figures 2 and 3) and therefore, more of the molecules likely reached and bound to their
targeted site. This suggests that despite fewer molecules present, the higher local peptide density of
DS-IEL3 supports more efficient binding to the EC surface to prevent platelet binding and activation.
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The ability of DS-IEL3y to preferentially bind to recombinant human E-selectin over BSA
was observed by incubating a single concentration of DS-IEL3, on plates coated with increasing
concentrations of E-selectin. DS-IEL3p binding increased with initial increases in E-selectin
concentration, but dropped off at a certain point, only to increase again upon a further increase
in E-selectin concentration (Figure 7). Interestingly, anti-E-selectin antibodies exhibited a similar
binding trend, although at different concentrations of E-selectin (Figure 8). We hypothesize that these
binding characteristics are due to a potential selectin conformational change that is dependent upon
concentration of both receptor (E-selectin) and ligand (DS-IEL3( or antibody) and their respective
binding affinities. Ligand binding itself is known to cause conformational changes at the binding
site [48,49], including that of E-selectin [50,51]. It is also possible that the concentration of E-selectin
protein coated on the plate’s surface influences the orientation in which the protein adsorbs and
therefore, the exposure (or lack thereof) of ligand binding sites. Given that DS-IEL3 and anti-E-selectin
antibody may have different binding sites and affinities to E-selectin, it is not surprising that the drop
off and subsequent rise in binding occur at different concentrations of plated E-selectin protein.

Given the vast number of vascular disease states associated with endothelial dysfunction, animal
models in this area are wide-ranging. The utilization of mouse models has proven to be an extremely
useful tool allowing for the study of underlying mechanisms and initial screenings of therapeutics [52].
Thus, we employed a mouse model of deep vein thrombosis mediated endothelial dysfunction to
observe the anti-thrombotic effects of EC-SEAL in vivo. This inferior vena cava (IVC) partial ligation
model provides valuable information regarding vessel wall-blood interactions during thrombus
formation and has been used previously to evaluate therapeutic agents [52,53]. Study results, obtained
via ultrasound imaging, indicate that DS-IELg significantly decreases thrombus formation at six
hours following IVC partial ligation (Figure 10) and highlight the potential for DS-IEL3y to act
locally following systemic administration. It is believed that these therapeutic effects are due to
DS-IEL3p binding to the vessel wall and subsequently preventing platelet binding and not through
direct anticoagulant properties. Dermatan sulfate from porcine origin (which is the type used for
EC-SEAL synthesis) has been shown to have very minimal anticoagulant properties depending on
the concentration [54]. By measuring aPTT of whole blood that had been incubated with varying
concentrations of both heparin and DS-IEL3j, we have confirmed the minimal effect of DS-IEL3p on
clotting time (Figure 11). Therefore, EC-SEAL has the potential to be utilized as a treatment for DVT
without the negative side effects of current standard of care anticoagulant therapies such as heparin.

Since DS-IEL3q proved to be the most eftective EC-SEAL variant and no variants were synthesized
with greater than 30 peptides per DS molecule, it is possible that further increases to the number of
peptides per molecule may be beneficial. Previous work has shown, however, that excessive oxidation
of GAGs can lead to chain scission [55,56], so a balance between number of selectin-binding peptides
and DS backbone integrity will need to be considered. It is also possible that targeting additional
EC adhesion molecules, such as ICAM-1 or VCAM-1, may further increase binding and therapeutic
effect. Future studies on DS-IEL3y and any additional EC-SEAL variants can focus on prevention of
leukocyte binding and subsequent diapedesis. Additional experiments further assessing the specificity
of EC-SEAL binding as well as observing the binding characteristics of EC-SEAL over time and under
flow conditions to account for shear forces would be valuable.

4. Materials and Methods

4.1. GAG Dervied, Selectin Targeting Anti-Adhesive Coating (EC-SEAL) Synthesis

The synthesis of the GAG derived, selectin targeting anti-adhesive coating variants (Scheme 1)
was performed at room temperature as follows: vicinal diol groups on dermatan sulfate (DS, MW,y
46,275 Da, Celsus Laboratories, Cincinnati, OH, USA) were oxidized to aldehydes using sodium
meta-periodate (Thermo Fisher Scientific, Waltham, MA, USA) in 0.1 M acetate buffer. The ratio
of DS to sodium meta-periodate varied depending on the desired degree of oxidation. Following
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oxidation, the modified DS was isolated via size exclusion chromatography (SEC) (AKTA Purifier
FPLC, GE Healthcare). An excess of N-[3-maleimidopropionic acid] hydrazide, trifluoroacetic acid salt
(BMPH, Thermo Fisher Scientific), was then conjugated via the hydrazide to the DS aldehyde groups
in 1x phosphate buffered saline (PBS, 1.05 mM KH,POy, 155.17 mM NaCl, 2.97 Na,HPO4-7H,0O;
pH 7.4, Thermo Fisher Scientific) to form DS-BMPH,. Unbound BMPH was removed via SEC and
quantified by calculating the area under the peak to determine the average number (x) of BMPH
molecules bound to each DS backbone. Next, biotinylated peptide was added at a 1:1 molar ratio of
DS:biotinylated peptide in 1x PBS to conjugate an average of one biotinylated peptide per molecule
of DS, and then an excess of one of three selectin-binding peptides (Genscript, Piscataway, NJ, USA)
was conjugated via the cysteine thiol to the maleimide groups on DS-BMPHy in 1x PBS. The three
peptide sequences used were as follows: IDLMQARGC (IDL) [31], IELLQARGC (IEL) [31,32,34,57],
and QITWAQLWNMMKGC (QIT) [47]. After the peptide reaction was complete, semicarbazide
hydrochloride (Sigma-Aldrich, St. Louis, MO, USA) was added directly to the solution to reduce any
unreacted aldehyde groups. Subsequent SEC isolation and lyophilization resulted in the purified
sixteen variants containing from one to thirty peptides per DS backbone of DS-BMPHx-Peptidey piotin
(hereby simply referred to in the form of DS-Peptidey, ex: DS-IELyy).
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Scheme 1. GAG-derived, selectin targeting anti-adhesive coating (EC-SEAL) synthesis.

4.2. Cell Cultures

Human aortic endothelial cells (ECs, Thermo Fisher Scientific) were cultured in Medium 200
(M 200, Thermo Fisher Scientific) with low serum growth supplement (LSGS, Thermo Fisher Scientific).
Human coronary artery smooth muscle cells (SMCs, Thermo Fisher Scientific) were cultured in Medium
231 (M 231, Thermo Fisher Scientific) with smooth muscle growth supplement (SMGS, Thermo Fisher
Scientific). Cells were maintained at 37 °C and 5% CO,. Unless otherwise noted, passage 3-7 cells
were seeded at a density of 1 x 10° cells/cm? on tissue culture polystyrene and allowed to adhere for
24 h prior to any stimulation or treatment.

4.3. Selectin Expression

Monolayers of SMCs and ECs were seeded separately on Biocoat Collagen I Cellware 96-well
plates (Corning, Corning, NY, USA). ECs were stimulated for four hours with 0.05-50 ng/mL
tumor necrosis factor-« (TNF-«, Thermo Fisher Scientific), 10-100 ng/mL interleukin-1$ (IL-1f,
PeproTech, Rocky Hill, NJ, USA), 10-100 ng/mL interleukin-6 (IL-6, PeproTech), 10-100 ng/mL
lipopolysaccharide (LPS, Sigma-Aldrich) or control (unstimulated) media. SMCs were cultured with
only control (unstimulated) media. To block nonspecific binding, cells were treated with 1% bovine
serum albumin (BSA, Sigma-Aldrich) in 0.05 M tris-buffered saline (TBS, 0.138 M NaCl, 0.0027 M
KCl; pH 8.0, Sigma-Aldrich) for 30 min at room temperature with shaking. Primary rabbit polyclonal
anti-E-selectin IgG (Santa Cruz Biotechnology, Dallas, TX, USA) or mouse monoclonal anti-E-selectin
IgGy, (Santa Cruz Biotechnology) antibody was added (1:50 dilution of initial 200 pg/mL in 1% BSA
in TBS) for one hour at 4 °C with shaking. Cells were rinsed three times with 1% BSA in TBS and
secondary donkey anti-rabbit IgG HRP-conjugated (Thermo Fisher Scientific) or goat anti-mouse IgG
HRP-conjugated (Thermo Fisher Scientific) antibody was added (1:1000 dilution of initial 0.5 mg/mL
in 1% BSA in TBS) for 30 min at room temperature with shaking. Cells were rinsed three times with 1%
BSA in TBS and colorimetric change was induced with 1:1 hydrogen peroxide: tetramethylbenzidine
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(R&D Systems, Minneapolis, MN, USA). Following 20 min of incubation with shaking, 2N sulfuric
acid was added to cease the reaction and absorbance was measured at 450 nm and 540 nm using a
SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA, USA). For each individual well,
540 nm was subtracted from 450 nm to obtain final absorbance reading.

4.4. EC Monolayer Permeability

ECs were seeded in control (unstimulated) media on tissue culture treated Transwell polyester
membrane inserts with 3.0 um pores on a 24-well plate (Corning) and cultured for 48 h to form
monolayers. Cell culture media in both the upper and lower chambers was then changed with fresh,
unstimulated media, and Rhodamine B isothiocyanate (RITC)-dextran (Sigma-Aldrich) was added to
obtain a final concentration of 3 mg/mL in the upper chamber. The monolayers were incubated at 37 °C
and 5% CO, for four hours, then the media in the lower chamber was removed and fluorescence was
read using an M5 plate reader (Ex: 520 nm; Em: 590 nm).

4.5. EC-SEAL Binding to Cells

Monolayers of SMCs and ECs were seeded separately on Biocoat Collagen I Cellware 96-well
plates or CellBIND surface 96-well plates (Corning). ECs were stimulated for four hours with 5 ng/mL
TNF-« or control (unstimulated) media, and SMCs were treated with only control (unstimulated)
media. Nonspecific binding was blocked using 1% BSA in TBS with 150 mM CaCl, for 20 min at
room temperature with shaking. Cells were then treated with EC-SEAL variants (3 uM in 1% BSA in
TBS with 150 mM CaCl,) for one hour at 37 °C and 5% CO,. After rinsing three times with 1% BSA
in TBS with 150 mM CaCly, streptavidin-HRP (R&D Systems) was diluted 1:200 in 1% BSA in TBS
with 150 mM CaCl, and added for 20 min at room temperature with shaking. After three more rinses
in TBS with 150 mM CaCl,, a 1:1 hydrogen peroxide: tetramethylbenzidine solution was added to
induce colorimetric change. After 20 min of incubation with shaking, 2N sulfuric acid was used to
stop the reaction and an M5 plate reader was utilized to measure absorbance at 450 nm and 540 nm as
described above.

4.6. Platelet Activation

EC monolayers were seeded on Biocoat Collagen I Cellware 96-well plates and stimulated with
5 ng/mL TNF-« for four hours. One-percent BSA in TBS with 150 mM CaCl, was added for 15 min
at room temperature to decrease nonspecific binding. ECs were then treated with 3-30 uM EC-SEAL
variants for 1 h at 37 °C and 5% CO,. Whole blood was obtained from healthy volunteers in collection
vials containing sodium citrate and centrifuged for 20 min at 200 x g and 25 °C. Platelet rich plasma
(PRP) was isolated and after EC-SEAL treatments, ECs were rinsed three times with TBS with 150 mM
CaCly and 100 pL of PRP was added to each well. After 1 h of incubation at room temperature, 45 puL of
PRP was then removed and added to tubes containing 5 uL of ETP (107 mM Ethylenediaminetetraacetic
acid, disodium salt (EDTA, Promega, Madison, WI, USA), 12 mM Theophylline (Sigma-Aldrich) and
2.8 mM Prostaglandin E1 (Enzo Life Sciences, Farmingdale, NY, USA) in water). Samples were then
centrifuged for 30 min at 2000 x g and 4 °C and supernatant was collected and stored at —80 °C for
use in subsequent assays.

4.7. NAP-2 and PF-4 ELISA

To quantify platelet activation, neutrophil activating peptide-2 (NAP-2) and platelet factor-4 (PF-4)
levels in PRP collected from platelet activation experiments were measured utilizing sandwich ELISAs.
Mouse monoclonal anti-hNAP-2 IgG and anti-hPF-4 IgG,p capture antibodies (R&D Systems) were
coated on 96-well EIA /RIA high binding plates (Corning) at 2 pg/mL in 1 x phosphate buffered saline
(PBS) and incubated at 4 °C overnight. After rinsing three times with 1x PBS + 0.05% Tween and
blocking with 1% BSA in 1x PBS for 1 h at room temperature with shaking, previously collected PRP
samples were thawed, diluted 1:10,000 in 1% BSA in 1x PBS and added for 2 h at room temperature
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with shaking. Samples were removed, wells were triple rinsed with 1x PBS + 0.05% Tween and
biotinylated polyclonal goat anti-hNAP-2 IgG and anti-hPF-4 IgG detection antibodies (R&D Systems)
were added at 0.2 ug/mL in 1x PBS for 2 h at room temperature with shaking. After three rinses in 1x
PBS + 0.05% Tween, streptavidin-HRP (diluted 1:200 in 1% BSA in 1x PBS) was added and detected as
described above.

4.8. Platelet Binding

EC monolayers were seeded on CellBIND surface 96-well plates and stimulated with 5 ng/mL
TNF-« for four hours to create a proinflammatory environment. CellTracker Green CMFDA
(5-chloromethylfluorescein diacetate) (Thermo Fisher Scientific) was dissolved in dimethyl sulfoxide
(DMSO), diluted in EC media and added to ECs for 20 min at 37 °C and 5% CO,. Cells were then
rinsed three times in TBS with 150 mM CaCl, and 1% BSA in TBS with 150 mM CaCl, was added
to ECs for 10 min at room temperature to decrease nonspecific binding. ECs were then treated with
30 uM EC-SEAL variants for 1 h at 37 °C and 5% CO,. PRP was isolated from human whole blood
as described above and labeled with CellTracker Orange CMRA (Thermo Fisher Scientific) (which
was previously dissolved in DMSO) for 25 min at 37 °C and 5% CO,. Platelets were then pelleted via
centrifugation for 10 min at 900x g and 25 °C, supernatant was removed and remaining platelets were
suspended in EC media. Following EC-SEAL treatments and rinsing three times in TBS with 150 mM
CaCly, labeled platelets in EC media were added to ECs for 1 h at 37 °C and 5% CO,. After incubation,
media was removed and the cells were rinsed in TBS with 150 mM CaCl, and then fixed with 3%
paraformaldehyde for 20 min at room temperature. Three final rinses with TBS with 150 mM CaCl,
were performed and cells were imaged using a Leica DMI6000 B microscope with EL6000 external light
source (Leica Microsystems, Wetzler, Germany) and CoolSNAP HQ? camera (Photometrics, Tucson,
AZ, USA). Leica application suite (LAS) AF6000 software (Leica Microsystems) was utilized for image
acquisition. Excitation/emission spectra used were 460-500 nm/512-542 nm for ECs (green) and
540-552 nm /580-620 nm for platelets (orange). Contrast and brightness editing of acquired images
was accomplished using the program Image] (National Institutes of Health, Bethesda, MD, USA) and
identical settings were applied to all images.

4.9. EC-SEAL Binding (Selectin Protein)

Recombinant human E-selectin (PeproTech) was dissolved in water and added to a 96-well
EIA/RIA high binding plate at 0.1-100 ug/mL. Following overnight incubation at 4 °C, the plate was
rinsed three times with TBS with 150 mM CaCl, and blocked with 1% BSA in TBS with 150 mM CaCl,
for 1 h at room temperature with shaking. The plate was then rinsed three more times with TBS with
150 mM CaCl,. In experiments observing EC-SEAL binding, 3 uM EC-SEAL (in 1%BSA in TBS with
150 mM CaCl,) was added for 1 h at room temperature with shaking. Following three rinses with
TBS with 150 mM CaCly, streptavidin-HRP (1:200 in 1% BSA in TBS with 150 mM CaCl,) was added
for 20 min at room temperature with shaking. For experiments observing antibody binding, primary
mouse monoclonal anti-E-selectin IgG,, antibody was added (1:50 dilution of initial 200 ug/mL in 1%
BSA in TBS) for two hours at room temperature with shaking. Following three rinses with TBS with
150 mM CaCl,, secondary goat anti-mouse IgG HRP-conjugated antibody was added (1:1000 dilution
of initial 0.5 mg/mL in 1% BSA in TBS) for 1 h at room temperature with shaking. HRP activity was
detected as described above.

4.10. DVT Mouse Model

Ten-week-old C57BL/6 male mice (average weight: 26.4 g) were utilized in a model of
surgically-induced deep vein thrombosis (DVT). All animals used in this study were obtained from
Jackson Laboratory (Bar Harbor, ME) and fed standard chow diet. A well-established model of DVT
caused by a significant inferior vena cava (IVC) flow restriction was utilized following a protocol
(1505001247) approved by the institutional animal care and use committee at Purdue University. Mice
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were anesthetized using 1%-3% isoflurane and oxygen at a flow rate of 225 mL/min [58]; toe pinch was
be used to determine sufficient anesthetic induction. Buprenorphine (0.03 mg/mL) was subcutaneously
injected near the incision site at 0.05 mg/kg for pain management. Using aseptic technique, a small
incision was made in the abdomen and the entrails were carefully exteriorized onto a sterile saline
soaked gauze pad to prevent desiccation. The skin and organs were further retracted to fully expose
the IVC, its branching vessels, and the infrarenal aorta. The aorta was then carefully separated from
the IVC directly below the left renal vein. In an attempt to ligate all side and back branching vessels of
the IVC, 6-0 black silk-braided sutures and a low power cautery pen (Bovie Medical, Purchase, NY,
USA) were used, respectively. To achieve flow restriction, the proximal region of the IVC below the left
renal vein was partially ligated by placing a 30-guage needle adjacent to the IVC and then tying a 6-0
black silk-braided suture around both the IVC and needle. The needle was then removed, resulting
in an approximate 90% reduction in flow through the vessel. The muscle and skin layer were closed
using 5-0 polypropylene sutures. A syringe with a 30-gauge needle was utilized to inject 100 pL of
30 uM EC-SEAL (n = 4), 200 IU /kg heparin (1 = 6), or saline (n = 6) via tail vein. Tail vein injections
were made approximately 10 min post-partial ligation of the IVC.

4.11. Ultrasound Imaging

Mice were anesthetized using 2%-3% isoflurane in 1.5 L/min oxygen. Cardiac and respiration
rates were noninvasively monitored using gold-plated stage electrodes as part of the Vevo imaging
station (FUJIFILM VisualSonics Inc., Toronto, ON, Canada). The mice were placed in a supine
position on heated animal stage and the temperature was monitored using a rectal probe such that
animals remained near 37°C. Depilatory cream was applied to remove hair on the abdomen prior
to imaging, and warm ultrasound gel was applied on the skin to the entire abdomen just below
the xiphoid process. IVC images were obtained using a Vevo2100 ultrasound imaging system with
MS550D (40 MHz center frequency) and MS700 (50 MHz center frequency) transducers (FUJIFILM
VisualSonics). The transducers were locked in the adjustable arm of the Vevo integrated rail system
(FUJIFILM VisualSonics) for consistent image collection. In order to prevent distortion of the IVC,
minimal pressure was applied to the abdomen to maintain original diameter of the vessel. The walls
of the IVC were visualized with both long and short axes views. The angle of the stage was adjusted
to optimize the view of the IVC and to minimize artifacts due to air and gas. Long and short axis
B-mode images of the IVC were acquired at baseline (pre-operation) and at 6 h post-ligation of the IVC.
Color Doppler images were used to assess blood flow through the IVC and branching vessels, and 3D
scans of sequential slices were used to obtain vessel volumes as described previously [59,60] . Suture
placement and the bifurcation of the IVC were used as landmarks to ensure consistent measurements
between mice.

4.12. Ultrasound Image Analysis

All vessel measurements were made by the same ultrasonographer using Vevo LAB software
(FUJIFILM VisualSonics). Thrombus length and volume and vessel volume were calculated using
both the long axis and short axis ultrasound images. To determine the location of the thrombus,
Color Doppler flow and B-mode images were utilized to visualize blood flow. The thrombus was
also visualized as a hyperechoic region within the vessel lumen. Thrombus length was determined
from the suture (point of IVC partial ligation) to the farthest point of thrombus and was calculated
using an average of five measurements per image. The length of the thrombus in the 3D scans was
compared to the length of thrombus in the long axis B-mode to ensure agreement. Thrombus volume
was calculated by lofting together individual 2D segmentations from the first hyperechoic region in
the lumen to the suture (where the lumen signal changed from hyperechoic to hypoechoic). Total
IVC vessel volume was obtained using these same volumetric images and was measured from the
suture to the IVC bifurcation. Percentage of IVC occlusion was obtained by determining the amount of
thrombus volume within the total volume of the vessel.
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4.13. Clotting Time (aPTT)

Activated partial thromboplastin time (aPTT) was measured using a Hemochron® Response
(Accriva Diagnostics, San Diego, CA, USA) with associated reagents. The protocol was run according
to manufacturer’s instructions. Briefly, whole blood was obtained from healthy volunteers in sodium
citrate collection vials and 2 mL was added to the Hemochron® aPTT (citrated blood) test tube.
One hundred microliters of saline, heparin or EC-SEAL was then added (final concentrations:
3.75-15 pug/mL heparin; 13-128 ug/mL EC-SEAL), and the test tube was shaken vigorously ten
times from end-to-end. The test tube was then placed into the Hemochron® Response device and
clotting time was recorded at completion.

4.14. Statistics

Unless otherwise noted, all experiments were performed in triplicate or quadruplicate (n > 2)
and results are presented as mean + standard deviation. Statistical analysis was performed using
GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA, USA). All results were analyzed
using ANOVA with post-hoc Tukey test. Statistical significance threshold was set at p < 0.05.

5. Conclusions

Here, we present the development of a novel GAG derived, selectin targeting anti-adhesive
coating (termed EC-SEAL) consisting of a dermatan sulfate backbone with multiple selectin-binding
peptides designed to treat EC dysfunction. We demonstrated the ability of different EC-SEAL variants
to successfully bind to selectin-expressing vascular ECs and SMCs. The most effective variants were
examined further and DS-IEL3y was shown to preferentially bind to selectin protein and inhibit platelet
binding and activation on inflamed EC surfaces. Additionally, DS-IEL3j reduced thrombus size in vivo
in a DVT mouse model while exhibiting a minimal effect on clotting time. Thus, by binding to
and pacifying the surface of inflamed endothelium, EC-SEAL has the potential to be utilized as a
therapeutic in multiple diseases associated with endothelial dysfunction.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/10/2/36/51,
Figure S1: Selectin expression on ECs when stimulated with varying concentrations of TNF-«, Figure S2: Selectin
expression on ECs when stimulated with varying concentrations of IL-1f, IL-6 and LPS, Figure S3: EC monolayer
permeability in unstimulated conditions.
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Abstract: Glycosaminoglycans (GAGs), which are covalently-linked membrane proteins at the cell
surface have recently been suggested to involve in not only endocytic cellular uptake but also
non-endocytic direct cell membrane translocation of arginine-rich cell-penetrating peptides (CPPs).
However, in-situ comprehensive observation and the quantitative analysis of the direct membrane
translocation processes are challenging, and the mechanism therefore remains still unresolved. In
this work, real-time in-cell NMR spectroscopy was applied to investigate the direct membrane
translocation of octaarginine (R8) into living cells. By introducing 4-trifluoromethyl-L-phenylalanine
to the N terminus of R8, the non-endocytic membrane translocation of 19F-labeled R8 (1F-R8) into a
human myeloid leukemia cell line was observed at 4 °C with a time resolution in the order of minutes.
19F NMR successfully detected real-time R8 translocation: the binding to anionic GAGs at the cell
surface, followed by the penetration into the cell membrane, and the entry into cytosol across the
membrane. The NMR concentration analysis enabled quantification of how much of R8 was staying
in the respective translocation processes with time in situ. Taken together, our in-cell NMR results
provide the physicochemical rationale for spontaneous penetration of CPPs in cell membranes.

Keywords: glycosaminoglycan; heparin; cell penetrating peptide; octaarginine; non-endocytic
membrane translocation; in-cell nuclear magnetic resonance spectroscopy

1. Introduction

Drug delivery using cell-penetrating peptides (CPPs) is one of the most powerful strategies to
resolve the poor cell membrane permeability of new bioactive molecules such as oligonucleotides,
plasmids, peptides and proteins for therapeutic pharmaceuticals [1]. Arginine- or lysine-rich CPPs can
deliver such cargoes into cells in vitro and in vivo [2—4]. Although the endocytic pathway has been
thought to be significant [5], more than 90% of the delivered cargo become biologically inactive because
of lysosomal degradation [6]. CPPs also traverse cell membrane via the non-endocytic pathway at
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high concentrations, > ~5-10 uM [7,8]. This process is often named as direct membrane translocation
or transduction. The mechanism is essentially a physicochemical, energy-independent process in
which no receptors are required [9]. Although the direct membrane translocation is an alternative to
endocytosis in order to avoid the lysosomal degradation, how cationic CPPs traverse hydrophobic cell
membranes is still controversial [10].

As a first step of membrane translocation, cationic CPPs are thought to interact with negatively
charged, sulfated glycosaminoglycans (GAGs) such as heparan sulfate and chondroitin sulfate which
are covalently linked to membrane proteins at the cell surface [11-14]. The GAG clustering is
induced via the electrostatic interaction with CPP, followed by the actin rearrangement that leads
to endocytosis [15,16]. On the other hand, the GAG clustering also triggers the direct membrane
translocation of CPPs at high CPP concentrations (> 5 uM) [17]. Although CPPs bind to and translocate
into GAG-deficient cells and enzymatically GAG-removed cells [12,13,18,19], we have recently reported
that the efficiency of the direct membrane translocation of arginine-rich CPPs is correlated with the
favorable enthalpy of binding to heparin, of which the binding could be derived from formation of
multidentate hydrogen bonding of the arginine residue with sulfate group of heparin [20]. In addition,
the previous study has demonstrated that the direct membrane translocation of arginine-rich peptides
including octaarginine (R8) is markedly reduced by the chlorate treatment, which prevents sulfation
of both heparan sulfate and chondroitin sulfate chains [20]. Based on these facts, the non-endocytic
membrane translocation of arginine-rich CPPs would follow three distinct steps: (1) binding to sulfated
GAGs at the cell surface; (2) translocation into cells over potential barrier of the hydrophobic cell
membrane; and (3) diffusion through the cytosol. However, in situ comprehensive observation and
quantitative analysis of the non-endocytic membrane translocation processes are challenging, and the
mechanism therefore remains still unsolved [10].

So far, almost all membrane translocation studies have relied upon the fluorescent labeling of CPPs
or delivered cargo. Despite the high sensitivity, fluorophores are likely to strengthen the interaction of
CPPs with lipid membrane [16,21], induce photodamage of lipid bilayer membranes [22], facilitate the
uptake into the cell [23], modify the cellular distribution of the CPP [24,25], and change the structural
flexibility and conformation of CPP [26]. Recently, an innovative MALDI TOF-MS quantification was
reported by using biotin-avidin interaction [27-29]. Although the biotinylated CPP at as low as a
femtomole scale has been quantified after the incubation with cells, the method has not been able to
catch the real-time processes of CPP’s translocation into cells. Recently- developed real-time NMR
spectroscopy [30] is a potential technique for the observation of biologically-relevant functions in a
natural manner.

In this work, the real-time solution NMR method is applied to natural living cells to investigate
the mechanism for non-endocytic membrane translocation of cell-permeable octaarginine (R8).
By introducing 4-trifluoromethyl-L-phenylalanine (4CF3-Phe) to the N terminus of RS, the direct
membrane translocation of “F-labeled R8 (*°F-R8) into a human myeloid leukemia cell line (HL60) is
observed by 19F NMR with a time resolution at a minute scale. 1°F NMR is advantageous because it is
sensitive and no background is present in the cell. The small size, large chemical shift range, and 100%
natural isotope abundance of the °F nucleus have made the use of 1F-labeled peptides and proteins
an attractive method for biologically-relevant NMR studies [31,32]. Labeling of R8 with 4CF3-Phe
is found to be an effective method to detect peptide uptake to cells with minimal perturbation [23].
In addition, 1°F NMR spectroscopy enables us to make a quantitative (concentration) analysis relevant
to the molecular dynamics of biological interest without perturbing the system [33-36]. Here we
observe the direct membrane translocation of 1°F-R8 at 4 °C, the temperature low enough to assure
no endocytic pathway of the cellular uptake [37]. The method can detect the successive processes of
19F_R8 translocation: (1) F-R8 binds to GAG at the cell surface; (2) penetrates into the cell membrane;
and (3) finally enters the cytosol through the membrane. In addition, F NMR concentration analysis
quantifies how much of 19F-R8 is in the processes (1)—(3) with time. The information is valuable
because the analysis of time-resolved drug transport has been limited to the uptake of a small drug-like
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ion via the Escherichia coli membrane by using second harmonic generation [38]. We also confirm the
19F-R8 uptake to the cytosol of HL60 cells using cell fractionation after equilibrium was attained in
the real-time NMR measurement. Finally, the most plausible mechanism of the non-endocytic F-R8
entry into the cell is discussed.

2. Results

2.1. Real-Time In-Cell ’F NMR Spectra

To capture the real-time process of non-endocytic membrane translocation of 1°F-R8, the solution
19F NMR measurement was performed at 4 °C with a time resolution at a minute scale. In order to
confirm no contribution of endocytosis at 4 °C, the comparative measurement was also performed at
37 °C. Figure 1a,b shows the real-time °F NMR spectra of 1°F-R8 before (0 min) and after the addition
to HL60 cells at 4 and 37 °C, respectively. At 4 °C (Figure 1a), a signal is observed at —62.20 ppm,
that is assignable to the F nuclei of 4CF3-Phe at the N terminus of R8. The assignment is confirmed
by Figure S1 where signals of 4CF3-Phe at —62 ppm and trifluoroacetate (TFA) counter anions at
—76 ppm are present with an intensity ratio (4CF3-Phe/TFA) of 1:8. At 37 °C, the 1°F-R8 signal was
shifted to —61.66 ppm (Figure 1b). In addition, a new peak was observed at —61.84 ppm after 10 min,
and gradually increased with time. The increase of the peak at —61.84 ppm was coupled with a gradual
decrease in the original signal at —61.66 ppm. The appearance of a new peak with the disappearance
of the original one is due to the presence of cells because such kind of signal changes is not observed
in the absence of cells at 37 °C (spectra not shown). Thus the new peak observed at 37 °C is thought to
be the result of endocytosis involving peptide degradation [39]. Since such kind of spectral change is
not found in Figure 1a, it is reasonable to consider that no endocytosis occurs at 4 °C. The absence of
endocytosis at 4 °C is also consistent with the previous results of cell-penetrating peptides [8,9].

0 min ‘ ‘ 0 min

T
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Figure 1. Real-time 1°F NMR spectra of 9F-labeled R8 (1°F-R8) after addition to HL60 cells at (a) 4 and
(b) 37 °C. The number attached to each spectrum indicates the passage of time before (0 min) and after
the addition to cells (in min unit). The 'F-R8 concentrations and pH values are (a) 80 uM at pH 7.4 and
(b) 150 uM at pH 7.3, respectively. At 37 °C (b), a new peak is observed at —61.84 ppm after 10 min,
and gradually increased with time. The increase of the peak at —61.84 ppm is coupled with a gradual
decrease in the original signal of 1°F-R8 at —61.66 ppm. Notice that such kind of signal change is not
observed at 4 °C (a).
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Figure 2a shows an expansion of the real-time 1°F NMR spectra of °F-R8 at 4 °C in PBS (0 min)
and 4, 6, 8, 10, 12, 14 and 16 min after the addition to HL60 cells. In comparison to the spectrum
in PBS (0 min), the signal is broadened due to the appearance of new component (red arrow) at the
low magnetic field within the first 4 min after 1°F-R8 was incubated with cells. We call it state 1.
After 6 min, the signal comes back to the high field and becomes sharper (state II). This is because the
low field component gradually decreases in intensity during the period from 4 to 6 min. After 8 min,
however, the peak top of the signal slightly moves to the lower field again (state IIT). No further
change is observed in the 1°F-R8 signal after 10 min and later, indicating that the system reaches an
equilibrium state.
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Figure 2. Real-time in-cell F NMR spectra of 1°F-R8 and 1°F-T6 at 4 °C. (a) An expansion of the typical
19F NMR spectra of 80 uM '?F-R8 (Figure 1a) in PBS (0 min), and 4, 6, 8, 10, 12, 14 and 16 min after the
addition to HL60 cells at 4 °C. The peak top of °F-R8 in the absence of cells (0 min) is designated by
blue dotted line. The red arrow indicates a new component observed at the first step after addition to
cells. (b) The difference spectra obtained by subtracting the spectrum of 1F-R8 in PBS (0 min) from
the respective spectra of Figure 2a in the presence of HL60 cells. Note that the top spectrum (Free)
in Figure 2b is the F NMR spectrum of 1°F-R8 in PBS (0 min). Four components of °F-R8 in cell
outside (Free), bound to glycosaminoglycan (GAG), bound to cell membrane (Membrane), and in
cytosol (Cytosol, *) are designated by the dotted lines in blue, black, green, and red, respectively.
For comparison, the real-time in-cell ’F NMR (c) and the difference spectra (d) of 100 uM °F-T6 in PBS
(0 min), and at 4, 8, and 16 min after the addition to HL60 cells are also shown. The upper spectrum in
(d) represents 'F-T6 in PBS (0 min).
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As mentioned above, the time-dependent spectral changes in Figure 2a imply that at least three
different states I-IT of 1°F-R8 are present after the addition to HL60 cells. We repeated in-cell NMR
measurement three times, and confirmed such states every time of the measurement. To distinguish
states I, I, and III clearly, it is convenient to see the difference spectrum. The difference spectrum
analysis is useful in the present study because the integral intensity of 1°F-R8 is conserved all the time
(see Supplementary Materials Figure S2); notice that no degradation of 1?F-R8 is induced at 4 °C by the
presence of HL60 cells. By subtracting the spectrum of °F-R8 in PBS (0 min) from each spectrum after
4,6,8,10,12, 14 and 16 min with cells, we can obtain the difference spectra as illustrated in Figure 2b.

The time course of the difference spectra shows that probably three components of 1°F-R8 are
present after 1F-R8 is added to HL cells, in addition to the free component at —62.20 ppm. At first,
two peaks are observed at —62.19 and —62.21 ppm after 4 min. These peaks can be assigned to '°F-R8
bound to GAG (GAG in Figure 2b) and 19F_R8 that interacts with the cell membrane (Membrane).
Details of the assignment will be described later. Then, the third peak appears at —62.205 ppm after
6 min and increases in intensity after 8 min; see asterisk in Figure 2b. This peak can be assigned to
19F_R8 in cytosol (Cytosol) after passing through the membrane.

It is noted that the peak assignments are reasonable in view of the following results of 1°F NMR
and isothermal titration calorimetry (ITC). The first is that the NMR chemical shift of 1F-R8 moves
toward the low magnetic field as compared to F-R8 in PBS when °F-R8 is mixed with heparin;
see Figure 3a. Because heparin is frequently used as a model of GAG [40—45], it is reasonable to
assign the broad component at —62.19 ppm to F-R8 that is bound to GAG. According to the fact
that NMR signal intensity is reduced by slower rotational movement of a molecule related to short
transverse relaxation time, it should be noted that the rotational dynamics of 1°F-R8 are restricted due
to the tighter binding to heparin, as previously discussed [20]. The high affinity of R8 for heparin is
confirmed by the ITC result in Figure 4 that leads the association constant 1.3 x 108 M~1, and the
binding free energy, —10.9 kcal/mol at 25 °C, as listed in Table 1. The binding nature of R8 is largely
derived from the electrostatic interaction between arginine residues and anionic sulfate/carboxyl
groups of heparin [20]. The binding stoichiometry (molar ratio of peptide/heparin = ~11) corresponds
approximately to the ratio for the charge neutralization (the heparin molecule used possesses an
average of 80 anionic charges, whereas there are 8 cationic charges of octaarginine). The assignment
also corresponds well with the previous consensus that R8 at first comes contact with GAG at the cell
surface by the electrostatic interaction [46]. The second is that the 1F NMR signal moves to a high
magnetic field where 1°F-R8 interacts with cell membrane, in contrast to the electrostatic '°F-R8 binding
to GAG. As illustrated in Figure 3b, it is confirmed that the °F-R8 signal shifts to a high field after
the binding to large unilamellar vesicle (LUV) composed of egg phosphatidylcholine (EPC) and egg
phosphatidylglycerol (EPG) as model cell membrane. The result is consistent with the observation that
the chemical shift of the I°F NMR signal moves to the higher magnetic field when °F molecules are in
a hydrophobic environment [23,47,48]. Similar to the case of heparin binding, the NMR signal intensity
of 1F-R8 is also reduced due to the binding to EPC/EPG LUV. The presence of energetically-favorable
interaction between R8 and EPC-EPG membrane is also demonstrated by the ITC result in Figure 5
that gives the association constant, 1.5 x 10° M~! and the binding free energy, —8.4 kcal/mol at 25
°C (Table 1). The binding stoichiometry (molar ratio of lipid/ peptide = ~100) is close to the ratio for
charge neutralization, that is, the molar ratio of EPG in the outer leaflet of the LUVs to the positively
charged residues of octaarginine is ~1. Thus we can consider that the most plausible assignment of the
peak at —62.21 ppm is '°F-R8 in the cell membrane. Finally, it is reasonable to assign the third peak at
—62.205 ppm (*) as 1F-R8 in cytosol, because the peak comes back to the lower magnetic field due to
rather hydrophilic cytosol environment as compared to the cell membrane. The presence of '*F-R8 in
cytosol is also confirmed by cell fractionation, the details of which will be described later.
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Table 1. Thermodynamic parameters for the interaction of R8 with heparin or egg phosphatidylcholine
(EPC)/egg phosphatidylglycerol (EPG) large unilamellar vesicles (LUVs) obtained from isothermal
titration calorimetry (ITC).

Binding Stoichiometry (1) KM™Y AG® (kcal/mol)  AH° (kcal/mol)  TAS® (kcal/mol)
Heparin R8/heparin =11 £ 1.1 (1.3 +£0.22) x 10® —10.9 £+ 0.10 —=0,6:74:0.53 1.3+0.54
EPC/EPG LUV lipid /R8 = 100 £ 10 (1.5 £ 0.25) x 106 —8.4+0.10 —6.3+0.10 21+0.10

For original ITC data, see Figures 4 and 5.
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Figure 3. 1°F NMR spectra of 1F-R8 in the presence of heparin and lipid membrane. 1°F NMR spectra
of 80 uM F-R8 in the presence (red) and absence (black) of (a) 80 uM heparin and (b) a 40-mM
EPC/EPG bilayer membrane at 4 °C (pH 7.4). The spectra of 100 uM F-T6 in the presence of 200 uM
of heparin is also shown in (c) for comparison.
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Figure 4. ITC associated with the interaction between R8 and heparin. (a) ITC for heparin (100 uM)
injection into R8 (45 uM) at 25 °C. Each peak in heat flow chart corresponds to the injection of 1.0 uL.
aliquots of heparin. (b) Heat reactions (integrated from the calorimetric trace, and corrected for the
dilution control) plotted as a function of heparin/peptide molar ratio. The solid line is the best fit to the
experimental data. Buffer: 10 mM Tris-HCI buffer containing 15 mM NaCl at pH 7.4. The calculated
parameters are listed in Table 1.
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Figure 5. ITC associated with the interaction between R8 and lipid membrane. (a) ITC for R8 (51 uM)
injection into EPC/EPG LUV (500 uM) at 25 °C. Each peak in heat flow chart corresponds to the injection
of 2.0-uL aliquots of R8. (b) Heat reaction (integrated from the calorimetric trace, and corrected for the
dilution control) plotted as a function of peptide/lipid molar ratio. The solid line is the best fit to the
experimental data. Buffer: 10 mM Tris-HCI buffer containing 15 mM NaCl at pH 7.4. The calculated
parameters are listed in Table 1.

Based on the assignment of the 1°F NMR spectra in Figure 2, here we propose a hypothesis
about the most probable mechanism of non-endocytic membrane translocation of °F-R8 to HL60
cells as the following: (1) 19F_RS8 first binds to GAG (state I); (2) penetrates into cell membrane (state
II); and (3) finally enters the cytosol (state III). In Figure 2b, the three components of 19F-R8 bound
to GAG, 1YF-R8 in membrane, and in cytosol are demonstrated by the dotted lines in black, green,
and red, respectively, together with the free component (Free) in blue. It is found that the signal of
19F-R8 bound to GAG and that in membrane already appear 4 min after the addition to cells. The GAG
signal quickly decays with time and almost disappears after 6 min. Meanwhile, the membrane signal
decays slowly as compared to GAG. Then, the signal in cytosol (Cytosol) is identified at 6 min, a few
minutes after GAG and Membrane peaks are observed. The Cytosol signal is gradually increased with
time and almost unchanged after 10 min, to confirm the equilibrium state of the translocation of °F-R8
to HL cells. The observed minute-ordered direct membrane translocation of 1°F-labeled octaarginine is
consistent with our previous study that has confirmed the cell penetration of fluorescently-labeled
octaarginine within at least 30 min [20]. There have also been reported that the fluorescently-labeled
R8 and biotin-labeled nonaarginine penetrate into cells after about 5 min at 4 °C [7,8].

To verify the reliability of the analysis, a membrane-impermeable human lens xA-crystallin
fragment, called 19E-T6 (TV-(4CF3-Phe)-DSGISEVR), was added to HL60 cells, and the spectra were
compared. As F-T6 includes two acidic and one cationic amino acids, the negative net charge is
held under physiological conditions. The interaction between °F-T6 and negatively charged GAG is,
therefore, not expected at the cell surface. In fact, as shown in Figure 2¢,d, no changes were found in
the 1F NMR spectrum nor the difference spectrum of °F-T6 even 16 min after the addition to cells.
The situation is a sharp contrast to 1’F-R8 where the equilibrium has been already attained for the
membrane translocation process. The spectrum of 1?F-T6 was not changed even after 46 min (data not
shown). The result demonstrates that no interaction occurs between °F-T6 and HL60 cells. This is also
supported by the fact that the spectra of 1F-T6 are not altered after it is added to heparin (Figure 3c),
indicating no binding of 1°F-T6 to negatively charged GAG on the cell surface.

2.2. Quantitative Analysis of Direct Membrane Translocation

So far, no reports about in-situ quantity of CPPs in cells have been available. Here, by using
the integral signal intensities of the real-time '’F NMR difference spectra (Figure 2b), the quantities
of four YF-R8 components, Free, GAG, Membrane, and Cytosol can be evaluated as a function of
time. Detailed procedures are described in Appendix A. Figure 6 quantifies how the concentration of
each F-R8 component varied after the addition to HL60 cells. The amount of free °F-R8 gradually
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decreased for the first 5 min. This corresponds to the uptake of free 1°F-R8 to HL60 cells via the binding
to GAG. At least 65 uM (81%) of °F-R8 was, however, remaining in a free state after the equilibrium
was attained (at 16 min). The amount of 1F-R8 bound to GAG, at first, increased but decreased to less
than 5 uM within a short period of 4-6 min. This quick decrease is thought to be due to the transfer
of 19F-R8 to the membrane from the cell surface. In fact, the amount of 1°F-R8 in the membrane was
gradually increased to 9 M at 6 min, and then slightly decreased. The decrease in °F-R8 in membrane
suggests that the peptide was delivered to cytosol after passing through the membrane. Actually,
the transfer of 1F-R8 to cytosol was first observed at around 5 min, followed by the increase up to
about 6 uM.
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Figure 6. Real-time changes of 1°F-R8 concentrations in HL60 cells. The '°F-R8 concentrations in
outside (blue), bound to GAG (black), bound to membrane (green), and in cytosol (red) of HL60 cells at
4 °C are shown as a function of time. Each symbol represents the experimental value from the NMR
signal intensity. Solid lines represent a visual guide.

It should be noted that the movement of °F-R8 from cytosol to the membrane occurs as frequently
as the entry into cytosol because the concentrations of 1°F-R8 in membrane and in cytosol at the
equilibrium state after 16 min are found to be equal within the experimental error. The relatively low
concentrations are both reasonable from the fact that cell membranes impose a hydrophobic barrier on
highly cationic R8 [49,50].

2.3. 19F-R8 Distribution under Equilibrium

In the previous sections, we succeeded in comprehensive observation and quantitative analysis
of the non-endocytic translocation of 1°F-R8 to the cell inside. To confirm that °F-R8 is actually
transferred to cytosol across the cell membrane, the final distribution of 19F_R8 was evaluated by cell
fractionation after equilibrium was attained in real-time NMR measurements. Membrane solubilization
and centrifugation techniques were combined in accordance with Scheme 1. First, we examined how
much of ”F-R8 was finally bound to cells. In Figure 7a, the F NMR spectra of 1°F-R8 in the
supernatant I is compared with total °F-R8 as a control at 4 °C. The F NMR signal intensity of the
supernatant I corresponds to °F-R8 that is still in a free (unbound) state under equilibrium. It is
found that 77% of 1°F-R8 was in a free state. The value is consistent with the result of the real-time
in-cell NMR measurement showing about 65 uM (81%) of 19F_R8 is remaining in a free state after
the equilibrium is attained (Figure 6). Next, to confirm that FE-R8 is actually bound to HL60 cell,
the cell pellet I was solubilized by lysis buffer containing 1% Triton X-100. After the centrifugation,
the supernatant IT was subject to F NMR measurement at 4 °C. The spectrum is shown in Figure 7b
as Lysate, and 13% of the initial 19E_R8 was detected.
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Scheme 1. Procedures of cell fractionation after real-time NMR measurement.
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Figure 7. Final distribution of 1F-R8 in HL60 cells. (a) °F NMR spectra of 19F-R8 in PBS (control) and
the supernatant I after real-time in-cell ’F NMR measurement at 4 °C. The spectra were obtained at
4°C, pH 7.4. (b) 1F NMR spectra of °F-R8 fractions separated by solubilization and centrifugation in
accordance with Scheme 1. All spectra were observed at 4 °C and pH 7.5. The signal of cytosol fraction
is shifted as a result of the interaction with concentrated lysis buffer components, because supernatant
I1I, containing lysis buffer A, was lyophilized and dissolved in large amount of lysis buffer again.

It is considered that three components of 1°F-R8 are contained in the Lysate. They include °F-R8
bound to GAG or cell membrane, and °F-R8 in cytosol. We separated these components as the
supernatant III and the pellet III by centrifuging the Lysate at 100,000x g. Supernatant III consists
of 1F-R8 in cytosol, and pellet III contains 19F-R8 bound to GAG or cell membrane (referred as
Membrane); see Scheme 1. The '°F NMR spectrum of the supernatant III at 4 °C shows that the signal
of 1F-R8 is observed in the cytosol fraction; see the red line in Figure 7b. The result is valuable because
the 19F-R8 entry into cytosol through HL60 cell membranes is actually demonstrated. This is a contrast
to the absence of TFA peak in the Lysate fraction (Figure S3), indicating that the counter TFA ions
of 19F-R8 remain outside cells after the real-time in-cell 'F NMR measurement. On the other hand,
the F-R8 in the membrane fraction is found to be within the experimental error at an equilibrium
state. Although undesirable loss of peptide may be induced by the extensive solubilization and
centrifugation for cell fractionation, almost no appearance of the membrane fraction is probably due
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to the signal broadening, as seen in spectra of 1°F-R8 bound to GAG or EPC/EPG LUV (Figure 3a,b).
It should be noted that the observed chemical shift of NMR signal in this system is too complicated to
understand. For example, the cell solubilization exposes 1°F-R8 to numerous molecules derived from
cells. Also, the cytosol fraction was obtained by lyophilization of 50 mL lysis buffer A. This leads to
the increased concentrations of components (Triton X-100, Tris-HCI, EDTA, NaCl in lysis buffer A) in
the final sample to be measured. The condition of the solvent such as ionic strength and pH affects the
chemical shift of 1°F-R8 NMR signal. Thus the integral NMR intensity is useful for the steady state
NMR spectra because it is basically proportional to the nuclear concentration [51].

As 1F-R8 is cationic, it is possible that 1°F-R8 is finally bound to DNA in the nucleus of HL60 cells.
We explored whether 1°F-R8 was bound to DNA or cytoskeleton by solubilizing pellet II in accordance
with Scheme 1. As shown in Figure 7b, the °F NMR signal of °F-R8 in the DNA and cytoskeleton
was not yet detectable. Although further investigation is required, this may be due to the fact that the
binding of 1°F-R8 to cellular component is too tight to be solubilized. In such case, the intensity of the
NMR signal is underestimated by the signal broadening, similar to the case of membrane fraction.

3. Discussion

In the present study, we successfully observed the real-time processes of the direct membrane
translocation of °F-R8 into HL60 cells without any perturbation of the system. Based on the results,
we can discuss the plausible mechanism as illustrated in Figure 8.
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Figure 8. A plausible mechanism for non-endocytic, energy-independent translocation of 19E-R8 into
cells. The mechanism involves (1) binding of 19E-R8 to GAG at the cell surface, followed by (2) the
transfer to the cell membrane and (3) the entry into cytosol.

As a first step of the entry into cells, cationic 1F-R8 electrostatically binds to negatively charged
GAG:s at the cell surface. Consistent with this, the same conclusion has been reached that arginine-rich
CPPs such as R8 at first bind to GAGs at the cell surface [20,46]. Considering the fact that the fraction
of acidic charged phospholipids in biological plasma membranes is only about 10%-20%, and that
the lipids are predominantly distributed to inner leaflet of the membrane [52], it seems that 1°F-R8
bound to GAGs remains outside cells. However, contrary to the expectation, quantitative NMR
analysis demonstrated the entry of cationic !?F-R8 into hydrophobic cell membrane after binding
to GAGs (Figures 2b and 6). One possibility is that the charge neutralization of polyarginine with
GAGs would lead to insoluble peptide-GAG complexes [14,17,41], which is likely to be energetically
unstable since GAGs are covalently immobilized to membrane protein at the water-abundant cell
surface [53,54]. As a result, 1?F-R8 bound to GAG is likely to dissociate from GAGs to water or
rapidly transfer to cell membrane. Indeed, it was reported that the cationic '?F-R8 bound to the
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amphipathic sulfate compounds favorably partitions into octanol phase as cell membrane model
via hydrophobic interactions [55,56]. In addition, bidentate hydrogen bonding between guanidino
group of arginine and lipid phosphate makes the arginine-rich peptides stable in a hydrophobic
environment [57-59]. Taken together, our results suggest that the charge neutralization of arginine-rich
peptides by the presence of negatively charged GAG accelerates the peptide entry into the hydrophobic
membrane inside.

Afterwards, 19F-R8 is transferred to the cytosol. In order to enter the inside of cells, 19F-R8 should
pass through the hydrophobic cell membrane. Because ”F-R8 is inherently hydrophilic, it is hard to
enter the hydrophobic lipid bilayer.

One possibility to compensate this difficulty is to utilize the lipid movement in the vertical
direction to the membrane surface. It is expected that the entry of °F-R8 into the cell is enhanced
by synchronization with the vertical fluctuation of the membrane lipid. In fact, such movement,
called protrusion, has been observed in the cell-sized lipid bilayer vesicle [60]. In this sense, the lipid
protrusion motion is considered as one of the key factors for the direct membrane translocation of
CPPs. This is especially the case under physiological conditions at 37 °C. At 4 °C, however, the direct
translocation probability of 1°F-R8 is low due to impaired membrane fluidity. The protrusion is
inhibited at low temperatures even in the fluid phase [60]. Recently, it has been reported that the most
plausible mechanism for the direct membrane translocation of arginine-rich peptides is a transient
pore formation, in which the peptides induce membrane perturbation so that it can easily pass through
the membrane [56,61-65]. The lifetime of the toroidal pore is thought to be short enough to guarantee
no cytotoxicity [66-68]. The trypan blue staining after the NMR measurement showed that °F-R8 did
not lower cell viability, being consistent with the transient pore formation model.

In conclusion, the present in-cell NMR study is the first report to comprehensively observe and
quantitatively analyze the direct translocation processes of cell penetrating °F-R8 in situ. Based on the
results, a new insight into the mechanism for the entry of cationic '°F-R8 into hydrophobic membrane
after binding to negatively charged GAGs was obtained. The present study shows a potential for
elucidating direct membrane translocation mechanism of CPPs with minimal perturbation.

4. Materials and Methods

4.1. Materials

The '°F-labeled octaarginine ('°F-R8: (4CF3-Phe)-RRRRRRRR) was synthesized manually by solid
phase synthesis method using Fmoc chemistry. The amino and carboxyl termini of the peptide were
acetylated and amidated, respectively. A fragment peptide, called 19F-T6 (TV-(4CF3-Phe)-DSGISEVR),
from human lens axA-crystallin [69] was used as a negative control and synthesized by Fmoc
solid-phase chemistry using an automated solid-phase synthesizer (PSSM-8; Shimadzu, Kyoto, Japan).
The purity of each peptide was confirmed to be > 95% by reversed-phase high-performance liquid
chromatography and MALDI-TOF mass spectrometry. Heparin sodium salt (from porcine intestinal
mucosa; average molecular weight, 18,000 Da) was purchased from SIGMA (St. Louis, MO, USA).
Egg phosphatidylcholine (EPC, > 96% pure) and egg phosphatidylglycerol (EPG, > 95% pure) were
obtained from the NOF CORPORATION (Tokyo, Japan). All other reagents were of special grade and
used without further purification.

4.2. Cell Culture

A human leukemia cell line HL60 was maintained in RPMI 1640 medium, supplemented with 8%
heat-inactivated fetal calf serum (FCS), 100 U/mL penicillin and 100 pg/mL streptomycin in 5% CO,
humidified air at 37 °C.
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4.3. Preparation of Large Unilamellar Vesicle (LUV)

EPC/EPG LUV was prepared by using an extrusion method previously reported [70]. Briefly,
EPC and EPG were dissolved in chloroform at a molar ratio of PC/PG = 4/1 in a round-bottomed
flask and dried with a rotary evaporator to create a thin and homogeneous lipid film. The lipid
film was vortexed in Tris-HCI buffer (pH 7.4) containing 15 mM NaCl to obtain vesicle suspension.
The resultant suspension was subjected to five cycles of freeze-thawing and was then passed through a
Mini-extruder equipped with two stacked 0.1-um polycarbonate filters (Avanti Polar Lipids, Alabaster,
AL, USA). The concentration of phospholipids was determined by the Bartlett method [71].

4.4. Real-Time In-Cell 1°F NMR Measurement

One-dimensional in-cell F NMR measurements were carried out at 376.2 MHz by using a JEOL
ECA400 NMR spectrometer equipped with a superconducting magnet of 9.4 T. A multinuclear probe
(JEOL, NM40T10A/AT) for a 10-mm diameter tube was used. Detailed procedures of the measurement
are described elsewhere [23]. Briefly, HL60 cells (the final concentration, 1 x 107 cells/mL) were
suspended in phosphate-buffered saline (PBS, pH 7.4) at 4 °C and put into a NMR tube. In order to
confirm no contribution of energy-dependent endocytosis at 4 °C, the comparative measurement
was also performed at 37 °C. To avoid cellular toxicity, the amount of D,O used for the signal lock
was decreased to 10%. The sample was gently rotated to prevent the sedimentation of the cells.
Field-gradient shimming was applied before the addition of the peptide, to quickly attain the spectral
resolution. The measurements started immediately after the thermal equilibrium was attained, 1.5 min
after the addition of the '°F-labeled peptides. The final concentrations of !°F-R8 and !°F-T6 were 80 uM
and 100 pM, respectively, and these were high enough to observe non-endocytic translocation [7,10,26].
Free induction decays (FIDs) were accumulated at 16 time/2-min intervals. For 1°F-R8, the in-cell
19F NMR measurement was repeated three times. The spectra were processed by the JEOL DELTA
software. Chemical shift of the 'F NMR signal was obtained by referring to the absorption frequency
of the trifluoroacetic acid in the solvent. Cell viability, assessed by the trypan blue staining after the
NMR measurement at 4 °C, was 92% + 1% for 1°F-R8 and 94% =+ 1% for F-T6 with respect to the
control value, 94% + 2%. At 37 °C, the viability was 92% + 2% and 95% =+ 3% in the presence and
absence of F-R8, respectively.

4.5. Steady State 19F NMR Measurement

The amount of '°F-R8 finally delivered to the cytosol was quantified by °F NMR under
equilibrium in combination with the cell fractionation using membrane solubilization and
centrifugation. The cell fractionation procedures are summarized in Scheme 1. After the real-time
19F NMR measurement, 4 mL of the sample were centrifuged at 1500x g for 5 min at 4 °C. Pellet I
was washed twice with 4 mL of PBS and centrifuged again. Then the 8 mL of supernatant I was
collected and subject to '°’F NMR measurement at 4 °C, to quantify free '°F-R8. Next, 4 mL of lysis
buffer A (1% Triton X-100, 50 mM Tris-HCl, 50 mM EDTA, 150 mM NaCl, 10% D,0) was added to
pellet I, and left for 15 min on ice to complete the cell membrane solubilization. The solution was
centrifuged at 15,000 x g for 15 min at 4 °C, to separate pellet IT and supernatant II. Then, supernatant
II was collected and subjected to 19F NMR measurement at 4 °C (called Lysate). After measurement,
50 mL of lysis buffer A was added and centrifuged at 100,000 g for 3 h at 4 °C. Pellet III contains cell
membrane and supernatant III corresponded to the cytosol fraction [72]. Pellet III was resuspended in
4 mL of lysis buffer A and subjected to '°F NMR measurement at 4 °C (called Membrane). On the other
hand, supernatant III was lyophilized and resuspended in 4 mL of lysis buffer A, and subjected to
19F NMR measurement at 4 °C (Cytosol). Pellet IT was incubated in 1 mL of lysis buffer A containing
0.5 M NaCl for 15 min on ice, and added to 3 mL of lysis buffer B (0.05% SDS, 0.5% deoxycholic acid,
50 mM Tris-HCI, 5 mM EDTA, 150 mM NaCl, 10% D,O, pH 7.5). Then the solubilized fractions were
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subjected to 'F NMR measurement at 4 °C (DNA and cytoskeleton). In each experiment, the FIDs
were accumulated 10,000-60,000 times to attain a high signal to noise ratio.

4.6. Isothermal Titration Calorimetry (ITC)

ITC measurements were carried out on an iTC200 system (MicroCal) at 25 °C in 10 mM Tris-HCI
buffer at pH 7.4. Peptide solution was placed in the reaction cell, and titrated with aliquots of heparin,
or EPC/EPG LUV. The ITC injections were repeated automatically at 25 °C under 1000 rpm stirring.
The heats of reaction were corrected for dilution control. Thermodynamic parameters were determined
by non-linear least-square fitting of the data using the single site binding model in program Origin
for ITC version 7 (MicroCal) with the stoichiometry (), the enthalpy of the reaction (AH®), and the
association constant (K) [45,73,74]. The Gibbs free energy AG® and entropy AS° for binding of R8 to
heparin or EPC/EPG LUV were obtained by the following equations:

AG® = —RTInK @

and
TAS® = AH® — AG® V)

where T is the absolute temperature.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/10/2/42/s1,
Figure S1: F NMR spectrum of '*F-R8 solution, Figure S2: Time course of 1°F NMR signal intensity of °F-R8§
after addition to HL60 cells, Figure S3: Final distribution of trifluoroacetate counterions of 19F_RS.
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Appendix A

Concentration Analysis

Cell peptide concentrations inside and outside were estimated by using the signal intensities of
real-time 1°F NMR difference spectra in Figure 2b. Figure A1 illustrates how peptide concentrations
were determined from the '°F NMR spectra. As compared to the control signal at —62.20 ppm
(a), one negative and two positive peaks are found in this case, with respect to the baseline in the
difference spectrum (b). The negative peak corresponds to the decreased fraction of free (unbound)
peptide because the peak minimum at —62.20 ppm is similar to the control (a). The positive peaks at
—62.19 and —62.21 ppm can be assigned to 1?F-R8 bound to GAG and cell membrane; see Results for
peak assignment.

The concentration of these three components can be evaluated from the signal intensities by
integrating the respective peak areas. For example, the fraction of the decrease in free '°F-R8
component, shaded blue area in the spectrum (b), is estimated as 16.3% with respect to the control,
100% (a). Thus, the free component remaining in cell outside is calculated as 83.7%. Similarly,
the increase in the fraction bound to GAG (in gray) and membrane (in green) is estimated as 11.4
and 6.6%. Since the total F-R8 concentration is 80 uM, the concentrations of free, bound to GAG,
and membrane components are calculated to be 67, 9, and 5 uM, respectively.
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(©)

(b)

-62.1 -62.2 -62.3
Chemical Shift (ppm)

Figure Al. Illustration of the signal intensity estimation in the '°F NMR difference spectrum.
The spectrum (a) shows an 19F-R8 signal in PBS (control), and (b) is an example of an NMR difference
spectrum obtained by subtracting (a) from the 1°F-R8 spectrum 4 min after the peptide was added to
cells. The baseline in the difference spectrum is designated by a broken red line. In (b), one negative
peak at —62.20 ppm and two positive peaks at —62.19 and —62.21 ppm are found. The negative signal
(in blue, shaded) is assigned to 19F-R8 in a free (unbound) state, and positive ones correspond to 19F-R8
bound to GAG (in gray) and cell membrane (in green). The negative peak at —62.20 ppm means the
decrease in free peptide. The concentration of these three components can be evaluated from the signal
intensities by integrating the respective peak areas (see text).
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Abstract: High sulfation, low cost, and the status of heparin as an already FDA- and EMA- approved
product, mean that its inclusion in tissue engineering (TE) strategies is becoming increasingly popular.
However, the use of heparin may represent a naive approach. This is because tissue formation is
a highly orchestrated process, involving the temporal expression of numerous growth factors and
complex signaling networks. While heparin may enhance the retention and activity of certain growth
factors under particular conditions, its binding ‘promiscuity” means that it may also inhibit other
factors that, for example, play an important role in tissue maintenance and repair. Within this review
we focus on articular cartilage, highlighting the complexities and highly regulated processes that are
involved in its formation, and the challenges that exist in trying to effectively engineer this tissue.
Here we discuss the opportunities that glycosaminoglycans (GAGs) may provide in advancing this
important area of regenerative medicine, placing emphasis on the need to move away from the
common use of heparin, and instead focus research towards the utility of specific GAG preparations
that are able to modulate the activity of growth factors in a more controlled and defined manner, with
less off-target effects.

Keywords: glycosaminoglycans; heparin; heparan sulfate; cartilage; mesenchymal stem cells; tissue
engineering; growth factors; growth differentiation factor 5; GDF5

1. Introduction

Tissue Engineering (TE) is a multidisciplinary research area involving combinations of
biomaterials, differentiating cells, and bioactive factors to produce functional tissues and organs.
Articular cartilage has limited ability to regenerate, and has therefore become a key target for TE
strategies. However, despite sustained efforts, most techniques to date have failed to generate a truly
biomimetic articular cartilage. Here we review the biology behind this highly structured tissue, the
challenges that have been faced in trying to engineer cartilage, and the advancements that are currently
being made within this field. In particular, we highlight the exciting potential that incorporating
GAGs into cartilage TE strategies may provide, as well as the limitations and drawbacks that they may
introduce if not used in a controlled manner.
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2. Articular Cartilage

Articular (hyaline) cartilage is a predominantly alymphatic, aneural, and avascular tissue,
consisting of chondrocytes, which make up only 1-5% of its total volume, embedded within an
extensive extracellular matrix (ECM) (as reviewed [1-3]). Being widely dispersed, chondrocytes are
responsible for the synthesis, maintenance and turnover of the ECM, in response to signals from
growth factors, cytokines, adipokines, inflammatory mediators and matrix fragments (see [4]). Type II
collagen and the proteoglycan (PG) aggrecan, play the most important structural roles in the ECM of
cartilage, together forming a hydrodynamic, tensile meshwork, with a high compressive strength [2,5].
Given these properties, the tissue plays a vital role in load-bearing joints, and provides an almost
frictionless surface to articulating bones [6]. The ECM of articular cartilage is also highly structured
and organised, and can be divided into four spatially distinct regions, namely the superficial, middle,
deep, and calcified zones (see [6-8]). As shown in Figure 1, each zone is characterised by unique ECM
compositions, mechanical properties and cellular organisation. Studies have demonstrated that even
small changes in the ECM of articular cartilage can lead to disruption in its mechanical properties,
highlighting that structural organisation and continual remodelling of ECM molecules by chondrocytes
is crucial to the proper functioning of the tissue [9,10].
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Figure 1. Schematic demonstrating the layered structure of articular cartilage. The transition from
the superficial to the calcified zone is characterised by an increase in GAG content and compressive
strength, but a decrease in collagen II. Collagen X is usually only found in the calcified zone of healthy
articular cartilage. Figure adapted from [8,11]. Figure not to scale.

2.1. Formation

In many respects, our understanding of the mechanisms involved in the formation, organisation
and maintenance of articular cartilage remain unclear and challenging [12]. Much of the progress that
has been made to date has come from research into the formation of the axial and appendicular
skeletons, which is initiated by limb bud development, through the highly regulated process
of endochondral ossification [13-19]. This process begins early during embryogenesis with the
aggregation and condensation of mesenchymal stem/stromal cells (MSCs) derived from the mesoderm
germ layer. MSCs within these condensations then proliferate, increasing the cell density within
the condensate, before undergoing differentiation into prechondrogenic cells that form a cartilage
template/anlagen. At this stage the prechondrogenic cells are then thought to either further
differentiate into chondrocytes that produce large amounts of ECM and form permanent hyaline
cartilage, or into proliferating chondrocytes that form the growth plate and eventually undergo
hypertrophy [19] (Figure 2A).
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Figure 2. Articular cartilage formation. (A) Chondrogenesis is initiated during limb bud development
with the condensation of MSCs. These progenitors then differentiate into chondrocytes that go on to
form permanent articular cartilage, or into chondrocytes that eventually undergo hypertrophy and
endochondral ossification. The complex spatiotemporal cues required to maintain chondrocytes in a
permanent articular cartilage-like phenotype are not yet fully understood, and as such, the majority
of regeneration strategies currently result in the formation of hypertrophic rather than hyaline-like
tissue; (B) Articular cartilage is thought to originate from a distinct population of MSCs during limb
joint formation; GDF5/Erg/Gli3 expressing cells within the joint space define the initial interzone MSC
population, and this population becomes sandwiched between the two cartilage anlagen, while anlagen
bound chondrocytes turn on expression of Matnl. GDF5/Erg/Gli3 expressing cells adjacent to their
respective cartilaginous anlagen, but which have never expressed Matn1, then go on to differentiate into
articular chondrocytes. (A) adapted from [20]; (B) adapted from [12]. Abbreviations: Dcx, doublecortin;
OA, osteoarthritis.

Accumulating evidence suggests that permanent hyaline cartilage originates from a distinct

population of MSCs, referred to as interzone cells (see [12,21]). These cells are found sandwiched
between cartilage anlagen and are characterised by expression of genes such as erythroblast
transformation-specific-related gene (Erg), growth differentiation factor 5 (GDF5), and GLI family zinc
finger 3 (Gli3) [22-24] (see Figure 2B). Cell lineage tracing experiments have shown that as interzone
cavitation and joint capsule formation occurs, articular cartilage and other synovial joint components
are originated specifically from this interzone population of cells [24-26]. Notably, Hyde et al. [26],
have shown that, unlike the remainder of chondrocytes in the cartilage anlagen, articular chondrocytes
are derived from a specific group of chondrocytes, which have never expressed matrilin-1 (Matn1). In
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contrast, pre-chondrocytes found at secondary ossification sites at the edge of cartilage entities are
instead transient in nature, proliferating and increasing in size before undergoing hypertrophy and
contributing to bone growth [22]. Hypertrophic chondrocytes exit the cell cycle, secrete a distinct ECM
rich in collagen X, and can be characterised by the expression of terminal markers of hypertrophic
differentiation such as runt-related transcription factor 2 (Runx2), matrix metalloprotease 13 (MMP13),
Indian hedgehog (Ihh), and collagen X [27-31]. Mineralization and blood vessel formation are also
hallmarks of the phenotype [32]. Until recently, it was thought that the hypertrophic chondrocytes
eventually undergo apoptosis allowing the infiltration of osteoblasts and bone formation, however, new
evidence suggests some hypertrophic chondrocytes can survive the transition and become osteogenic
cells [33]. Although evidence suggests that articular chondrocytes have a distinct embryonic origin
from those that form the growth plate, under pathological conditions such as osteoarthritis (OA),
chondrocyte hypertrophy is reactivated leading to calcification and outgrowths of bone, indicating
that permanent articular chondrocytes can also acquire features of a more transient phenotype [34,35].
Chondrocyte hypertrophy is also a common outcome of in vitro and in vivo cartilage TE/regeneration
strategies [30,36—41]. TE strategies must therefore focus on creating ‘permanent’ cartilage, which is able
to maintain its structure and function throughout life and withstand hypertrophic differentiation [42]
(see Figure 2A). A clearer understanding of the mechanisms and factors that trigger and suppress entry
into the hypertrophic differentiation pathway will therefore be key to the success of future approaches.

2.2. Disease and Trauma

The low cell density and avascular nature of articular cartilage means that the tissue has limited
potential for regeneration and repair following injury [3,43]. Instead, when a traumatic lesion, or
degenerative disease occurs, the defect is filled with fibrous tissue, which is often unable to withstand
the compressive and shear forces which act upon the joint, leading to cartilage breakdown, pain
and immobility (as reviewed [3,43]). Cartilage damage can occur as a result of traumatic injuries
such as ligament tears, impact, joint dislocation, infection and inflammation. While biomechanical
loading is necessary for articular cartilage homeostasis, abnormal, or altered loading is associated with
inflammation, metabolic imbalances and joint instability (see [44]). Damage can also occur gradually as
the result of degenerative joint diseases such as OA, characterised by pain, structural changes, gradual
loss of articular cartilage, and eventual direct bone-bone contact and joint destruction [45]. In OA it
is still unclear whether it is the chondrocytes that drive cartilage pathology, or whether they are just
responding to the disease process from elsewhere in the joint [46]; the balance between these processes
may differ between patients and disease subgroups. OA is an epidemic problem and a major cause of
decreased quality of life in adults [47]. It is estimated that one third of people over the age of 45 have
sought treatment for OA in the UK [48], and this number is expected to rise in line with the ageing
population and increasing obesity problem [49]. Therefore, there is a great need for the development
of new approaches to prevent and treat cartilage damage.

2.3. Current Therapies

While knee-replacement surgery is becoming an increasingly common procedure, with around
97,000 replacements carried out each year in the UK alone [50], treatment of cartilage injury at an
earlier stage to postpone or avoid total joint replacement would be preferable. Current treatments
used in the clinic for cartilage damage include mosaicplasty, autologous chondrocyte implantation
(ACI), and microfracture, each of which have shown various degrees of success, but which prove
typically unsatisfactory in the long term [51,52]. For example, in the case of mosaicplasty, damaged
cartilage is replaced with cartilage plugs (allo- or auto-grafts), which are poor at integrating with the
host tissue, and in the case of allografts, have the potential for disease transmission [53]. ACI was
first described in 1994, and involves the use of autologous chondrocytes, which are isolated from an
uninjured area of the knee, expanded, and injected into the area of the defect [54]. The procedure has
since been adapted to include the use of collagen/hyaluronan (HA) scaffolds (matrix-induced ACI
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(MACY)), allowing for improved cell attachment and outcomes [55,56]. However, numerous limitations
bedevil ACI/MACI outcomes, including donor site morbidity, the amount of time taken to expand
the cells ex vivo, the inability to treat large cartilage defects, expense, and patient disability for long
periods of time before surgical implantation can take place [51,57]. In addition, adult chondrocytes are
known to de-differentiate during the expansion process, losing their spherical morphology and ability
to synthesize aggrecan and collagen II [58,59]. Following implantation, hypertrophic growth has also
been associated with these grafts [60]. Chondrocytes of older patients also have age-related intrinsic
changes, such as decreased mitotic activity and telomere length [61,62]. As already mentioned, it is
also unclear whether degenerative diseases such as OA are an ageing disorder of the chondrocyte
itself, or whether chondrocytes are simply responding to the disease process initiated elsewhere [46].
Ultimately, therapeutic options for articular cartilage repair remain insufficient, despite the increasing
prevalence of cartilage disease. While the use of chondrocytes in ACI/MACI procedures has marked
the first steps in repairing damaged cartilage, with an ageing population the need for a more reliable,
efficient and durable method of cartilage repair is clear.

3. Mesenchymal Stem Cells

Stem cells have become an attractive alternative to the use of chondrocytes for cartilage TE
strategies, due to their relative abundance, self-renewal, and multipotent or pluripotent capabilities,
therefore avoiding many of the limitations of chondrocytes [63—65]. The best stem cell source
for cartilage TE is yet to be identified, with MSCs, embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), all being considered due to their individual strengths and weaknesses
(as reviewed [66]). Ease of isolation, differentiation potential, surface marker expression and cost
are just some of the factors that must be considered. An obvious benefit of ESCs and iPSCs is their
therapeutic flexibility and continuous self-renewal capabilities. However, the use of ESCs carries
high ethical and political concerns, the possible need for immunosuppressants, and the issue of
tumorigenicity [67-69]. iPSCs also carry a high risk of teratoma formation, show low reprogramming
efficiencies, and have been found to retain the epigenetic memory of their somatic cell of origin [70-72].
While the use of ESCs and iPSCs may become particularly important for the regeneration of tissues that
cannot be repaired by alternative cell types, their limitations have meant that human MSCs (hMSCs)
have remained a particularly attractive cell source for cartilage (and other) TE strategies [73,74].
hMSCs are relatively easily available, can be extracted from multiple tissue sources in relatively large
quantities with limited morbidity, are capable of self-renewal, lack tumorigenicity, are applicable to
autologous transplantation procedures, and can differentiate into multiple cell lineages, including
chondrocytes [75-77]. MSCs are also known to secrete soluble cytokines and growth factors in a
paracrine fashion, which are thought to add to their therapeutic effects [78]. In addition, MSCs have
been indicated to have stronger immunomodulatory properties compared to other stem cell sources,
and have been shown to suppress T cell, B cell, dendritic cell and natural killer cell activity [75,79-82].
MSCs are therefore not only attractive for tissue regeneration via their multilineage differentiation
potential, but also for treatment of autoimmune diseases such rheumatoid arthritis (RA), and to help
bypass graft-versus-host disease (GVHD) [83-86]. In addition, MSCs have the obvious benefit over
ESCs and iPSCs for cartilage TE, that they are already committed to mesoderm lineages [87], and
therefore require less in vitro programming.

hMSCs were first used in a clinical trial to treat full thickness cartilage defects in 2004 [88], and
have since been included in an increasing number of clinical trials [8§9-92]. Generally, results suggest
that hMSCs are a promising cell source for cartilage repair, but there is a general lack of comparative
studies and systematic reviews, and much remains to be investigated and optimised (see [73]). Some
of these issues have been outlined below.
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3.1. Isolation and Characterisation of MSCs

Adult MSCs are derived from the mesoderm and reside in the adult body throughout life, generally
decreasing in abundance with age [87,93,94]. MSCs were first isolated from bone marrow [95,96], but
have since been extracted from numerous sources including, adipose tissue [97], skeletal muscle [65],
the synovium [98], and the umbilical cord [99]. The inherent differences among the microenvironments
of each of these stem cell populations means that although each share similar phenotypic and
functional properties, differences in differentiation capacities, and surface marker expression do
exist [100,101]. This review will focus on bone marrow-derived MSCs (BMMSCs), which are the most
well characterised and commonly used adult stem cell source for cartilage TE [102]. However, it is
important to note that synovial membrane derived MSCs (SMSCs) are also becoming an interesting
alternative due to their proximity to articular cartilage and tissue-specific properties for connective
tissue repair [103-105]. Adipose derived MSCs are also gaining increased interest due to their
abundance (5% of nucleated cells versus 0.0001-0.01% for BMMSCs) and the ease with which they can
be harvested [106,107].

BMMSCs are isolated from the mononuclear layer of the bone marrow and are characterised by
their fibroblast-like morphology, proliferation to form loose colonies of spindle shaped cells, and ability
to adhere to tissue culture plastic [108,109]. The cells are passaged when they reach 80-90% confluence,
with serial passages and washes generally thought to remove any non-MSC types. However, it is
important to note that the resulting cultures are still heterogeneous and this will be discussed in the
following section.

Phenotypically, no specific markers for hMSCs have been identified to date. Instead
characterisation is based upon a panel of positive and negative markers. Generally, it is considered
that hBMMSCs are negative for the hematopoietic markers CD45, CD34, CD14 and CD11, as well as
for the co-stimulatory markers CD80, CD86 and CD40, and the adhesion molecules CD31, CD18 and
CD56 [80]. The cells are also characterised as being positive for CD105, CD73, CD44, CD90, CD71 and
Stro-1, as well as for the adhesion molecules CD106, CD166, ICAM-1 and CD29. Importantly, MSC
surface markers have been shown to vary between species, tissue sources, and methods of isolation
and culture. For example, a study by De Ugarte et al. [110], noted differences in expression of the
cell adhesion molecules CD49d, CD54, CD34, and CD106, between MSCs isolated from bone marrow
and adipose tissue. This highlights the need for a more uniform characterisation of MSCs, as it is
becoming increasingly difficult to compare and contrast findings between investigators who are likely
to be looking at distinct/different cell populations. A further way to identify MSCs is through their
multilineage potential to differentiate into adipocytes, chondrocytes and osteoblasts [111]. However,
the plasticity of MSCs has also come under further investigation, as studies have shown that the cells
are also capable of differentiating down the myogenic and neuronal lineages [112-115].

In 2006 the Mesenchymal and Tissue Stem Cell Committee of the International Society for
Cellular Therapy (ISCT) decided to try and address the inconsistent use of defining characteristics,
and lack of universally accepted requirements to define MSCs [111]. It was proposed that the minimal
requirements to define hMSCs would be: (i) the ability to adhere to culture tissue plastic; (ii) to express
CD105, CD73 and CD90; (iii) to lack expression of CD45, CD34, CD14 or CD11b, CD79« or CD19,
and HLA-DR surface markers; (iv) and to differentiate into osteoblasts, adipocytes and chondrocytes.
Although these guidelines have provided the first steps in streamlining the characterisation of hMSCs,
further refinements are clearly required if their full therapeutic potential is to be met [116-120].
Ultimately, the ubiquitous term of ‘MSCs’ remains one of the most undefined and controversial areas
in stem cell research. It has even been suggested that this terminology should be abandoned altogether,
with the argument that ‘MSCs’ with identical differentiation capacities do not exist [121].

3.2. MSC Heterogeneity

The low frequency of MSCs within human tissue means that the cells require extensive ex vivo
expansion before they can be used for in vitro/in vivo testing, or indeed for potential clinical
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application. However differences in isolation methods, culture conditions and media additives used
between different laboratories means that variability in cell yield and the phenotype of the expanded
cell products are inevitable [122,123]. As well as improved characterisation of MSCs, standardisation
of the procedures used for their isolation and expansion should therefore also be a priority, so that
comparisons between studies can be made more effectively. MSCs are known to display a high
degree of heterogeneity, and outgrowth of certain subsets of cells driven by the differences in culture
conditions is likely to promote or inhibit their differentiation potential [124]. A better understanding
of how this is controlled, and which conditions promote the differentiation of MSCs into certain cell
types, is clearly needed. In the case of cartilage, better understanding of what drives permanent
articular-cartilage formation, rather than fibrocartilage or hypertrophic differentiation is of the upmost
importance to their success in TE/regeneration strategies [125-127]. Torensma et al. [124] suggest that
the leading cause of heterogeneity within MSC cultures is, unsurprisingly, the tissue source, followed
by the culture methodology, and then individual donor variation. Remarkably, in the same study,
it was also shown that expanded cells which were then frozen and distributed to different laboratories
to be grown for one passage, also developed some heterogeneity; indicating that cell culture location
also has an effect.

3.3. In Vitro Chondrogenic Differentiation of MSCs

The most common and established method for in vitro chondrogenic differentiation of BMMSCs
is often referred to as pellet culture and was developed by Johnstone et al. [36] using rabbit BMMSCs.
The group then went on to use the same technique with hBMMSCs [37]. Briefly the technique involves
spinning 200,000 cells at 500 g in 15 mL polypropylene conical tubes to form spherical cell aggregates.
The spheroids are cultured in defined, serum-free medium consisting of high glucose Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with transforming growth factor beta 1 (TGFB1),
ascorbate-2-phosphate, sodium selenite, transferrin, dexamethasone, insulin, and sodium pyruvate.
The technique is highly reproducible, with cell aggregates being harvested at time points up to 28 days,
and some groups adapting the protocol to use up to 500,000 cells per aggregate [59]. Mackay et al. [128]
went on to show that the addition of TGFf33 rather than TGF1 better supports chondrogenesis.

The simplicity of the pellet culture method means it has remained popular for examining the
various signalling pathways and soluble factors involved in chondrogenic differentiation, as well as
for disease modelling [129-131]. However, mass transport limitations mean that the pellet cultures are
not made up of a homogenous population of cells, and ECM production is not as extensive as you
would hope for in an articular cartilage-like tissue, especially towards the centre of constructs [132].
In addition, the spheroid geometry of the pellet culture does not match the structured organisation of
cartilage in vivo [7,8].

Murdoch et al. [41], modified the pellet culture method, introducing a porous membrane as a
support for the cells. The method uses the same media and supplements as mentioned above, but
the cells (500,000) are seeded onto Transwell filters and spun in a 24-well plate at 200 g, creating a
shallow multilayer of MSCs that are then able to grow and differentiate into a disc of cartilage-like
tissue [41,59,133]. The Transwell culture method has been shown to lead to more rapid and efficient
differentiation of MSCs, and the deposition of a more extensive cartilage-like ECM when compared
to the pellet culture system [41]. In addition there is a more uniform differentiation of the MSCs
with improved mass transport within the shallow and permeable disc geometry [59]. Recently, it
has also been shown that the Transwell system allows for the production and assembly of organised
and cross-linked collagen networks; helping to explain the robust, flexible nature of the constructs
that are formed [133]. However, despite the clear improvements in this technique, many researchers
are still using the pellet culture method, perhaps due to the difficulty in reproducing the Transwell
method effectively.

These difficulties and limitations have meant that the use of scaffolds/biomaterials to improve
the in vitro chondrogenic differentiation of MSCs has become a popular avenue of research, allowing
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for a better recapitulation of the in vivo environment and production of larger scale cartilaginous
constructs that are more clinically relevant. Ultimately though, despite much progress over the last
two decades, current methods for the in vitro chondrogenic differentiation of hMSCs are still a long
way off reaching the clinic. Indeed, as far as we are aware, pre-differentiated MSCs have not yet
been used in any clinical trials for cartilage repair. Perhaps the most pressing concern/limitation
regarding the application of pre-differentiated hMSCs is that of chondrocyte hypertrophy, with most
differentiation protocols resulting in the formation of chondrocytes with endochondral-like maturation
properties rather than a true articular cartilage-like phenotype [36-38,41,134-137]. In contrast, the
use of undifferentiated hMSCs for cartilage repair has progressed further, with around 50 clinical
trials currently registered at https://www.clinicaltrial.gov/. Published results have generally been
promising, and the use of allogenic umbilical cord MSCs have already been approved by the Korean
FDA for OA treatment [92,126,138-144]. However, the use of these cells for cartilage formation is still in
its infancy, and from the evidence that is available, protocols to improve the quality of the regenerated
cartilage are still clearly required [88,126,145-147]. As such, there is an overriding necessity to better
understand the mechanisms controlling permanent articular cartilage formation, alongside further
evaluation of ongoing clinical trials, before these cells can be used to their fullest potential in the clinic.
Whether the greatest success will be seen with the in vitro chondrogenic differentiation of hMSCs,
in vivo delivery of undifferentiated cells, or with cell-free approaches that instead harness the body’s
own MSCs for repair, remains to be seen. However, what is clear is that the use of current in vitro
models (such as the pellet culture) to screen potential bioactive factors (such as growth factors) and
culture conditions, as well as investigation into biomaterials that can help support articular cartilage
formation, should be a priority, and will be of the upmost importance for the improved development
of both in vivo and in vitro regeneration strategies.

4. Growth Factors Involved in the Chondrogenic Differentiation of MSCs

The differentiation of MSCs into chondrocytes involves the activation and suppression of a
number of signalling pathways and growth factors, with members of the TGFp, fibroblast growth
factor (FGF), and insulin-like growth factor (IGF) families, among others, having all been implicated
in the process (as reviewed in Table 1). The TGEp superfamily has been the most researched of all
stimulating factors in the area of chondrogenesis, and is described in more detail in the sections below.

Table 1. Growth factors implemented in chondrogenesis and associated PGs/GAGs.

Molecule

iy Molecule Lroposed Fju.nctlon x.:lunng Reference Associated PGs/GAGs Reference
Enhances prolieraﬁon and
chondrogenic potential [59,148-151]
during expansion.
ive off - Role of HSPGs in FGF-receptor
Negative effect on matrix binding has been extensively
deposition and [151-153] studied; HSPGs play an
FGF2 differentiation. importa/nt role in FGE-receptor [155-159]
Addition during expansion [149,151] signalling by facilitating
primes cells for hypertrophy. 7L ligand-receptor oligomerisation.
Prolongs lifespan of MSCs. [154]
FGF!
Increases matrix production
carg on I?Ut t:l(!" p rc(;motcs [152] CS sulfation patterns have also
E?p;:z:;;zifp fon an been implicated in articular
FGF9 J ) cartilage formation and [160-162]

However, also reported to expression has been co-localised
promote matrix production [151] With FGF2. Perlgcan can only
and delay terminal . deliver FGF2 to its receptors after
hypertrophy. its CS chains have been removed.

Suppresses proliferation and
FGF18 prgrgotcs m};trix production. [151,164] Exogenous HS can be used to [163]
improve hMSC expansion.

Delays terminal hypertrophy. [151]

109



Pharmaceuticals 2017, 10, 54

Table 1. Cont.

Molecule

vty Molecule Prop%sfd Fj\mchon n.:lurmg Reference Associated PGs/GAGs Reference
Promotes chondorogenic
differentiation of MSCs. TGF@1 but not TGF@3 has been
chondrogenic inducer of shown to bind to HS; effects of [166-169]
MSCs, hgwcvcr leads to the interaction remain conflicting.
TGFf TGEBR1/3 chondrocyte hypertrophy. [36-39,41,75,128,165]
TGEF 3 binds to the small leucine
TGEF 33 better supports rich PGs, decorin, biglycan and
chondrogenic differentiation fibromodulin, but via their [170]
than TGFR1. protein core; CS/DS chains
interfere with this binding.
Important role in joint
formation and organisation
of articular cartilage; GDF5
expressed in healthy
pre-hypertrophic cartilage, [23,171-175]
but not as OA develops;
GDF5 dominant negative
mutation results in articular
cartilage degeneration.
3 Increases cartilaginous ECM Heparin binding sequence
GDF5 production in vitro. [176-179] predicted. [182]
Supplementation with
BMP TGF 33 shown to promote
hypertrophy. However, a
combinatorial study with
TGFf1, BMP2 and GDF5 [180,181]
suggest that it is the TGF3
actually promoting
hypertrophy.
Promotes chondrogenic
differentiation of MSCs,
especially when used in
EW;/] ;tlﬁgiwitznjl: B Use of heparin/HS to potentiate
. Indicatec as the activity of BMPs has been
BMP2/4/6/7  particularly useful for [153,181,183-186] idel died: ially in th [187-195]
inducing chondrogenesis. widely studied; especially in the
However, most studies case of BMP2 for bone TE.
indicate that BMP
supplementation also leads
to hypertrophy.
Promotes chondrogenic . . .
. i [196-198] Glypican3 is strongly linked to
Wnt3a, differentiation. the Wnt i N .
4 o pathway; HS chains bind
Wnit5a :_I’I]hlblt? hyvl:i,ert;np};y. [199] to Wnts with different affinities to
OW? Sr't ntSa also fine-tune access to Wnt receptors;
icpoerrtcm ﬂpf:{ol rer\;)‘tc earl 6-O-desulfation of HS reduces
st);pcs o f%izfercnti agt ion Y ability of Glypicanl HS chains to
8 . bind Wnt, and therefore facilitates
Promotes chondrogenic Wnt-receptor interaction.
Wnt Wntll differentiation and [203] [200-202]
hypertrophy.
Inhibits chondrogenic
Wnt4, Wnt8 differentiation. Promotes [196,204]
hypertrophy.
Inhibits chondrogenic
Wnt9a differentiation. Inhibits [205]
hypertrophy.
When used in combination
with TGFB3 collagen I [183] Heparin/HS/DS stimulate the
IGF IGF1 production is reduced. release of free and bioactive IGF1 [207]
Promotes hypertrophic [206] from IGF binding proteins
differentiation. -
PTHP PTHrP is activated by Thh
PTHIP (1-34) Inhibits TGE3 induced [39,153,208,209] signalling (feedback loop). HS [210211]
iso f(‘)rm hypertrophic differentiation. S binds Thh and negatively 4

regulates signalling.

1 FGE, fibroblast growth factor; HSPG, heparan sulfate proteoglycan; CS, chondroitin sulfate; DS, dermatan sulfate;
TGEFp, transforming growth factor beta; BMP, bone morphogenetic protein; GDF, growth differentiation factor; Wnt,
Wingless-type MMTV integration site; IGF, insulin like growth factor; PTHrP, parathyroid hormone-related peptide.
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4.1. Transforming Growth Factor Beta (TGFB) Superfamily

The TGEP superfamily of secreted factors is made up of more than 30 members that can
be phylogenetically split into two main groups, namely the TGFf/Activin and the BMP/GDF
sub-families [212,213]. Members of the family are synthesised as large precursor (inactive) molecules,
which then undergo proteolytic cleavage following dimerisation, to yield active, mature dimers [214].
All mature monomers of the family share a conserved cysteine knot structure, formed from six
characteristically spaced disulfide-bonded cysteines within the C-terminal region [215,216]. In addition,
with the exception of GDF3 and GDF9, members of the family contain a seventh conserved cysteine
residue, which is required for the covalent linking of the dimeric structures [217]. Upon secretion,
the active mature dimers are then able to bind to their respective receptors to initiate downstream
signalling, although a number of further regulatory mechanisms exist, such as the secreted antagonists
Noggin and Chordin [218], and where ECM molecules such as heparan sulfate (HS) also play a
role [169]. In addition, it has been shown for some TGFf superfamily members (such as TGFf31/2/3
and GDF8), that the mature ligand is secreted from cells in a large complex which includes the cleaved
pro-region, known as the latency-associated protein (LAP) (see [213,219]). These complexes have also
been shown to bind to latent TGF3-binding proteins (LTBPs), which are structurally related to fibrillins
and allow for ECM localisation [220]. The complexes remain inactive in the ECM, until the mature
ligand is released from the complex by activators such as integrin receptors, proteases, or reactive
oxygen species [220-225]; thereby adding another level of control to ligand activity.

As extensively reviewed [137,226-228], upon binding of a TGFf superfamily member to its
receptor, the formation of a heterodimeric serine/threonine kinase complex is induced, which is
composed of a pair of high affinity type I and type II receptors (see Table 2 and Figure 3). In addition,
there are a number of type IIl co-receptors, able to indirectly regulate signalling by binding to
TGEp ligands and modulating their subsequent binding to type I and type II receptors. The type II
serine/threonine kinases are constitutively active, and upon ligand binding undergo a conformational
change, which leads to the recruitment and phosphorylation of the appropriate type I receptors. Type I
receptors then specifically recognise and phosphorylate receptor-regulated Smad proteins (R-Smads).
In this regard, there are two classes of R-Smads: the TGFf responsive Smads, which include Smad 2
and 3, and the BMP-responsive Smads that include Smad 1, 5, and 8. Upon activation, R-Smads form
a complex with the common-partner Smad (Co-Smad; Smad 4), and translocate to the nucleus to
regulate the transcription of a multitude of target genes. Inhibitory Smads (I-Smads; Smad6/7) can
also inhibit the receptor activation of R-Smads by mediating the degradation of receptors and R-Smads.
While Smad 7 inhibits all TGFf superfamily members, Smad 6 is more specific towards the BMP
subfamily [229].

Aside from canonical Smad-mediated TGFf superfamily signalling, other signalling pathways,
such as the mitogen activated-protein kinase (MAPK) pathways have also been implicated in the
process (reviewed [230]). These non-Smad-mediated pathways can either be directly activated by
TGFp ligands, or can modulate the activity of TGFp-induced Smad signalling, allowing for crosstalk
and modification/fine-tuning of initial Smad-mediated signals.

Table 2. Components of the TGFf Smad-dependent canonical signalling pathway.

Molecular Category TGFp Sub-Family Pathway * BMP Sub-Family Pathway
Ligands TGEFps, ActivinsGDF8/9/10/11, BMP3, Nodal BMP2/4/5/6/7/8/9/10, GDF1/3/5/6/7, MIS
Type I receptors TPRRII, ActRIIA, ActRIIB BMPRII, ActRITIA, ActRIIB
Type I receptors ALK4, TBRI (ALKS5), ALK7 ALK1/2, BMPR1A (ALK3), BMPR1B (ALK6)
R-Smad Smad2/3 Smad1/5/8
Co-Smad Smad4 Smad4
I-Smad Smad?7 Smad6/7

1 Alternative protein names are listed in brackets. TR, TGF( receptor; MIS, muellerian inhibiting substance; BMPR,
BMP receptor; ActR, activin receptor; ALK, activin receptor-like kinase. Table adapted from [226].
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Figure 3. Schematic overview of TGFf signalling. Binding of a TGFf3/BMP ligand to specific cell
surface receptors induces the formation of a heteromeric type II/type I receptor complex. This binding
is further regulated by type III receptors/co-receptors. Upon ligand binding, constitutively active
type Il receptors activate type I receptors. This then leads to the phosphorylation of R-Smads (Smad
2/3 for the TGFP subfamily; Smad1/5/8 for the BMP subfamily). R-Smads then form heterodimeric
complexes with Smad 4 (Co-Smad) and translocate to the nucleus, where they regulate gene expression
through interaction with transcription factors (TFs). I-Smads (Smad 6/7) inhibit receptor activation of
R-Smads. Besides the canonical Smad signalling pathway, non-Smad pathways, such as the MAPK
pathways have also been implicated in TGF signalling. Figure adapted from [227].

4.1.1. TGFP Subfamily

TGEFp is crucial for cartilage maintenance and integrity, as highlighted by mutations in
these genes/proteins, which have been shown to lead to OA-like pathology [231,232]. Lack of
TGEFp signalling is also reported in aged mice, and murine models of OA [233,234]. This has
led to the majority of in vitro chondrogenic differentiation protocols including supplementation
with either TGFB1 or TGF@3, of which TGFB3 has been shown to support chondrogenesis
more efficiently [36-41,59,75,128,133,165]. It has generally been considered that TGFf is the only
well-established inducer of chondrogenesis, leading to the deposition of a matrix rich in PG
and collagen II. However, TGFB-induced chondrogenic differentiation of MSCs is also clearly
accompanied by the expression of unwanted hypertrophic markers such as collagen X and
MMP13 [36,37,39,41,75,128,165]. In addition, the ectopic transplantation of TGF-differentiated MSCs
into the subcutaneous pouches of severe combined immunodifficient (SCID) mice has been shown
to result in matrix calcification and vascular invasion [38]. Human articular chondrocytes have also
been shown to be directed towards hypertrophy when expanded in the presence of TGF31 [235].
Interestingly, it has been reported that MSCs differentiated in the presence of TGF31 had significantly
less mineralisation than those cultured with TGF(33 [236]. However, taken together, these drawbacks
have indicated that further refinement of chondrogenic differentiation protocols are required; as
such, researchers are now looking into the use of other/combinations of chondrogenic factors, which
can induce the differentiation of MSCs into a permanent articular chondrocyte-like phenotype, and
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that can withstand hypertrophy. For example, it has been indicated that PTHrP may be able to
suppress the hypertrophic effects of TGF( treatment, without affecting the deposition of a cartilaginous
matrix [39,153,208,209]. The use of a wide range of BMP subfamily members are also being increasingly
investigated (see Section 4.1.2). Importantly, mutations which lead to elevated TGFf activity have
also been associated with increased bone mass and ossification [237,238], and TGF(3 supplementation
has been shown to stimulate osteophyte formation in the murine knee joint [239]. This therefore
highlights that TGFf activity is not limited to the articular cartilage tissue of synovial joints, and may
well help explain why TGFf stimulation also leads to chondrocyte hypertrophy and mineralisation
(i.e., if MSCs are not first primed towards the articular cartilage pathway). The medium formulations
(including growth factors) that are currently used for inducing chondrogenic differentiation of MSCs
are potentially overly simplistic, since the formation of permanent articular cartilage is likely to be
dependent upon the cross-talk from multiple signalling pathways [20,240]. Investigation into the
effects of other chondrogenic factors has therefore become vital.

4.1.2. BMP Subfamily

The unsatisfactory results from in vitro chondrogenic protocols using TGF{3 supplementation has
led to the extensive investigation of the BMP subfamily of the TGFf superfamily [153,183-186,241-243].
BMPs have been shown to play a number of essential roles in endochondral ossification, and are
important for chondrocyte proliferation and differentiation, helping to maintain the expression of
the chondrogenic transcription factor Sox9 [244,245]. Dual knockdown of BMP2 and BMP4 in mice
has been shown to lead to abnormalities in chondrogenic condensations, and severe disorganisation
of chondrocytes within the growth plate [246,247]. BMP? is also thought to play a particularly
important role in articular cartilage maintenance, with intra-articular injections of the ligand being
shown to delay cartilage degradation in mice [248]. In vitro studies have demonstrated that BMPs
(predominantly BMP2/4/6/7) can also induce the chondrogenic differentiation of MSCs, and that
the use of BMPs in combination with TGEf is more effective at inducing chondrogenesis than TGF(3
treatment alone [183-186,241,242]; however, the majority of these protocols have also led to extensive
hypertrophic differentiation. In contrast, Weiss et al. [153] have suggested that BMP2/4/6/7 and
IGF1 were individually not sufficient to induce chondrogenesis of MSCs and that instead TGF( was
also required. Again, when these growth factors were used in combination with TGEf3, collagen
X expression was still observed. Caron et al. [186] also looked at the effects of both BMP2 and
BMP7 in combination with TGFB3, and found that while BMP2 promoted chondrocyte hypertrophy,
BMP? inhibited this terminal differentiation. Handorf and Li [243], have looked at varying growth
factor requirements throughout the differentiation protocol, evaluating if MSCs may have differing
requirements depending on their stage of differentiation. While sequential administration of TGF31
and BMP7 did not enhance chondrogenesis to a greater extent than treatment with both growth factors
at every feed, the hypertrophic phenotype was significantly reduced; but, while these results were
promising, additional reductions in hypertrophy were still thought to be required. This therefore
further highlights that examination of factors that can repress hypertrophy, or prime MSCs early on
towards a phenotypically stable articular cartilage state, is of profound importance. The identification
of such a factor, and its use in combination/sequence with other TGFf3 and BMP treatments may be
key to generating a permanent hyaline cartilage tissue.

4.1.2.1. GDF5

GDF5, also known as BMP14 or cartilage derived morphogenetic protein 1 (CDMP1), is a
particularly interesting member of the BMP subfamily. It is synthesised as a 501 amino acid preprotein
(UNIPROT accession number: P43026) [249]. Upon cleavage of the signal sequence (27 residues),
the proregion (70 kDa) is proteolytically removed, leaving a 13.5 kDa (120 amino acid) monomer,
which will then go on to form a disulfide linked homodimer, or a heterodimer with another TGF(
superfamily member [250-252]. GDF5 is well established as playing a critical role in joint development
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and maintenance [23,171-173,253-256]. Its importance was first highlighted in mice carrying the
brachypodism (bp) mutation, which results in changes to the length and number of bones in the limbs,
and was found to be the result of mutations in the GDF5 gene [253]; GDF5 was also shown to be
highly expressed in the joint interzone, and that mice lacking both GDF5 and GDF6 have further
wide spread joint defects and skeletal growth retardation [257,258]; highlighting its importance in the
formation of synovial joints. Importantly, GDF5 has also been shown to be required for proper joint
formation and homeostasis in humans, and is predominantly expressed in areas of cartilage formation
during embryonic development [171,259-263]. Loss of function mutations in the human GDF5 gene
have been shown to result in a number of chondrodysplasias such as Grebe and Hunter-Thompson
syndromes [259,263], and a single nucleotide polymorphism in the 5’'UTR of human GDF5 has also
been linked to OA susceptibility [261]. In contrast, overexpression of GDF5 has been shown to enhance
chondrogenesis, increase the length and width of bones, and lead to joint fusions [260,262].

Despite the clear importance of GDF5 for skeletal formation, its use for chondrogenic in vitro
differentiation protocols and regeneration strategies has been somewhat under-researched compared to
other TGF superfamily members. However, previous work comparing the effects of TGFf31 and GDF5
in fetal hMSCs via histological staining, has demonstrated that while TGF31 was more stimulatory in
terms of GAG production, the combination of both TGF1 and GDF5 was synergistic [264]. In contrast,
Feng et al. [176] indicated that compared to TGF{31 (10 ng/mL), GDF5 (100 ng/mL) had a much greater
effect on the chondrogenic differentiation of adipose derived rat MSCs, although collagen X levels
appeared similar in both TGF( and GDF5 treated pellets. Interestingly, MSCs transfected with GDF5
and implanted into full thickness articular cartilage defects in the knee joints of rabbits have shown
promising results; demonstrating superior repair of hyaline cartilage compared to MSC implantation
alone [265]. In addition, most crucially, Zhang et al. [177], have reported that GDF5 (100 ng/mL)
inhibited hABMMSCs from expressing collagen X, while promoting the deposition of a cartilage-like
matrix. Although their results were not compared to the more commonly used TGER, this study has
sparked interest in GDF5 as a target for cartilage TE/repair strategies.

This is exemplified by our own recent work, showing that GDF5 can induce the chondrogenic
differentiation of hMSCs, while overcoming the hurdle of hypertrophy [266]. In contrast to TGF31, we
found that GDF5 induced aggrecan and Sox9 expression (both markers associated with chondrogenesis
and ECM production [267]), without increasing the expression of collagen X (the major marker of
chondrocyte hypertrophy [268]); see Figure 4A—C [266]. Our data suggests that GDF5 could be
used to generate a clinically useful cartilage matrix with a high PG content, while maintaining
the chondrocytes in a mature articular cartilage phenotype. As well as building on the results of
Zhang et al. [177], our research [266] also complements several other studies published over the
past few years [175,179,181,269]. For example, work in an OA rat model has demonstrated that
GDFS5 is expressed in healthy pre-hypertrophic cartilage, but is not evident as OA develops [175].
A further study with human chondrocytes has also shown that GDF5 stimulation promoted the
expression of aggrecan, while inhibiting collagen X expression [179]. Consistent with what we observed,
Murphy et al. [181] demonstrated that collagen X expression was significantly increased in the presence
of TGFf31 but not GDF5, i.e., in 7-day hMSC-derived chondrocyte pellets. However, our results are in
contrast to another recent study suggesting that GDF5 can promote the hypertrophy of hMSC-derived
chondrocyte pellets [180]. This work, however, looked at the effect of GDF5 in combination with
TGEFf3, and not in isolation. We have demonstrated that GDF5 alone does not increase collagen X
expression, and that the combination of GDF5 and TGFE1 is no more potent at inducing collagen X
than TGFpP1 treatment alone [266].

Thus, overall, there is increasing evidence supporting the potential use of GDF5 in cartilage TE
strategies, especially when this growth factor is supplied to hMSCs in the absence of TGFp. Future
studies to look at the expression of a wider repertoire of genes involved in chondrogenesis, as well as
additional biochemical assays (for example to quantify PG content) would help to further determine the
effects of GDF5 on the chondrogenic differentiation of hMSCs. A recent study in human umbilical cord
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perivascular stem cell-derived chondrocyte pellets demonstrated that GDF5 enhanced proliferation,
but had no effect on the expression of chondrogenic-related genes [270], therefore indicating that the
effect of GDF5 may be specific to the source of stem/stromal cells.
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Figure 4. GDF5 promotes the chondrogenic differentiation of hMSCs without inducing hypertrophy,
and its activity is modulated by GAGs. GDF5 promotes the expression of aggrecan (A) and Sox 9 (B),
both markers associated with chondrogenesis and ECM production, in hMSC-derived chondrogenic
pellets, but importantly, does this without inducing collagen X expression; (C), a marker of chondrocyte
hypertrophy. The removal of endogenous HSPGs (HS) from the cell surface (by using heparinase) is
positively correlated with the reduced level of GDF5 able to bind to the cell surface; (D), Exogenous
heparin, but not equivalent doses of HS, inhibit GDF5-induced chondrogenic differentiation of hMSCs
as monitored by aggrecan expression (E), * p < 0.05, ** p < 0.01, *** p < 0.001 versus no addition
control; ## p < 0.01, ### p < 0.001, comparing heparin and HS of same dose (see [266] for full
experimental details).

Importantly, the supplementation of hMSCs with GDF5 rather than TGF31/3 may provide an
effective way to achieve the aim of forming hyaline rather than hypertrophic chondrocytes from
hMSCs, and strongly suggests that a transition to using GDF5 in hMSC-based cartilage engineering
strategies could help to overcome this long-standing hurdle [266]. However, hMSC heterogeneity [271],
along with the inability of being able to form a scalable tissue, need to be overcome if successful clinical
implementation is to be achieved. A more robust quality control of cell preparations, that can better
predict clinical outcomes, and /or allow for the purification of subpopulations of cells with improved
chondrogenic potential, is therefore of the upmost importance (see [272]). The difficulties surrounding
the use of hMSCs, has also meant that researchers are now looking into alternative solutions to cell
therapy. Conventionally the strategy would be to deliver expanded hMSCs (undifferentiated or
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differentiated) to the repair site, but recent work has led to the opinion that the beneficial effects of
hMSCs (or other stem cells) for tissue regeneration are not only due to cell restoration (and engraftment),
but can also be attributed to the trophic factors that hMSCs release (see reviews [273,274]). As a
result, research is now being directed into the identification and delivery of paracrine factors to
the injury site, which can then modulate the environment and evoke a repair response from the
resident cells [275-279]. These cell free approaches to tissue regeneration are exciting; e.g., overcoming
the issues of cell sourcing, expansion and differentiation, as well as the strict regulatory issues that
surround cell therapy. However, they come with other challenges, including the effective and safe
delivery and/or controlled release of the bioactive factors [277,280]. These issues, which are relevant
to both cell-free and cell-based regeneration strategies, will be explored in further detail within the
following sections.

5. Glycosaminoglycans

As well as the difficulties in identifying the correct growth factors (and combinations thereof)
to target for cartilage TE/regeneration strategies, the inherent instability of these proteins has also
hampered their potential use. Growth factors are known to be susceptible to proteolytic degradation,
are rapidly cleared from the injury site, and demonstrate burst release pharmokinetics [281-283].
Together these factors have largely meant that supraphysiological quantities are required to get
anywhere near the desired outcome, resulting in economically unsustainable costs for clinical
translation [284-287]. In addition, the safety of growth factors is still under debate due to the increasing
number that are being identified as proto-oncogenic, and this worry is only heightened by the high
doses that are currently required [288-291]. The use of carriers that can reduce the quantity of
exogenous growth factors required, through their localisation, protection or enhancement, or indeed
that could harness endogenously produced growth factors, would therefore be ideal. Research into
the use of GAGs for these approaches is proving particularly promising, and presents an attractive
therapeutic opportunity for TE strategies [163,195,292-295].

In animal cells there are an estimated 10°-10° copies of HS and chondroitin sulfate (CS) on the cell
surface, which range from ~40-160 nm in length; these GAGs are present at mg/mL concentrations
in the ECM, highlighting their abundance and importance. Moreover, solution structure studies of
sulfated GAGs have indicated that the oligosaccharides are highly dynamic, with a high degree of
conformational plasticity (although forming stiffened random coils), allowing them to interact with a
diverse number of proteins, and adding to the complexity of the interactions [296]. All GAGs, with
the exception of HA (and heparin, once it has been secreted by mast cells), exist as PGs by attaching
to serine residues on core proteins [297]; alternatively, keratan sulfate (KS) can be N-linked. PGs are
produced by virtually all mammalian cells and can be found on the cell surface, within the ECM, or
stored in secretory granules [298]. PGs can include only one GAG chain (e.g., decorin), or can have over
100 GAG chains, as is the case for aggrecan, the most predominant PG in cartilage [299,300]. Aggrecan
consists of around 100 CS and 30 KS GAG chains extending from a large protein core of approximately
250 kDa [301]. In addition, this PG forms large aggregates (size, 1-4 um), with hundreds of aggrecan
molecules non-covalently bound on a single HA chain, where the interaction is stabilised by cartilage
link protein [302]. The biomechanical properties of cartilage are largely due to the high negative
charge provided by associated GAG chains, and the large size of the biopolymer, which is held in
place by collagen networks. These factors render the PG immobile and unable to redistribute itself,
allowing the matrix to become water swollen (Gibbs-Donnan effect), resistant to deformation, and able
to resist compressive force [303]. The highly sulfated GAG chains of aggrecan are also responsible
for sequestering and modulating the accessibility of molecules, such as growth factors, which bind
via positively charged amino acid residues [304]. Other PGs expressed in cartilage include glypican,
cell surface syndecans and the large HSPG perlecan [162,305-307]. Via its HS chains, perlecan has
strong affinity for collagen VI, and can bind to fibronectin and laminin, via both its HS chains and
core protein [308]. Through these interactions perlecan has been shown to play an important role in
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sequestering FGF2 and softening the ECM within the immediate vicinity of the chondrocytes (the
pericellular matrix (PCM)), providing an environment suitable for mechanotransduction [161,308].

The physiological and pathological functions of PGs are vast; e.g., helping to define tissue
form, and dynamically modulate function and remodelling during health and disease [309,310].
The specific functions of GAGs/PGs include ligand binding/immobilisation/retention, promotion
of ligand /receptor interactions, protection of ligands from proteolysis, and facilitation of cell-cell
and cell-matrix interactions [156,311-320]; all of which can have a profound effect on cellular
activity. The variable lengths and sulfation patterns of GAG chains on PGs, makes them the most
structurally complex and information dense molecules found in nature [309]. Importantly, the intrinsic
heterogeneity of sulfated GAGs allows for diverse patterning and multifunctionality, and as such the
understanding of how these ‘sugar codes’ control tissue development and homeostasis is of huge
therapeutic interest [321-324]. This is particularly apparent in the case of heparin/HS, where the huge
degree of versatility has opened up the concept of ‘heparanomics’, seeking to better understand how
HS structures interact with proteins to modulate biological activity [325,326]. It has been estimated
that over 1 x 10° structurally different sequences are possible from a just a short HS octasaccharide;
emphasising the point that these molecules could potentially accommodate an enormous number of
protein-binding epitopes [327]. Research aimed at enabling a better understanding of this complexity
and its functional consequences is ongoing [328-330], and it is ultimately hoped that this will allow for
improved modulation of cellular activity and thus, TE/regeneration strategies.

Role of GAGs in Stem Cell Differentiation and Development

The extensive work of Merry and colleagues has highlighted the importance of HS and HSPGs in
stem cell differentiation and embryonic development [331-335]. For example, the neural differentiation
of mouse ESCs (mESCs) expressing green fluorescent protein (GFP) under the control of the neural
marker Sox1, has been used to show that, compared to undifferentiated mESCs where HS sulfation
was low, GFP-expressing neural progenitor cells demonstrated increased levels of both N- and
O-sulfation, as supported by high levels of HS biosynthesis enzymes such as NDST4 and 30ST [331].
Variations in sulfation patterns between mESCs and neural progenitor cells were also confirmed using
epitope specific antibodies, which show preferential binding to specific patterns of sulfation in the
HS chain [331]. The group also demonstrated that the phage-display antibody RB4EA-12, which
specifically binds to 6-O sulfated structures, had significantly increased expression in the Sox1-GFP
expressing neural progenitors compared to the undifferentiated mESCs. Further to this, EXT1~/~
mESCs (that are unable to form an HS polymer) placed in neural media were unable to differentiate,
unless supplemented with soluble heparin. It was also shown that exogenously added GAGs, of
particular sulfation patterns, concentrations, and chain lengths were also able to support the neural
differentiation of wild type mESCs [334].

Taking a similar approach, the Merry group have also characterised changes in HS expression
during differentiation of mESCs down the mesoderm/hematopoietic lineage, using a cell line where
GFP is under the control of the Bry gene (which is expressed in mesoderm but not in ESCs), alongside
a panel of HS sequence specific antibodies [332]. Of particular significance was the antibody HS4C3
which was specifically expressed within the emerging Bry™ population, but that disappeared from the
cell surface as cells differentiated into mature hematopoietic cells. In vivo findings also demonstrated
that HS4C3 binding sequences were restricted to the mesoderm during gastrulation. The rapid turnover
of the HS4C3 HS binding sequences at the cell surface during different stages of differentiation indicates
how highly regulated and important HS sulfation patterns are during development, allowing different
growth factors to bind at specific spatio-temporal locations to instigate specific signalling pathways.
Understanding the details of HS sequences that are involved in the formation of various tissues,
will therefore lead to a better understanding of how stem cell differentiation and development is
regulated and controlled. In a subsequent study, EXT1~/~ mESCs were only able to differentiate
into hematopoietic lineages with the addition of heparin [333]. In contrast (and in contrast to the

117



Pharmaceuticals 2017, 10, 54

previously discussed work in the neural differentiation system), the addition of chemically N- or
O-desulfated heparin oligosaccharides, or heparin chains shorter than 18 saccharides, were unable to
restore differentiation. Together these results highlight the widespread importance of HS in embryonic
tissue development. While the low sulfation patterns seen in mESCs help to keep the cells in a
pluripotent, undifferentiated state, dynamic changes in the sulfation patterns of HS appear to be
required for growth factor activity and stem cell differentiation.

Consistent with the findings above, Nairn et al., [336] examined transcripts encoding the
glycosylation machinery during stem cell differentiation, and demonstrated clear correlations between
transcripts and changes in glycan structures. In addition, with more particular reference to the
importance of GAGs in cartilage development, bioimaging has been used to demonstrate changes in
the staining intensity of CS and HS during the chondrogenic differentiation of ESCs [337]. In addition,
homozygous mice lacking either exostosin 1 or 2 (EXT1/EXT2; responsible for the polymerisation of
growing HS chains), fail to gastrulate, while heterozygous mutants are likely to develop hereditary
multiple exotoses, characterised by abnormal cartilage differentiation, premature hypertrophy and
bony outgrowths [338,339]. In addition, Stickens et al. [339] showed that all EXT2*/~ mice display
abnormalities in cartilage differentiation, with disorganisation of chondrocytes and premature
hypertrophy in the cartilage. Similarly, conditional knockdown of EXT1 in limb bud mesenchyme also
leads to dysregulation of BMP signalling and delayed chondrogenic differentiation [340]. Furthermore,
HS chains on the PG perlecan within the growth plate have been shown to be involved in the binding
of FGF2 to its receptors FGFR1—4, leading to the regulation of chondrocyte proliferation and bone
growth [162]. Importantly, however, perlecan can only deliver FGF2 to its receptors following the
removal of CS; thus the CS chains on perlecan allow for the sequestration of FGF2 within the PCM of
cartilage tissue, while the HS chains help with its delivery to receptors [161,162]. FGF2 has also been
demonstrated to be liberated from perlecan HS chains upon injury or mechanical compression [341].
In humans, a mutation in 3’-phosphoadenosine 5'-phosphosulfate synthase 1 (PAPSS1; a bi-functional
enzyme with both ATP sulfurylase and adenosine 5'-phosphosulfate kinase activity), which introduces
a premature stop codon and disrupts GAG sulfation, as well as other mutations that lead to
disruption in sulfation patterns, have been shown to result in osteochondrodysplasias (disorders
in the development of cartilage/bone) [342]. A study has also shown that there is significantly
higher expression of the endosulfatases, Sulfl and Sulf2, in OA versus normal articular cartilage,
indicating that changes in 6-O sulfation patterns post biosynthesis can contribute to cartilage
pathology [343]. In addition, Sulfl and Sulf2 have been shown to modulate cartilage homeostasis via
their differential effects on BMP and FGF signalling [344]. Together these studies indicate that cartilage
is particularly sensitive to sulfation patterns within GAG sequences, with key signalling pathways
being dependent upon particular domain structures and sulfation patterns being present; see Table 1.
The predominant role of GAGs and PGs in the formation and maintenance of the ECM of articular
cartilage, makes them particularly interesting as factors for improving cartilage TE strategies, and a
better understanding and identification of GAG sequences involved in articular cartilage formation
and disease is clearly required.

Exogenously added HS, and heparin have been shown to stimulate cartilage nodule formation and
growth in chick limb bud mesenchyme micromass cultures [345]. In contrast, although HS treatment
alone does not appear to have an effect on the in vitro chondrogenic differentiation of MSCs, addition
in combination with TGF33 and BMP2 has been shown to potentiate chondrogenic activity, more so
than growth factor treatment alone [346,347]. It has been suggested that this may be due to exogenous
HS limiting the ability of ligands to bind to endogenous HSPGs that would usually prevent/regulate
their binding to receptors [346]. Consistent with this, overexpression of syndecan-3, a major HSPG
expressed during chondrogenesis, was shown to impair the ability of BMP2 to promote chondrogenic
differentiation [346]. On the other hand, the inclusion of the HSPG perlecan in biomaterials has been
shown to enhance cartilage TE strategies, prolonging the release of BMP2 [348]. Exogenous HS has also
been shown to prolong TGF31-mediated signalling in hMSCs [169]. In addition, a recent study has also
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demonstrated that knockdown of perlecan inhibits the chondrogenic and adipogenic differentiation of
SMSCs, but not osteogenic differentiation [349].

Ultimately, the ECM, and more specifically the PCM, which consists of the cell surface and
immediate local ECM, plays a major role in maintaining homeostasis and directing cell behavior [350].
It provides a scaffold for cell attachment and spreading and helps provide the shape and mechanical
properties of many tissues, including cartilage [304,351-354]. GAGs and PGs are key components of
the PCM/ECM, keeping the matrix hydrated through their high negative charge, determining the
compressive properties of the tissue, modulating morphogen gradients, and controlling the activity of
ligands. A greater understanding of GAG structure within target tissues (the composition of which
varies considerably with cell type and location), and how these are altered during development
and disease, will therefore be of huge importance in the success of future TE strategies [355-357].
The elucidation of GAG structure/function relationships has lagged behind that of proteins and nucleic
acids, largely because of limitations in the research methods available; e.g., GAGs cannot be amplified
against a template, and as such cannot be sequenced in the same manner as DNA/RNA [297]. Adding
to the challenge is their vast heterogeneity [321] and the high degree of sequence/conformational
flexibility, likely underpinning the diversity and complexity of GAG-ligand interactions [296,328,358].
Despite these challenges, the persistence of the PG community has meant that much more advanced
synthesis, modelling and sequencing tools are now becoming available (see [321,326,359-361]); in line
with these developments, there is the hope that the full potential and full biological significance GAGs
can soon be realised.

6. Biomaterials

A wide range of materials have been used for cartilage scaffold fabrication, including natural
polymers such as collagen, fibrin and HA, as well as synthetic polymers such as polylactic acid
(PLA) and polyglycolic acid (PGA), and self-assembling peptides (see [362]). Natural polymers have
the obvious advantage of biological recognition, providing the cells with ECM molecules that can
positively support cell function and adhesion [363-366]. Collagen, being a major component of the
cartilage ECM, is a widely used natural polymer in cartilage TE, and is the most common scaffold to
be incorporated into MACI procedures [55,60,367,368]. However, due to its abundance and versatility,
collagen I (rather than type II) is usually used [369]. Collagen scaffolds have also been used in clinical
trials immediately after microfracture treatment, although assessment of the benefit of this treatment
still requires further analysis [370-372]. Multi-layered collagen scaffolds, which can more effectively
mimic the zonal structure of articular cartilage, have also been recently examined in large animal
models [373,374]. Histological analysis demonstrated that these scaffolds alone (i.e., cell-free) were able
to initiate the formation of well-structured osteochondral tissue. Collagen I gels in combination with
2D micro patterning and single cell culture has also been used as a platform to investigate conditions
that control chondrocyte de-differentiation [375]. This approach also offers a method from which
niches for targeted differentiation of hMSCs could be investigated.

As well as collagen, HA and chitosan have also been extensively studied as natural polymers for
cartilage TE/regeneration strategies. The HA-based scaffold, Hyalograft C, demonstrated promising
results for the treatment of articular cartilage lesions, and like collagen, has also been used in MACI
procedures [376,377]. However, results appeared less convincing for chronic lesions [378], and the
product was recently discontinued failing EMA approval. More promisingly, a chitosan-based product,
BST-CarGel, has been shown to result in better organised tissue repair compared to microfracture
treatment alone [379], and further clinical evaluation will indeed be interesting to follow.

However, a number of concerns over the use of natural polymers, such as the feasibility of
producing sufficient amounts of these materials for clinical applications, the degree of reproducibility,
and assurance of pathogen removal, has led to a number of synthetic polymers being investigated as
alternatives (as reviewed [380]). Synthetic polymers offer the benefits of processing flexibility and mass
production, lack of immunological concerns, and greater control over degradation rates (see [381]).
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Research involving synthetic polymers for cartilage TE is largely focused around degradable
polyesters that have been FDA/EMA approved, such as PGA, PLA and their copolymer, poly
(lactic-co-glycolic acid) (PLGA) (see [382,383]). PGA and PLA are degraded into glycolic acid and lactic
acid respectively, both of which can be metabolised by the body and removed by natural pathways.
A recent study has also indicated that the release of lactic acid from PLA scaffolds can be beneficial
to chondrocyte ECM synthesis [384]. PLA contains a methyl side group within each monomer unit,
which contributes to its hydrophobicity and slower degradation rate compared to PGA [385]. While the
greater stability and high compressive strength of PLA may be beneficial to cartilage TE strategies [386],
the hydrophobicity of the polymer limits cell attachment and viability [387]. In contrast to PLA, PGA
is a rigid polymer with a high degree of crystallinity [385]; it is also hydrophilic and lacks methyl
groups, which contributes to its higher degradation rate. The copolymer PLGA can therefore be
used to tailor degradation rates and compressive strength, with altered ratios of PLA and PGA
being used to fine-tune these properties. One study looked at the effects of PLGA composition on
the cell adhesion and growth of bovine articular chondrocytes [388]; here non-woven PGA meshes
were coated with varying quantities of PLA via solvent evaporation to give composites with PLA
contents ranging from 0 to 68%. The compressive strength and degradation time was shown to
increase with increasing PLA content, with those meshes containing 68% PLA lasting for 45 days
with a compressive modulus of 20 kPa, while 0% PLA meshes degraded after just 5 days and had a
compressive modulus of 1 kPa; however, the hydrophobic PLA was shown to decrease cell seeding
efficiency, adhesion and proliferation. PLGA is also considered an expensive synthetic polymer and,
as such, the relatively inexpensive polycaprolactone (PCL) is also being widely incorporated into
many strategies [389-391]. This polymer has also been used to overcome the brittle properties of
PLGA and its flexibility means that electrospun PCL nanofibrous sheets can be rolled or moulded
over surfaces, e.g., of articular joints; making them excellent candidates for skeletal TE strategies [392].
However, like PLA, the downside of PCL lies in its hydrophobic nature and lack of cell surface
recognition sites. Together the relative positive and negative attributes of synthetic polymers means
that co-polymerisation of various combinations of both synthetic and natural polymers has become an
active area of research [389,391,393-398].

6.1. Electrospun Scaffolds

As well as choice of polymer, scaffold form is also an important factor to consider. Electrospinning
is a popular, simple, and cost-effective technique which allows for the production of both nano- and
microfibrous polymer scaffolds (see [399]). Briefly, the technique involves dissolving a polymer in a
suitable solvent and feeding it through a metal capillary with a high voltage applied, sending a jet of
highly charged molecules in solution towards a collector of opposite charge [400]. As the jet travels, the
solvent is evaporated, leaving a mesh of polymer fibers. The applied voltage, working distance, rotation
rate, choice of solvent, polymer concentration, and flow rate, are all parameters that can be adjusted to
generate scaffolds with different characteristics and fiber morphologies [401]. A number of groups have
used electrospun scaffolds for cartilage TE purposes [398,402,403]. Sonomoto et al. [398] demonstrated
that their PLGA electrospun nanofibrous scaffolds (a 50:50 ratio of PLA to PGA) could induce the
differentiation of hMSCs into chondrocytes, without the addition of any cytokines. Wise et al. [402],
have also compared orientated PCL electrospun scaffolds of approximately 500 nm and 3000 nm fiber
diameter. The group demonstrated that hMSCs preferentially orientated along the direction of the
fibers, and maintained their orientation during chondrogenic differentiation. The nanofibrous scaffolds
(500 nm) were shown to enhance chondrogenic differentiation when compared to the microfibrous
scaffolds (3000 nm), as indicated by type II collagen and aggrecan expression.

An issue of electrospinning is the inherently small pore sizes generated (typically < 10 um), and the
low thickness of fibers (typically ranging from 10 to 10,000 nm in diameter; limited by the slow rate of
production), which together means that 2D membranes with poor cellular infiltration rather than true
3D scaffolds are often formed [404,405]. As such, techniques such as multilayering, or the incorporation
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of hydrogels are being investigated [395,406-409]. Indeed, the native ECM consists of a fibrous protein
network infiltrated with PGs, and so inclusion of a hydrogel within electrospun fibers seems a natural
step in creating an ECM-mimetic with good levels of hydration, cell infiltration and the potential for
controlled release of bioactive factors. A technique involving the combination of electrospinning and
electrospraying allows for the rapid fabrication of fiber /hydrogel hybrid scaffolds with improved
and more uniform cell infiltration [407,409]. Chen et al. [395] have also recently designed a porous
3D scaffold using electrospun gelatin/PLA nanofibers crosslinked with HA. Chondrocytes cultured
in the scaffolds remained viable, and histological staining demonstrated that the construct could
enhance the repair of cartilage in vivo. In an alternative approach Coburn et al. [410] have developed
a fiber-hydrogel composite, using a novel electrospinning technique, whereby the fibers are spun
onto a water coagulation bath (rather than a solid surface). This allows for the formation of a rapid
3D fiber mesh with porosity suitable for hydrogel and cell infusion by means of simple mixing, and
which is injectable and allows for homogenous tissue growth. They demonstrated that the density of
the fibers within the constructs had an effect on tissue formation, with higher (40% dry weight) fiber
density leading to greater MSC proliferation, while lower (10% dry weight) fiber density led to the
greatest amount of matrix production following chondrogenesis. However, most characterisation of
chondrogenesis in this study seems to have been on fiber-hydrogel composites made from stacking
to form a 3D multilayered scaffold, rather than those made by the novel electrospinning technique.
Compared to hydrogels alone, the stacked composites showed increased ECM production and greater
response to mechanical stimulation, which resulted in a drastic increase in tissue production and
near native levels of ECM (although ECM composition was not examined). Owing to the structured
composition of articular cartilage, stacked composites, where each layer could be engineered to release
different combinations of bioactive factors, may be more effective compared to one homogenous matrix.
However, it should be noted that Coburn et al. [410] did not look at any markers of chondrocyte
hypertrophy within their study.

6.2. Hydrogels

Hydrogels, water swollen hydrophilic polymers that are able to retain large quantities of water,
are also popular for cartilage TE strategies, as they allow the formation of an effective 3D environment,
can be processed in relatively mild conditions, and can be delivered in a minimally invasive manner
(see [411,412]). The high water content of these gels creates a permeable matrix that can effectively
mimic the ‘softness’ of cartilage, allowing for easy nutrient transfer, and which can signal to cells
through both mechanical and chemical signals [411]. Given these properties, a wide range of both
natural and synthetic hydrogels have been investigated for cartilage TE.

Examples of natural hydrogels frequently used for cartilage TE include fibrin and alginate.
Ho et al. [413], compared the chondrogenic differentiation of BMMSCs seeded into fibrin hydrogels
or fibrin-alginate composites. MSCs encapsulated within fibrin hydrogels showed increased
mesenchymal condensation compared to fibrin-alginate constructs. The fibrin hydrogel encapsulated
cells also showed increased chondrogenic differentiation with an increase in expression of collagen
type II and aggrecan, and unlike the fibrin-alginate gels, did not appear to undergo hypertrophy.
Interestingly though, alginate sulfate hydrogels have been shown to support a chondrocyte phenotype,
and by combining alginate sulfate with nanocellulose it is possible to create a printable bioink, which
could therefore allow for the spatial deposition of hydrogels with micrometer precision [414].

Nguyen et al. [7], have used different combinations of both synthetic and natural biopolymers
to create hydrogels that can direct MSCs to differentiate and form ECM that is characteristic of the
superficial, middle, or deep zones of articular cartilage (see Figure 1). For example, the combination of
CS and MMP-sensitive peptides incorporated into polyethylene glycol (PEG) hydrogels reportedly
led to high levels of type II collagen, low levels of PG expression, and a low compressive modulus
characteristic of the superficial zone. In contrast, PEG-HA hydrogels induced low collagen II and high
PG levels leading to a high compressive modulus more characteristic to that of the deep zone. In a
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further study they demonstrated that layer-by-layer organisation of these hydrogels to create a single
3D scaffold can stimulate MSCs to differentiate and form a multilayered ECM similar to that of native
articular cartilage [8].

Although hydrogels clearly offer much promise, a common issue is the toxicity problems
associated with their chemical crosslinking [415]. A number of groups have therefore been investigating
self-assembling peptides, made up of alternating hydrophilic and hydrophobic amino acids, which
spontaneously form nanofiber scaffold hydrogels in NaCl solutions [416,417]. These self-assembling
peptide hydrogels have the advantages of traditional hydrogels, but also avoid the use of toxic
cross-links, harmful degradation products, and undesired immunological responses, making them
a very attractive option for TE strategies [416]. Zhou et al. have developed a novel self-assembling
peptide hydrogel, which is based around the co-assembly of two aromatic peptide amphiphiles;
ie., a structural peptide, fluorenylmethoxycarbonyl-diphenylalanine (Fmoc-FF) and a functional
Fmoc-coupled RGD peptide (arginine-glycine-aspartic acid) (Fmoc-RGD), which corresponds to the
cell-binding domain of the common ECM component fibronectin [418]. These short di/tri-peptides
were shown to lead to the formation of a simple, cost-effective and bioactive hydrogel, which could be
formed at neutral pH and effectively support cell attachment and spreading [418,419]. In addition,
the versatility of the hydrogel means that it could also be decorated with other bioactive peptides.
Similarly, Saiani et al. [420] have formed simple FEFEFKFK self-assembling octapeptide gels, which can
also allow for the addition of bioactive peptides. The gels have been shown to self-assemble into 3-sheet
structures which can promote the round morphology and ECM production of chondrocytes [421].

Another limitation of hydrogels is that although MSCs undergoing chondrogenesis appear to
prefer the softer material of a hydrogel over fibrous scaffolds, hydrogels are limited in their mechanical
properties and, thus, this may negatively affect their survival within a joint [410]. As such, the use of
fiber /hydrogel composites (as discussed in Section 6.1) is perhaps more likely to succeed in cartilage
TE applications. However, considerable variation in the stiffness of self-assembling peptide hydrogels
can be achieved through modulating the assembly conditions [422].

6.3. GAG Incorporation and Application

As discussed above, synthetic polymers are becoming increasingly popular in TE strategies,
due to their reproducibility, non-immunogenic properties, and ability for up-scaled production [381].
However, the bioinert properties of synthetic materials, means that they usually have to be enhanced
with additives such as expensive growth factors and cytokines. A more cost effective method of
promoting the biofunctionality of synthetic scaffolds is thought to be through the use of GAGs (as
discussed in Section 5).

A number of groups have pioneered the incorporation of GAGs into synthetic polymers, in
order to produce functionalised scaffolds that combine the advantages of both synthetic and natural
polymeric materials [335,423,424]. The incorporation of GAGs into hydrogels has utilised both covalent
and non-covalent conjugation, which allow for the tunable adjustment of matrix characteristics and
release of bioactive factors [424]. Kim et al. [425] seeded MSCs into photocrosslinkable HA hydrogels
and cultured them with varying levels and durations of TGF(33. Results demonstrated that relatively
short-term exposure (7 days) to a high level of TGFf3 (100 ng/mL) was more effective at inducing and
maintaining cartilage formation when compared to constant delivery of a lower dose (10 ng/mL) over
a 9-week period. In agreement with this, Bhakta et al. [189], have reported that heparin containing
hydrogels reduced the burst release of BMP2, and sustained its activity, however, it was the initial burst
release of BMP2 that was found to be important for optimal bone formation. These results indicate
that the controlled degradation of biphasic scaffolds might allow for both the initial release of a high
dose of growth factor, followed by prolonged activity [426].

Compared to the incorporation of GAGs into hydrogels, their immobilisation onto surfaces such
as electrospun fibrous scaffolds has proved a more difficult task. Typically GAGs are anchored via
covalent immobilisation, however, this has been shown to restrict the conformation of the bound
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GAGs and their functionality [395,427-429]; e.g., in some situations the oligosaccharides are required
to be internalised with signalling receptors [430—432]. Mahoney et al. [433] have developed a method
for the non-covalent immobilisation of heparin to surfaces, which involves the use of cold plasma
polymerisation of allylamine (ppAm) and avoids the need for labelling or chemical modification of
the GAGs. The ppAm coats the surface in positively charged amine groups (-NH,) [434], thereby
allowing for the subsequent immobilisation of negatively charged GAGs. Plasma polymerisation is
an established technology involving a vessel containing the vapour of a monomer at low pressure
and an energy source (see [435]). Generally, the lower the ratio of power to monomer input rate, the
higher the retention of monomer functionality, and in addition substrate temperature and the location
of the plasma discharge relative to the substrate have been shown to affect surface chemistry [436].
Heparin immobilised onto ppAm-coated microtiter plates was able to interact with the heparin-binding
proteins tumour necrosis factor-stimulated gene-6 (TSG-6), complement factor H, and the chemokine
interleukin 8, whereas no functional heparin was present on untreated plates [433]. The positive charge
of the allylamine coating, and the fact that the binding of heparin to the surface was salt-strength
dependent indicates that the binding is at least partly through an ionic interaction [433,437]. It was also
demonstrated that the ppAm coating could be used to create heparin gradients, and as well as heparin,
can also support the functional binding of a wide range of GAGs, including CS, HA, and DS, although
differences existed in their protein-binding capabilities depending on the surface chemistry to which
they were adsorbed [437,438]. Yang et al. [439] have also coated stainless steel with ppAm, in order to
develop a heparinised surface with biological function. They found that the heparin-binding surface
inhibited the ability of human umbilical artery smooth muscle cells to adhere and proliferate, while
enhancing that of human umbilical vein endothelial cells. The heparinised surface was also shown
to inhibit thrombosis and promote re-endothelialisation in vivo. Meade et al. [335] translated the
cold plasma polymerisation technology onto 3D constructs, developing a novel electrospun scaffold
functionalised with GAGs non-covalently attached to the fiber surface via a ppAm coating. Bound
GAGs were shown to be biologically active, restoring the ability of EXT1~/~ (HS-deficient) mESCs to
differentiate down the neural lineage. Use of these scaffolds to investigate how GAGs can control the
chondrogenic differentiation of hMSCs would therefore be interesting.

Whilst the incorporation of GAGs into biomaterials for improved TE strategies is not new,
most attempts thus far have relied upon the use of poorly defined, heterogeneous, commercially
available, preparations [188-190,192,194,335,395,426,428,439-441]. Although these strategies have
generally proven effective, it is difficult to decipher specific structure-function relationships, and there
is the worry that off-target effects may lead to sub-optimal or even detrimental effects [190,442—446].
In addition, the use of natural polymers, generally isolated from animal tissues, is a concern for
clinical translation, not only due to the high levels of structural complexity, but also due to potential
contamination. As recently as 2008, batches of heparin containing oversulfated CS, caused allergic-type
reactions in patients and led to over 100 deaths, highlighting the need for a more controllable method of
production [447]; this requirement has also recently been underlined by the identification of significant
batch variation in commercially available preparations of HS used in research [448]. In an effort to
purify more defined HS preparations, Cool and colleagues have successfully employed a peptide
affinity isolation method [163,169,193,195,295]; this technique is suitable for scale-up to meet clinical
demand, and has already been shown to be effective for potentiating the bioactivity and bioavailability
of a number of growth factors. Further to this, the advancement of GAG modelling, sequencing
and synthesis tools over the past decade (see [326,359-361]), has also meant that the feasibility of
generating synthetic GAG mimetics is progressing rapidly (see [449]). Chemoenzymatic methods using
bacterial glycosyltransferases and synthetic UDP monosaccharide donors can now allow for the rapid
production of structurally defined HS oligosaccharides [450], where the expression of HS biosynthetic
enzymes at high levels in E. coli is making the process amenable to scale-up [451]. In addition, a novel
strategy, whereby the 6-hydroxyl group of synthetic UDP-GIcNAc or UDP-GIcNS nucleotides is
substituted by an azido group, is facilitating the synthesis of GAG mimetics in excellent yields [452];

123



Pharmaceuticals 2017, 10, 54

here the azido moiety is converted to a sulfate group, leading to the production of oligosaccharides
with N-sulfates at both the 2- and 6- positions, allowing for close mimicry of natural N-sulfated, 6-O
sulfated GlcN residues. Improved understanding of the substrate specificity of C5 epimerase activity
has also meant that single product IdoA2S-GIcNS residues can now be irreversibly synthesised (i.e.,
rather than a mixture of GlcA and IdoA residues) [453]. These improved methods have meant that
over 30 synthetic heparin oligosaccharides have now been generated [449]. Ultimately, our ability to
uncover structure/function relationships in heparin/HS oligosaccharides is evolving rapidly, and with
this, the incorporation of more defined and specific HS sequences into TE strategies, in a cost-effective
manner, has now become a realistic goal.

7. The Problems Associated with Heparin

The high level of sulfation (and thus negative charge) carried by the GAG heparin, means that it
is able to bind, stabilise, and modulate the activity of a wide range of growth factors (see [454]). In
addition, the low cost, easy availability, and status of heparin as an already FDA- and EMA-approved
product, has meant that researchers are harnessing its properties, preferentially over that of other GAGs
(such as HS) to improve growth factor delivery [188,189,192,194,440]. Gaining particular prominence
is the use of heparin-loaded delivery vehicles for skeletal TE, where biomaterials decorated with
heparin have been extensively studied both in vitro and in vivo, for their ability to reduce the dosing
requirements and improve the therapeutic potential of BMPs, such as BMP2 [188,189,194,455-460].
Most of these studies have shown very promising results, with heparin-loaded biomaterials improving
BMP2 delivery, release, and osteogenic potential. It should be noted, however, that some inhibitory
effects of heparin on TGF( superfamily members (and other proteins) have been reported when high
doses of the GAG are used [461,462]. In addition, in some cases the use of heparin-loaded biomaterials
have proven ineffective in vivo [192] and the long-term side effects have not been tested. Adding to
this, it has been shown in a rat ectopic model, that while collagen sponges soaked with BMP2 and
heparin did result in more bone formation compared to sponges soaked with BMP2 alone, the use of
an HS variant, rather than heparin, improved bone formation even further [190]. On this basis we
hypothesised that while heparin may enhance the retention/activity of BMP2 (or other growth factors)
under certain conditions, its binding ‘promiscuity’ means that it may also inhibit other factors that
play a role in the repair process, leading to sub-optimal or even deleterious results [266].

In addition to the potential off-target effects from heparin-incorporated biomaterials, the long-term
use of heparin as an anticoagulant has also resulted in a number of adverse clinical effects
being reported, including thrombocytopenia, vascular reactions and osteoporosis [442-445]. Cool
and colleagues, recently showed that heparin has donor-dependent effects on the stemness and
multipotency of hMSCs, and alters a number of signalling pathways associated with hMSC growth
and differentiation [446]. This raises a concern regarding the long-term use of heparin in the clinic
and its suitability in skeletal (and other) TE strategies. Furthermore, the potential of GDF5 in cartilage
TE strategies (see Section 4.1.2.1 above) lead us to investigate the interaction between GDF5 and
heparin. We identified GDF5 as a novel heparin/HS-binding protein, and demonstrated that heparin
(but not equivalent doses of HS) has a strong and clear inhibitory effect on the biological activity of
GDF5, even at doses 10-fold lower than those that would be clinically administered (Figure 4E) [266];
e.g., for patients with venous thromboembolism, the dose of heparin is usually maintained at 0.3 to
0.7 U/mL [463], while 10 nM of heparin used in our study equates to around 0.03 to 0.04 U/mL. In
addition, the inhibitory effect of heparin was seen across multiple hMSC donors and in the skeletal cell
line ATDC5. Given the importance of GDF5 for skeletal development, our results might help explain
the reported increased risk of developing osteoporosis following long-term heparin treatment [442,444],
and the variable (and disappointing) results seen with heparin-loaded biomaterials for skeletal
repair [190,192]. As illustrated in Figure 5, these data add further caution to the widespread use
of unfractionated heparin, both in the clinic and research settings.

124



Pharmaceuticals 2017, 10, 54

GDF5-induced differentiation
inhibited by heparin
Heparin-loaded
biomaterials

Undifferentiated Differentiated
Figure 5. Urging caution over the use of heparin-loaded biomaterials for TE strategies. Heparin has an

inhibitory effect on the activity of GDF5. As such, the incorporation of heparin-loaded biomaterials into
skeletal TE strategies may have an inhibitory effect on GDF5, which is found naturally at the repair site
and that may also be important to the repair process, leading to suboptimal or deleterious outcomes.

Importantly, the HS used in our study did not show the same inhibitory effect as heparin on
GDF5 activity (Figure 4E), indicating that HS may be a more suitable, safe and effective alternative for
incorporation into TE strategies and stem cell expansion/differentiation protocols. However, it is hard
to generalise when HS is so heterogeneous/diverse, and additional studies with better-defined HS
preparations will of course be necessary to investigate this further. It should also be noted, that the
unfractionated HS preparation we used (from porcine intestinal mucosa) did not significantly promote
the activity of GDF5 either. Again, given the sequence diversity of HS [309,328,330], we anticipate
that it will be possible to identify HS variants that promote GDF5 activity while retaining other
beneficial effects on chondrocyte function/phenotype [266]. Previous work by the Cool /Nurcombe
group indicates that isolation of HS variants by their affinity for particular growth factors, enables
the selection of saccharides markedly more potent at promoting growth factor activity compared
to using unfractionated HS starting material, with its intrinsically high level of compositional
heterogeneity [190,193,195,295]. Thus, there is the possibility to potentiate the activity of specific
growth factors, to the same extent as heparin, while avoiding the adverse and off-target effects
stemming from heparin’s pleiotropic nature. Indeed, our work has revealed that the HS3 variant
(selected through its affinity for BMP2 and shown to promote BMP2 activity [193,195]), did not inhibit
GDF5 in the same manner as heparin [266]. Therefore, by using this particular HS preparation, there is
the possibility of promoting BMP2 activity (as with heparin) without affecting the activity of GDF5,
which would also be present at the injury site and be involved in the repair process [259,261,464]. This
further highlights the therapeutic utility of developing selective HS variants, rather than using heparin.
Interestingly, given that HS3 has a higher level of sulfation compared to unfractionated HS [193], and
carries an overall charge more similar to heparin, it might have been expected to also inhibit GDF5
activity. However, this was not the case [266] and suggests that charge density is not the dominant
feature in the interaction between GDF5 and heparin/HS, and that GAG structure and sequence may
also play a role.

The clear inhibitory effects of exogenously added heparin on GDF5 activity, also led us to look
at whether there was a requirement for endogenous HSPGs for GDF5 binding and localisation [266].
Previous studies have shown that overexpression of Drosophila HSPGs (i.e., division abnormally
delayed (Dally) and Dally-like protein (Dlp)), result in enhanced Drosophila Decapentaplegic (Dpp) (an
ortholog of vertebrate BMP2/4) signalling in the wing [465]. However, in HSPG deficient mutants, Dpp
signalling is reduced [466]. These results therefore suggest a positive role for HSPGs in BMP signalling,
perhaps by acting as a co-receptor for BMPs (as with FGF signalling [467,468]), or by modulating
the bioavailability of BMPs at the cell surface. In favour of the latter hypothesis, our data [266]
demonstrated that pericellular HSPGs play a key role in localising GDF5 to the cell surface, with a
positive correlation between HSPG and GDF5 concentration being observed (Figure 4D). This is in good
agreement with results reported for BMP2 [190,469], and further emphasises the importance of HSPGs
in regulating the activity of many TGFf superfamily members. These results then led us to hypothesise
that the inhibitory effects of heparin on GDF5-induced activity may be due to the exogenous heparin
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out-competing the binding of pericellular HSPGs to GDEF5; i.e., preventing GDF5 from localising
to the cell surface and binding to its receptors to initiate downstream signalling/activity [266]. In
agreement with this hypothesis, we were able to show that heparin (but not equivalent doses of HS)
inhibited both GDF5 association to the cell surface, and GDF5-induced downstream Smad 1/5/8
signalling. Interestingly, we have recently observed that despite the lack of HS on the surface of
HSPG-deficient CHO cells, and the decreased binding of GDF5 to these cells (compared to WT CHO),
over a one hour time period, GDF5 signalling appeared similar in both cell lines (B.L. Ayerst, V.
Nurcome, A.J. Day, C.L.R. Merry and S. Cool, unpublished observations). We therefore suggest that
while HSPGs are important for capturing and improving the bioavailability of GDF5 at the cell surface,
and perhaps protecting the growth factor from proteolytic degradation, unlike the FGF family of
growth factors [467,468], HSPGs are not critical for the interaction between GDF5 and its receptor for
downstream signalling.

Since the inhibitory effect of exogenous heparin on GDF5 activity cannot simply be explained
by a lack of accumulation of GDF5 at the cell surface, we suggest that the high affinity of heparin
for GDF5 may also more directly inhibit GDF5-receptor interaction [266]. In addition, heparin has
also been shown to inhibit the activity of heparanases [470-472]. While treatment with heparanse has
been shown to stimulate chondrogenesis in micromass cultures of mouse embryo limb mesenchymal
cells, the heparanase antagonist SST0001 (a heparin molecule, modified so that it lacks anticoagulant
activity) strongly inhibited chondrogenesis [473]. Heparanase was also found to be over expressed
in chondrocytes from patients with hereditary multiple exostoses; a skeletal disorder resulting in
the formation of benign cartilagenous tumours. In this sense, the inhibitory effect of heparin on
GDF5-induced activity seen in our study may be three fold; firstly the high affinity of heparin for GDF5
may directly inhibit GDF5-receptor interactions; secondly, heparin may bind to GDF5, preventing it
from associating with cell surface HS, and therefore limiting its bioavailability; thirdly heparin may
inhibit the activity of heparanases, thereby preventing GDF5 from being released from cell surface
HSPGs, which is required for its interaction with its receptors and the initiation of downstream
signaling (Figure 6).

The pleiotropic nature and off-target effects of heparin render it, in our opinion, unsuitable for
use in TE strategies [442—446]. Importantly, HS-based therapeutics may offer improved outcomes,
with a more direct and targeted control of growth factor activity [357]. Indeed, a successful
strategy for isolating HS fractions according to their affinity for specific growth factors has been
developed [163,193,195,295]. The arrangement of sulfate groups within HS chains are thought to align
with basic amino acids within the heparin-binding domain of target proteins [474]. As such, the
synthesis of peptides based on heparin-binding domains of proteins, can allow for affinity-based HS
purification and the isolation of variants with increased growth factor potency. The technology has
already been used to isolate HS variants with increased affinity for BMP2, VEGFj45, and FGF2, which
have all proved more efficacious than unfractionated HS for bone healing, angiogenesis, and stem cell
expansion, respectively [163,193,195,295].

However, although successful in the cases above, limitations and challenges still exist in the
widespread translation of this affinity purification platform. The use of linear heparin-binding
peptide sequences is simplistic and not representative of the majority of heparin-protein
interactions [158,169,475-478]. Ultimately, a major obstacle for the use of HS as a therapeutic lies in its
vast heterogeneity, including (large) variations in its domain structure, sulfation level / pattern, and
chain length [479]. On top of this, simple/effective methodologies for the sequencing of HS (and other
GAG) chains are not yet available; thus, making it difficult to determine and interpret structure-function
relationships [321]. In addition, the degree of specificity involved in protein-HS interactions is still
very much open for discussion [159,328,330,480—482], adding doubt over how precisely protein-HS
interactions can be controlled in vivo. Another important factor is that binding affinity does not
always directly equate to activity, and broad recognition/specificity does not necessarily indicate
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insignificance [483,484]; further adding to the complexities of developing a standard and effective
method for targeted HS therapeutics.

A) GDF5 binding in the presence of pericellular HSPGs B) GDF5 binding in the ab of pericellular HSPGs
GDF5
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Figure 6. Proposed methods of regulation of GDF5 activity by cell surface HSPGs and exogenously
added heparin/HS. GDFS5 is captured by HSPGs and accumulates at the cell surface, where it is then
available for prolonged receptor binding and activity (A). In the absence of HSPGs the accumulation of
GDFS5 at the cell surface does not occur; GDFS5 is still able to bind to its receptors to initiate activity,
but the free ligand may be more susceptible to proteolytic degradation, and as a result the duration
of downstream signalling and activity may not be as prolonged as in the presence of HSPGs; (B).
Exogenous HS is able to bind to GDF5, but the higher affinity of cell surface HSPGs and receptors for
GDF5 binding, means that the interaction is only transient in nature; cell surface HSPGs and receptors
out-compete exogenous HS for the GDF5 interaction and, as a result, similar levels of signalling are seen
as in situation part A. However, if a specific high affinity HS is used (at a high enough concentration)
then inhibition would be seen (C). The high affinity of heparin for GDF5 means that this GAG binds
and out-competes cell-surface HSPGs and receptors for binding. Both the accumulation of GDF5 at the
cell surface and downstream signalling is inhibited (D).

Early on, the discovery of the sequence required for antithrombin III (ATIII) binding indicated
that protein-HS interactions may be governed by specific sequences encoded within the primary
structure of HS [485]. ATIII requires a 3-O-sulfated pentasaccharide in order to bind HS; i.e.,
GIcNS/NACc(6S)-GlcA-GleNS(3S+6S)-Ido A (£:2S)-GleNS(£-6S). Removal of the 3-O sulfate reduces
the pentasaccharide’s affinity for ATIII by 17,000 fold [486]. However, since this finding, very few
specific binding sequences have been identified, perhaps with the exception of FGF2 [155,487], and
it has been suggested that the specificity of protein-HS interactions instead exists on many different
levels; with some interactions being more specific than others [484]. The importance of sulfation
patterning also exists at a chain level as well as at an individual saccharide level, where the distribution
of sulfated domains within an HS chain can dictate binding specificity as well as (or in some cases, in
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preference over) the specific sulfation sequence within those domains [159,488,489]. In support of this,
HS chains produced by biosynthetic mutant mice, lacking HS 2-O-sulfotransferase activity, were still
able to support FGF2 activity despite lacking 2-O sulfation, apparently because they had compensatory
increases in N- and 6-O sulfation that maintained the charge distribution along the HS chain [489].
While HS contains regions of both high and low sulfation, known as NS and NA domains, respectively,
heparin can be seen as a hypersulfated version of HS, with virtually continuous sulfation along its
chains, i.e., forming essentially one long NS domain [479,490]. The overall high level of sulfation in
heparin may therefore mask selectivity, leading to its pleiotropic nature. It has been suggested that
in the case of some heparin/HS-protein interactions little specificity exists, and that instead overall
charge density is the predominant factor in determining binding [483,491].

It is therefore likely that the extent of HS-binding specificity varies among different proteins,
and that overall charge density, sulfate patterning, and sequence specificity on HS chains can all play
an important role. In addition, while electrostatic interactions between sulfate/carboxyl groups in
the GAG chains and surface exposed positively charged arginine/lysine residues in the protein are
undoubtedly important [492], evidence also suggests that non-ionic interactions, such as van der
Waals forces, hydrogen bonding, and aromatic ring stacking, can also play a role [328,481,492-496].
Interestingly, a recent study has suggested that the presence of residues such as asparagine or glutamine
can help to identify heparin/HS binding sites [496]; where these uncharged residues confer specificity
on the interaction. If correct, this could revolutionise the identification of HS-protein binding sites, and
thus facilitate the design of targeted HS-based therapeutics.

While experimental and modelling techniques are rapidly advancing, we are still only in the
infancy of being able to fully characterise protein-GAG interactions. The high level of heterogeneity,
conformational flexibility, and uncertainty over binding mechanisms has meant that it is hard to model
and identify interactions in a high-throughput and effective manner. In addition, it appears that the
level of specificity involved in protein-GAG interactions is not universal, and high affinity HS variants
may not always lead to the desired outcome. As such, the development of targeted HS therapeutics
may be a more complex task than first envisioned. However, the fact that a degree of specificity does
seem to exist for certain proteins, means that the use of HS variants, rather than heparin, to more
tightly control protein activity, is still an exciting and realistic prospect. The development of more
advanced modelling and sequencing tools, along with the further refinement of biomaterials for the
delivery and application of HS variants, will however first be required, before the full potential of HS
glycotherapeutics can be realised.

8. Conclusions

The low cost, easy availability, high level of sulfation, and status of heparin as an already
FDA- and EMA- approved product, has meant that it has largely been the GAG of choice for TE
applications. While the use of heparin has generally proven effective, the long-term side effects of
its incorporation into biomaterials has not been tested, and in some cases the use of heparin-loaded
biomaterials have proven ineffective in vivo. While heparin may enhance the retention/activity of
certain growth factors under certain conditions, its binding “promiscuity’ means that it may also inhibit
other factors that play an important role in the repair process, leading to suboptimal or even deleterious
effects. These concerns have been highlighted by our recent work, indicating that exogenous heparin
has a strong inhibitory effect on the activity of growth differentiation factor 5 (GDF5), a growth
factor which plays a critical role in cartilage/skeletal formation and homeostasis. This is particularly
worrying, given the increasing incorporation of heparin into skeletal TE strategies. Overall, there
is growing evidence cautioning the use of heparin both in the clinic and in TE applications, and
emphasising the need to transition to using more specific GAGs (e.g., HS derivatives or synthetics), with
better-defined structures and fewer off-target effects, if optimal therapy is to be achieved. Importantly,
the advancement of GAG modelling, sequencing and synthesis tools over the past decade are starting
to allow for this transition; enabling us to move away from the use of heterogenous undefined GAG
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preparations, and opening up more advanced opportunities for the use of GAGs in a more controlled
and defined manner.
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Abstract: Current therapeutic unfractionated heparin available in Europe and US is of porcine
mucosal origin. There is now interest, specifically in the US, to use bovine mucosa as an additional
source for the production of heparin. The anticoagulant action of heparin can be neutralized by
protamine sulfate, and in this study the ability of protamine to bind and neutralize the anticoagulant
activities of heparin from porcine mucosa, bovine mucosa and bovine lung were assessed. Protamine
sulfate was able to bind and precipitate similar amounts of heparins from different sources on a
mass basis. However, differential amounts of anticoagulant activities were neutralized by protamine
sulfate, with neutralization of porcine mucosa more effective than for bovine lung and bovine mucosa.
For all heparins, potentiation of thrombin inhibition by antithrombin and heparin cofactor II was
preferentially neutralized over antithrombin-mediated inhibition of factor Xa or plasma clotting
time. Whole blood thromboelastography showed that neutralization by protamine sulfate was more
effective than the antithrombin dependent thrombin inhibition assays indicated. While there was no
absolute correlation between average or peak molecular weight of heparin samples and neutralization
of anticoagulant activity, correlation was observed between proportions of material with high affinity
to antithrombin, specific activities and neutralization of activity.

Keywords: heparin; protamine sulfate; neutralization

1. Introduction

Contamination of porcine heparin with oversulfated chondroitin sulfate in 2007/2008 [1] led to
rapid revisions to pharmacopoeial monographs. The principal changes made to the United States
Pharmacopeia (USP) and European Pharmacopeia (EP) monographs for heparin included specifying
the source as porcine intestinal mucosa, adoption of a purified reagent assay based on antithrombin
inhibition of thrombin for potency determination and a specific activity of not less than 180 IU/mg [2].
Furthermore, the contamination issue highlighted the primary reliance on a single source for clinical
heparin, porcine mucosa, in Europe and the US. There is now interest in diversifying the supply of
heparin, with bovine mucosa suggested as an alternative source [3].

Heparin is a complex heterogeneous and polydisperse anionic polysaccharide, consisting of
alternating glucosamine and uronic acid monosaccharide residues [4]. Its primary use is as an
anticoagulant and antithrombotic agent for surgery and extracorporeal circuits [5]. Heparin is the
anticoagulant of choice for these indications as it can be readily reversed by protamine sulfate [6], an
arginine rich basic protein [7]. The use of protamine sulfate is not without some risk [8], and there has
been interest in alternative compounds which can neutralize heparin activity [9-12]. However, such
investigations have been limited in scope, primarily involving in vitro experimentation. In an animal
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model [10], a synthetic compound with lower immunogenicity was found to be able to neutralize
heparin comparably to protamine. Despite the interest in alternatives to protamine sulfate, until clinical
evaluations are carried out it will remain the heparin neutralization agent of choice.

Porcine intestinal mucosa (PM) heparins have been used extensively for over 50 years, with
gradual improvements in quality and specific activity [13]. Bovine heparins, whilst clinically used in
South America, have not been subjected to extensive study until recently [14,15]. Primary observations
are that bovine and porcine heparins have structural differences [14] such as lower weight average
molecular weight for bovine lung (BL) heparin, and a lower proportion of 6-O-sulfo groups in bovine
intestinal mucosa (BM) heparin. Bovine heparins also have lower specific activities [16], with values
consistently below the new minimum monograph potency requirement. The lower specific activity
would mean that greater amounts by mass of bovine heparin would be required to achieve the same
dose in units of activity.

There is limited information on the ability of protamine sulfate to neutralize the activity of
heparin from different sources. Recent interest in the interaction between protamine sulfate and
heparin has centered on the possible immunogenic nature of large macromolecular protamine-heparin
complexes [17]. Some previous work has shown that high molecular weight heparins have a
higher affinity for protamine [18,19], with these studies carried out with porcine unfractionated
or low molecular weight heparins. Independent of molecular weight, protamine sulfate has also
been shown to neutralize more effectively antithrombin dependent inhibition of thrombin than the
antithrombin inhibition of factor Xa [19]. The clinical dosage of protamine sulfate as recommended by
the manufacturers is related to the pharmacopoeial methods for bioidentity of protamine sulfate which
specify that 1 mg of protamine should precipitate not less than 100 international units (IU) of heparin
reference standards. However, it is not clear how the precipitation of heparin relates to neutralization
of anticoagulant activity of heparin.

The main objective of this study was to investigate the relationship between precipitation and
neutralization of porcine and bovine heparins with protamine sulfate. Accurate anticoagulant activities
were determined for a range of PM, BM and BL heparins and used to ascertain whether the units
of heparin as measured by heparin/protamine sulfate precipitation related to neutralization of
activity. The results from the current study indicate that there are differences in the precipitation
and neutralization of biological activity of the heparins by protamine sulfate, and that neutralization
of anticoagulant activities by the same amount of protamine sulfate is different for heparin from
different sources.

2. Results

2.1. Anticoagulant Activity of Heparin Samples

The anticoagulant activities were estimated against the 6th International Standard for
Unfractionated Heparin (07/328, NIBSC, South Mimms, UK), a PM heparin. All activity assays:
antithrombin-dependent anti-Xa (AT:aXa), antithrombin-dependent anti-Ila (AT:alla), human plasma
anticoagulant activated thromboplastin time (APTT) and heparin cofactor II dependent anti-Ila
(HClIL:alla) were valid by parallelism and linearity criteria using the statistical package, Combistats 5.0
(EDQM, Strasbourg, France). The activities of fifty-two PM heparins (Figure 1) were similar (AT:aXa
190, AT:alla 186, APTT 185, HCIL:alla 193 IU/mg) irrespective of the method used (ANOVA, p = 0.23).
For twenty-six batches of BM heparin samples, there was significant difference between the different
assay methods (ANOVA p < 0.0001). However, there was no significant difference between results
for AT:aXa (127 IU/mg) and APTT (133 1IU/mg) activities when considered independently of the
other assay methods (p > 0.01). AT:alla potencies (107 IU/mg) were lower and the HClII:alla activities
(165 IU/mg) were higher than AT:aXa and APTT estimates. For ten batches of bovine lung heparin,
the AT:aXa, AT:alla and APTT (130, 127, 121 IU/mg respectively) activities were similar (ANOVA,
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p > 0.01), but HCIL:alla (220 IU/mg) activity was significantly higher than all other activities (ANOVA,
p < 0.0001).
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Figure 1. Scatter Plots of specific activities, and interquartile range for porcine intestinal mucosa (PM),
bovine intestinal mucosa (BM) and bovine lung (BL) heparin samples. Activities have been calculated
relative to the 6th International standard for Unfractionated Heparin (porcine heparin) using parallel
line bioassay model for all assays. All samples compared validly to the standard, passing the ANOVA
criteria for parallelism and linearity. AT:aXa—antithrombin dependent anti-Xa; AT:alla—antithrombin
dependent anti-Ila, APTT—plasma APTT assay; HCII:alla—heparin cofactor II dependent anti-Ila.

With the exception of HClL:alla for bovine lung heparin, PM heparin had higher anticoagulant
activities (Figure 1) than BM and BL heparins. BM and BL heparins had similar activities by AT:aXa
(127 to 131 IU/mg), but different activities by AT:alla (107 to 127 IU/mg) and by APTT (133 to
121 IU/mg). The higher average HClII:alla activity of BL heparin (220 IU/mg) compared to PM
heparin (193 IU/mg) and BM heparin (165 IU/mg) was influenced by three out of 10 BL heparin
samples having exceptionally high activities, thus raising the overall average HCII:alla value. When
the median HClIL:alla activity is compared, BL heparin (203 IU/mg) is only slightly higher than PM
heparin (191 IU/mg).

2.2. Protamine Sulfate Precipitation Assay

The European Pharmacopeia (EP) monograph states that 1 mg of protamine sulfate precipitates
not less than 100 IU of Biological Reference Preparation (BRP) heparin standard. A selection of 16 PM,
16 BM and 4 BL heparin samples were used in the precipitation assay (Figure 2). For this set of
experiments, the quantity of heparin (based on AT:alla unitage) needed to precipitate 1 mg protamine
sulfate was measured. Broadly, greater amounts of PM heparins by activity (average of 126 AT:alla
IU, ranging 103-142 AT:alla IU) were required to precipitate protamine sulfate than BM heparin (an
average of 79 IU AT:alla, ranging from 48-96 AT:alla IU) and BL heparins (an average of 84, ranging
from 79-95 AT:alla IU).
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IU heparin / mg protamine

IU heparin

Figure 2. Amount of heparin in International Units (anti-Ila) that is required to precipitate 1 mg of
protamine sulfate, estimated according to the European Pharmacopeia assay for protamine sulfate.
(error bars = standard deviation, 1 =9).

Based on the AT:alla specific activity estimated, the corresponding amounts of heparin in terms
of mass were recalculated from the amount in IU. The heparin by mass which precipitated 1 mg
of protamine sulfate is shown in Figure 3. By contrast, the average mass concentration required to
precipitate the same amount of protamine sulfate was the same for all the heparins, PM 0.76 mg, BM
0.76 mg and BM 0.74 mg. Table 1 shows that on an IU basis PM and BM are clearly different (p < 0.001),
but on an mg basis the same amount of heparin was needed to precipitate 1 mg of protamine sulfate.
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Figure 3. Amount of heparin in mg (calculated from anti-Ila specific activity) that is required to
precipitate out 1 mg of protamine sulfate, estimated according to the European Pharmacopeia assay for
protamine sulfate. (error bars = standard deviation, n =9).

Table 1. Protamine Sulfate precipitation results for heparin samples by IU/mg and mg/mg. Results
show the mean and range for each heparin type for IU (anti-Ila) to mg protamine and recalculated for
mg (anti-Ila) to mg protamine.

PM (1 = 16) BM (1 =16) BL (n=4) p-Values

IU/mg PS Mean (range) 126 (103-142) 79.4 (48.4-96.2)  84.3(79.0-95.3) PM-BM < 0.001; PM-BL < 0.001; BM-BL = 0.233
mg/mg PS Mean (range)  0.76 (0.67-0.84)  0.76 (0.70-0.82)  0.74 (0.68-0.84) PM-BM = 0.403; PM-BL = 0.289; BM-BL = 0.188
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2.3. Neutralization of Heparin Activity

Four samples each of PM, BM and BL heparin, spanning the range of specific activities by AT:alla
assays, were investigated further (Table 2) for neutralization of activities. With a fixed amount of
heparin mixed with a fixed concentration of protamine sulfate, the remaining amount of heparin by
precipitation and by anticoagulant activity was estimated (Figure 4).

Table 2. Selected heparins (four each of PM, BM and BL heparins) IU (AT:alla) required to precipitate
1 mg protamine sulfate. Samples here are not PM 14 or BM 14 as indicated in Figures 2 and 3.

Sample Code and IU Heparin/mg Protamine

P1 P2 P3 P4
M 142 135 121 127
Bl B2 B3 B4
EM 81 91 69 59
L1 12 L3 L4
BL 81 79 79 95
M By Precipitation A AT:alla B AT:aXa K APTT E HCll:alla
100
2 80
2
5 60 /
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s I
E’ 20 ’
c /
= /
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O !
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Figure 4. Remaining activity from precipitation and neutralization assays for each heparin sample.
Potency shown above has been calculated from mixture of 100 IU/mL heparin with 0.5 mg/mL
protamine sulfate, precipitation assay value has been calculated from the protamine sulfate assay,
AT:alla, AT:aXa, APTT and HClLalla are residual potency estimations. AT:alla—antithrombin
dependent anti-Ila, AT:aXa—antithrombin dependent anti-Xa, APTT—plasma APTT clotting assay,
HClII:alla—Heparin Cofactor II dependent anti-Ila. Error bars are SD for precipitation assay, and upper
95% confidence limit for other assays.

In general, for all the samples, protamine sulfate was able to neutralize more biological activity
than the precipitation assays indicated. For PM heparin, the anticoagulant activity through HCII was
more readily neutralized than antithrombin dependent activity or plasma based activity (Figure 4).
For example, for sample P1, the remaining activities by AT:alla, AT:aXa, APTT and HCII:alla were
17.5,25.6, 28.5 and 3.5 IU respectively. The ranking order for neutralization was HCII:alla > AT:alla
> AT:aXa = APTT across the four samples. For BM heparin, HCII and AT:alla were neutralized to a
similar extent, and AT:aXa and APTT neutralization were also similar to each other. For example, for
sample B1 the remaining activities by AT:alla, AT:aXa, APTT and HCII:alla were 43.4, 69.7, 74.1 and
37.7 IU respectively. The ranking order for neutralization was HCIL:alla = AT:alla > AT:aXa = APTT.
The BL heparin ranking order for neutralization was HClI:alla > AT: alla > APTT > AT:aXa. When
comparing the differences between neutralization and precipitation, only the BM samples had values
which were similar. This is illustrated by the remaining level of anticoagulant activity in BM samples
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by AT:aXa (69.7, 56.5, 59.8, 71.4 IU) and APTT (74.1, 57.9, 65.2, 72.0 IU) were similar to the precipitation
values (59.5, 54.5, 65.5, 70.5 TU).

The average amount of heparin which protamine sulfate can precipitate or neutralize is shown
in Table 3. Protamine sulfate neutralized more activity in BM, 123 AT:alla IU/mg, than indicated by
precipitation, 75 IU/mg, a 64% difference. The difference between neutralization and precipitation
for BL heparin was 56%, 131 and 84 IU/mg respectively. Neutralization of PM heparin by protamine
sulfate was also higher than precipitation indicated, 161 IU/mg from 131 IU/mg. For all heparins,
neutralization of anticoagulant activity measured by AT:alla was higher than indicated by precipitation.
Calculation using the specific activities of the heparins for a mass/mass interaction between the
heparins and protamine sulfate showed that by neutralization the amount of heparin required was no
longer similar as shown by the precipitation assay.

Table 3. Average amount of heparin which 1 mg of protamine sulfate can precipitate or neutralize.

(£SDs).
By EP Precipitation Assay By Neutralization of Biological Activity
Ave (1= 4) U anti—Hg /mg mg heparip /mg U anti-IIg /mg mg heparip /mg
protamine protamine protamine protamine
PM 131 (£9) 0.73 (£0.02) 161 (£6) 0.90 (£0.06)
BM 75 (£14) 0.75 (£0.04) 123 (£9) 1.26 (+0.19)
BL 84 (£8) 0.74 (£0.07) 131 (£15) 1.16 (£0.15)

2.4. Thromboelastography

The thromboelastography activated clotting time (ACT) and whole blood APTT clotting time is
shown in Figure 5. For both ACT and APTT, the clotting times were different for each donor (1 = 6)
with and without heparin (data not shown). The reported clotting times for each heparin sample are
the averaged clotting times from all donors and have each been blank corrected (heparin clotting times
minus heparin-free clotting time).
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Figure 5. Activated clotting from thromboelastography and clotting times from APTT assay of heparin
samples at 1 IU/mL without (P1, B1, B2 etc.) or with 0.05 mg/mL protamine sulfate added (P1+,
B1+, B2+ etc.) in whole blood. Data shown are the blank corrected clotting times averaged from six
individual blood donors, a 0 s time would indicate that all heparin present has been neutralized. (1 =6,
error bars = SDs).
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The same amount by AT:alla activity of each heparin was used to prepare the samples using
each donor’s blood. The ACT measured was significantly different between the samples, PM to BM
p =0.002, PM to BL p = 0.046, and BM to BL p = 0.001. In the APTT assays, there was a difference
between the PM and BM (p = 0.004), the BM and BL (p = 0.001) but not between PM and BL (p = 0.157).

The addition of protamine sulfate reduced the anticoagulant activity in all heparin samples. The
reduction in clotting times was more pronounced for PM than BM or BL (average ACTs decreased
from 341 to 62s, 462 to 207s and 306 to 116s respectively). The order of neutralization was PM, BL and
BM, the same as that seen in the anticoagulant assays (Figure 4).

2.5. Molecular Weight

Molecular weights for the heparin samples are shown in Table 4. Except for one BM sample, B2,
porcine heparins had higher molecular weights than the bovine heparin samples. The peak molecular
weight, number average and weight average molecular weights for the bovine lung samples were
lower than BM heparin. The polydispersity for all the heparins was comparable for each heparin type,
ranging from 1.20 to 1.29.

Table 4. Molecular Weight of heparin samples, determined against the USP Unfractionated Heparin
Molecular Weight Standard, results are average from two determinations. Mp = peak molecular weight,
Mn = number average molecular weight, Mw weight average molecular weight, PD = polydispersity.

Mp Mn Mw PD % < 8 kDa

P1 15,800 13,820 17,870 1.29 8.7

Porcine M P2 16,110 13,900 17,290 1.24 7.7
orcine Mucosa P3 16,320 14,140 17,390 1.23 6.5
P4 15,080 13,080 15,720 12 84

Bl 13,230 11,660 14,750 1.27 155

Bovine M B2 16,140 14,980 17,950 12 44
ovine viucosa B3 14,130 12,920 15,920 1.23 9.4
B4 13,940 12,670 15,430 1.22 9.8

L1 9700 11,280 14,450 1.28 18.1

Bovine Lun. L2 8770 10,570 13,380 1.27 22.7
8 L3 8810 9740 12,160 1.25 28

L4 9720 11,310 14,360 1.7 175

2.6. Antithrombin Titration Assay

The amount of antithrombin high affinity binding material in each heparin sample is shown in
Figure 6. The PM samples had a similar quantity of high affinity material to each other, with the
average level 52%. The BM heparins had an average 30% high affinity material with little difference
between the samples. The level of high affinity material in BL heparin was more variable, ranging
from 25 to 40% and an average of 33%. The amount of antithrombin binding high affinity material was
higher in PM heparin than both BM and BL (about 70% and 60% more respectively).
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Antithrombin Titration Assay
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Figure 6. Antithrombin fluorescent titration assay with % high affinity antithrombin binding material
within each heparin preparations. High affinity material calculated using the number average molecular
weight Mn for each heparin and the concentration of heparin required to titrate antithrombin to generate
a maximum change in fluorescent signal. (1 = 4, error bars = SDs).

3. Discussion

In this study, we show that the specific activities of PM, BM and BL heparins are different. The
potency labelling assay, antithrombin dependent inhibition of thrombin (AT:alla), gave much lower
values for both BM heparin and BL heparin samples when compared to PM heparin which confirms
previous observations [14,20]. Of note, all the samples tested gave statistically valid results for all the
activity assays against the 6th International Standard for Unfractionated Heparin. This indicates that
the International Standard, a PM heparin, is a suitable potency standard not only for PM heparin but
also for BM and BL heparins.

The pharmacopoeial specifications for PM heparin are for potency, a specific activity not less
than 180 IU/mg or USP U/mg, and for identity a ratio of AT:alla/AT:aXa values within 0.9 to 1.1.
All PM heparins passed the identity criterion and most passed the specific activity requirement of
>180 IU/mg. PM heparins also gave anticoagulant activities by APTT and HClII:alla assays that were
similar to the antithrombin dependent assays. Both BM and BL heparins have lower specific activity
than the >180 IU/mg required for PM heparin. Furthermore, BM heparin had an AT:alla/AT:aXa ratio
that was outside the 0.9-1.1 criteria, with a calculated average of 1.2. It has been suggested that it will
be unlikely for manufacturers to achieve the 180 IU/mg criteria for bovine heparin samples [20] and
the data here support this. It should be noted that the lower specific activities of the bovine heparins
indicate that more heparin in terms of mass would be required to achieve a similar anticoagulant effect
to PM heparin.

The reversal of PM heparin post-operatively by protamine sulfate has been well established [21].
Protamine sulfate quality is assessed by a straightforward titration assay with heparin, with the
minimal requirement that 1 mg precipitates not less than 100 IU of the pharmacopoeial reference
preparations which are porcine heparins. However, it is unclear whether 1 mg protamine sulfate will
precipitate as much as 100 IU of BM or BL heparin. The current study has shown that 1 mg protamine
sulfate precipitated less than 100 IU of bovine heparins.

Irrespective of the specific activities of the samples, the amount of heparin in mass needed to
precipitate a given quantity of protamine sulfate is the same for all heparins. In terms of activity units
however, the ability of heparin to precipitate protamine sulfate was linked to the specific activities of
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the various heparins. A lower specific activity results in an increased concentration in units of heparin
being required to precipitate a given amount of protamine sulfate.

The precipitation assay for protamine sulfate assesses the quality of protamine sulfate (a
bio-identity test) and does not provide an indication of its ability to neutralize heparin activity.
The use of a fixed activity of heparin for all preparations along with a fixed amount of protamine
sulfate allowed for the estimation of the amount of activity neutralized. For all samples, the ability
of protamine sulfate to neutralize activity was higher than would be predicted from the amount of
heparin that can be precipitated. As expected, the use of fixed activity with a fixed amount of protamine
showed that PM heparins, with have higher specific activities, were more effectively neutralized than
BM and BL heparins.

Broadly, the thrombin based assays were more readily neutralized which may be due to the
extended heparin chain length being more critical for these methods [22]. However, despite PM
heparins having higher molecular weight than the BM and BL heparins, there is no significant
correlation between the neutralization of activity and the molecular weight profiles of the heparin
tested. The anti-Xa and plasma APTT anticoagulant activities were neutralized to a similar degree. The
interaction between negatively charged heparin and positively charged protamine sulfate will favour
the longer oligosaccharides in heparin [19] and as shown here influence antithrombin dependent
thrombin inhibition activity which requires a minimum heparin molecular weight of about 5400 [16].

Clinically protamine sulfate will be administered by perfusion in order to neutralize heparin,
and neutralization can be assessed using thromboelastography. This point-of-care technique is used
with patient whole blood, where success of heparin neutralization is assessed by observing the time
at which responses return to baseline. In this study, a controlled approach with the same amount of
heparin, 1 IU anti-Ila, spiked into whole blood was used. We showed that the clotting times for each
heparin type were different. In addition, at the same potency (AT:alla units), BM heparin gave longer
activated clotting times than both PM and BL. The addition of protamine sulfate gave a reduction in
clotting times for all samples, with the greatest reduction in PM, then BL and finally BM. This matched
the profile of responses for the anticoagulant assays.

Fluorescence titration with antithrombin showed that PM heparin has a higher proportion of high
affinity binding material than both BL and BM heparins. This correlates with the higher specific activity
seen for PM heparin, and also explains the greater effectiveness of protamine sulfate at neutralizing
the activity of PM heparin. Whilst having similar proportions of high affinity binding material and
antithrombin dependent inhibition, BM and BL heparins show some differences in neutralization
profiles. Neutralization of BL heparin is slightly greater than for BM heparin, which coincides with the
slightly higher anti-IIa specific activity for bovine lung heparin.

For therapeutic purposes, an increase in mass of BM or BL heparin would be required to achieve
the same therapeutic dose in International or USP Units of PM heparin. Based on the results of this
study, it would be important to assess whether the current regimen of neutralization by protamine
sulfate would need to be revised.

4. Materials and Methods

4.1. Materials

PM, BM and BL heparin samples were from the NIBSC archive of heparin samples, donated by
several manufacturers. All heparin samples were subjected to a freeze dry step for 24 h prior to testing.
Protamine sulfate was from Wockhardt UK Ltd, Wrexham, UK.

4.2. Anticoagulant Assays

Anticoagulant activity was estimated against the 6th International Standard for Unfractionated
Heparin (07/328, NIBSC, South Mimms, UK). Antithrombin dependent anti-Xa (AT:aXa) and anti-Ila
(AT:alla) activities were carried out in accordance to the USP Monograph (USP 34 NF 29). Briefly,
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heparin samples are mixed with purified antithrombin (NIBSC, South Mimms, UK) prior to the
addition of thrombin (FlIla) (NIBSC, South Mimms, UK) or factor Xa (Diagnostic Reagents, Thame,
UK). After incubation a specific chromogenic substrate (52238 and S2765 respectively, Werfen Ltd,
Warrington, UK) was added, and the colour developed is inversely proportional to the amount of
heparin. APTT assay was carried out in accordance with the European Monograph (01/2008:20705)
but with human pooled plasma used instead of sheep plasma. Briefly, heparin samples are mixed with
plasma to which an APTT regent (APTT-SP, Werfen Ltd, Warrington, UK) is added. After incubation,
calcium chloride was added and the clotting time measured, which is directly proportional to the
amount of heparin present. Heparin cofactor II dependent activity (HClI:alla) was measured by
substitution of antithrombin with heparin cofactor II (Enzyme Research, Swansea, UK) in the USP
anti-Ila method, and prolongation of the incubation steps from one to seven minutes [23].

All activities were estimated and assessed for statistical validity using the parallel line model in
the statistics package Combistats 5.0 (EDQM, Strasbourg, France).

4.3. Protamine Sulfate Precipitation Assay

The titration method, as described in the European Monograph for protamine sulfate
(01/2017:0569), was adapted for use with the heparin samples. This method as described is a titration
assay for protamine sulfate, where the requirement is that 1 mg of protamine sulfate precipitates
not less than 100 IU of heparin sodium BRP. The method was adapted to allow for the calculation
of heparin IU which precipitates 1 mg of protamine sulfate. Briefly, increasing volumes of heparin
were added to a fixed concentration of protamine sulfate until a sharp increase in optical density was
observed (wavelength is not critical). The sharp increase was then used to calculate the amount of
heparin which has precipitated protamine sulfate.

4.4. Heparin/Protamine Sulfate Complex

Several heparin samples, 4 each of PM, BM and BL, were diluted to 200 anti-Ila IU/mL and either
mixed with an equal volume of 1 mg/mL protamine sulfate or deionised water. Anticoagulant activity,
as above, was then measured for all prepared samples.

4.5. Whole Blood Assays

Citrated whole blood was obtained through the National Blood and Transfusion Service (NBTS,
New Brunswick, NJ, USA) and used to dilute samples of heparin (100 IU/mL) and heparin/protamine
sulfate (100 IU/mL, 0.5 mg/mL) as described in Section 4.4. The clotting time of each sample,
diluted 100 fold in whole blood, was measured by Activated Partial Thromboplastin Time (APTT) in
a KC4 coagulometer. The activated clotting time was measured using thromboelastography (TEG,
Haemonetics, Coventry, UK) with tissue factor (14/302, NIBSC, South Mimms, UK) and calcium
chloride as the activating reagent.

4.6. Molecular Weights

Molecular weights for all samples were determined using size-exclusion chromatography with
the USP Heparin Sodium Molecular Weight Calibrant RS (US Pharmacopeial Convention, MD, USA)
as the broad standard calibrant as previously described [24].

4.7. Antithrombin Fluorescent Titration

The binding of heparin to antithrombin was assessed using a fluorescence titration assay [25].
This method, which relies on a change in intrinsic fluorescence of antithrombin when bound to heparin,
was adapted for use in a microtitre plate. All materials were diluted in 50 mM TRIS, 150 mM NaCl,
10 mM EDTA, 0.05% Tween-20 pH 7.4 buffer (all reagents from, Sigma, UK). A fixed concentration of
antithrombin (NIBSC, South Mimms, UK) was placed into each well in a microplate, and increasing
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concentrations of heparin, 0 to 100 ug/mL, or fondaparinux (USP Fondaparinux Sodium for Assay,
USP, Rockville, MD, USA), 0 to 6 ug/mL were added across wells. The increase in fluorescence
(Aex 280 nm, Agy 340 nm) was measured and using the equation: AFjy) = (Fjy—F0)/ (Fm-F0), where
F) is measured fluorescence at a concentration of heparin [H], FO is basal fluorescence and Fm is
maximum fluorescence, a chart was plotted of AFj) vs heparin concentration. From this chart, the
amount of high affinity material in heparin which binds to antithrombin was calculated as the heparin
concentration value at AFjy) = Fm on an extrapolated straight line fitted to the first five heparin
concentration points. The percentage high affinity material was then calculated using the concentration
of antithrombin, where the molar concentration was estimated based on the assumption of 1:1 binding
between antithrombin and fondaparinux, and molar concentration of heparin, calculated using number
average molecular weight.
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Abstract: Heparin mimetics are synthetic and semi-synthetic compounds that are highly sulfated,
structurally distinct analogues of glycosaminoglycans. These mimetics are often rationally
designed to increase potency and binding selectivity towards specific proteins involved in disease
manifestations. Some of the major therapeutic arenas towards which heparin mimetics are targeted
include: coagulation and thrombosis, cancers, and inflammatory diseases. Although Fondaparinux,
a rationally designed heparin mimetic, is now approved for prophylaxis and treatment of venous
thromboembolism, the search for novel anticoagulant heparin mimetics with increased affinity and
fewer side effects remains a subject of research. However, increasingly, research is focusing on the
non-anticoagulant activities of these molecules. Heparin mimetics have potential as anti-cancer
agents due to their ability to: (1) inhibit heparanase, an endoglycosidase which facilitates the spread
of tumor cells; and (2) inhibit angiogenesis by binding to growth factors. The heparin mimetic,
PI-88 is in clinical trials for post-surgical hepatocellular carcinoma and advanced melanoma. The
anti-inflammatory properties of heparin mimetics have primarily been attributed to their ability
to interact with: complement system proteins, selectins and chemokines; each of which function
differently to facilitate inflammation. The efficacy of low /non-anticoagulant heparin mimetics in
animal models of different inflammatory diseases has been demonstrated. These findings, plus
clinical data that indicates heparin has anti-inflammatory activity, will raise the momentum for
developing heparin mimetics as a new class of therapeutic agent for inflammatory diseases.

Keywords: heparin mimetics; heparin; heparan sulfate; glycosaminoglycan; anticoagulant; cancer;
anti-inflammatory

1. Introduction

Sulfated glycosaminoglycans (GAGs) are glycans present on mammalian cell surfaces and
in the extracellular matrix (ECM). They are synthesized covalently attached to their specific core
proteins and the resulting proteoglycans may be transmembrane, linked to the membrane by a
glycosylphosphatidylinositol anchor, or they may be secreted and comprise an integral part of the ECM.
The GAG chains are responsible for much of the activities of proteoglycans as they can bind selectively
to a variety of proteins and pathogens making them very relevant to many disease processes, such as
inflammation [1], angiogenesis [2], neurodegeneration [3], cardiovascular disorders [4], cancers [5]
and infectious diseases [6]. Heparin is perhaps the best known member of the GAG family. It is a
highly negatively-charged, linear polysaccharide found in the secretory granules of connective tissue
mast cells where it is the GAG chains of the proteoglycan, serglycin [7]. Heparin/heparan sulfate
(HS) are composed of 1-4 linked repeating disaccharide units comprising a uronic acid (D-glucuronic
acid (GlcA) or L-iduronic acid (IdoA)) and D-glucosamine (GlcN) (Figure 1). Heparin and HS chains
are remarkably heterogeneous as during biosynthesis they are modified by epimerization of GlcA to
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IdoA, and by sulfation at different positions on mainly GlcN and IdoA residues. HS contains a greater
proportion of GlcA, whereas heparin contains more IdoA. Heparin, with its high content of sulfo
and carboxyl groups, is a polyelectrolyte, having the highest negative charge density of any known
biological macromolecule [8].

antithrombine pentasaccharide
binding site
| —
6S 6S 6S 6S 6S 6S 6S
HTH?H‘H?“%H‘?‘ Heparin
25 28 28 3s 28 28
6S 6S 6S 6S 6S 6S
WWVMWD@} Heparan st
3s 510
28 28 28 2s N-acetylated
S-domain Mixed region domain

[] GleNAc 1 GIcNSO; @ GlcA @ IdoA 1 O-sulfate group
28: 2-O-Sulfate group
6S: 6-O-Sulfate group

(@)

—0 Q ORq
HO = 4 0,¢ OR;
-0.C . 0 0,C
20350 ° o Io) o
S Rod— o Omo 2
Ho— Ry HO R4O
RHN &

RO
RoHN &) OR;

ACHN
major repeating disaccaride of Heparin  minor repeating disaccaride of Heparin major repeating disaccaride of HS minor repeating disaccaride of HS

4=Hor SO7", Ry = Ac or SO;°
(b)

Figure 1. (a) Cartoon illustration of heparin and heparan sulfate structure; (b) Major and minor
disaccharide repeating units in heparin and heparan sulfate.

Heparin is often said to have been discovered in 1916 by Jay McLean, a medical student of Johns
Hopkin Medical School, to whom has also been attributed the discovery of heparin’s anticoagulant
effects in in vitro experiments [9]. However, the first descriptions of heparin as an anticoagulant were a
little earlier and are summarized in a 1912 publication by Maurice Doyon [10]. In the 1930s clinical trials
were conducted for heparin as an anticoagulant. Since then heparin has been used as a major clinical
anticoagulant for many decades. However, its precise chemical structure, the range of its biological
activities, and its Structure Activity Relationships (SAR) are not fully understood. Although biological
functional studies of heparin were initially focused on its anticoagulant properties, in recent years the
extent of its involvement in a range of other fundamental biological processes essential for normal
mammalian development and physiology has been recognized. As such, heparin binds a multitude of
proteins in addition to antithrombin III, giving rise to its well-appreciated polypharmacy [10].

For over 50 years, heparin gained widespread popularity and was extensively used in clinical
practice. However, low-molecular-weight-heparin (LMWH) preparations have largely replaced
heparin for clinical use over the past decade. This can be attributed to their superior pharmacokinetic
profiles and their potential use in a wider range of clinical applications. However, LMWHs are not
entirely free from the clinical disadvantages of its parent drug [11]. Heparin preparations have the
potential to cause heparin-induced thrombocytopaenia type 2 which is an immunological response
that involves generation of antibodies against a heparin-platelet factor 4 complex. Furthermore,
non-specific binding to clotting factors by long chain heparin is believed to contribute to hemorrhagic
side effects of the drug. Another disadvantage of heparin therapy is that its size and charge make
parenteral administration a necessity.
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In its natural state, heparin is a heterogeneous mixture of polysaccharide chains of different lengths
and with different sulfation patterns; some of these chains are up to 100 saccharides in length [12].
Over the years there has been considerable debate as to whether distinct heparin sulfation motifs are
required for the binding of different proteins. The current consensus is that the degree of structural
specificity of motifs within heparin for protein binding is dependent upon the particular protein. Some
of these interactions are highly specific and require the rare 3-O-sulfate group, whereas most proteins
use N- and 2-O-sulfates, which in heparin are extremely common [13]; the most abundant disaccharide
unit being a 2-O-sulfated iduronate linked to an N- and 6-O-sulfated glucosamine [14]. Importantly,
the fact that heparin structures can bind a particular protein does not imply that the structure can
necessarily modulate that protein’s function. Modulation of a protein’s function can depend on (1)
where the heparin structure binds the protein; or (2) whether binding is of sufficient affinity to trigger
a conformational change in the protein, as is the case when antithrombin III binds the pentasaccharide
sequence from heparin containing the rare 3-O-sulfated glucosamine. In relation to the first point we
have shown that a number of structurally different heparin tetrasaccharides can bind the chemokine,
CCLS5, but only those tetrasaccharides with a particular sulfation pattern preferentially bound CCL5 at
a site that interfered with its ability to bind its cell surface receptor [15]. Consequently, success with
developing heparin inspired therapeutic agents relies not only on identifying heparin-like structures,
or heparin mimetics, that bind the protein of interest, but also in determining the effects of these
structures on the biological functions of the protein target.

Heparin mimetics are synthetic or semi-synthetic compounds that are highly sulfated (usually),
anionic, structurally distinct analogues of GAGs. Compounds (not other types of GAGs) that perform
similar functions as heparin such as binding to the heparin-binding site on a protein may also be
characterized as a heparin mimetic. Despite the increased understanding of the complex structure of
heparin, the synthesis of clinically useful heparin mimetics is a relatively recent achievement.

The rational for development of heparin mimetics are numerous and varied, but a key
consideration is that the mimetics are expected to overcome many of the problems associated with
the parent molecule. The prospect of developing mimetics that display a higher relative potency and
greater selectivity of action than its parent molecule is a major driving factor in this field of research. The
need to curtail (but not necessarily eliminate) heparin’s polypharmacy and its anticoagulant activity
is another prime consideration for mimetic design. Furthermore, heparin mimetics are designed to
tackle the heterogeneity of heparin, the rational being homogeneous structures could lead to enhanced
potency and greater specificity. The ultimate goal in designing heparin mimetics is the removal of
unwanted biological activities and to maximize their therapeutic benefits for the disease being targeted.

Major advances in the field of carbohydrate synthesis such as building block preparation (one-pot
multi-step procedures), coupling reactions, and the development of convergent strategies for coupling
key building blocks, has led to an increase in the synthesis of complex oligosaccharides which can act
as heparin mimetics [16-20]. Such synthetic methods allow the preparation of tailor-made saccharides,
with customized sizes and functional groups. These tailor-made saccharides can be used for SAR
studies on a specific biological target. A number of discovery programs, including our own, have used
this approach for hit optimization of heparin/heparan sulfate mimetics for various therapeutic uses
such as anticoagulation, angiogenesis modulation, anti-cancer metastasis, and anti-inflammation.

This review will highlight the advances in the development of heparin mimetics for various
clinical purposes, with a focus on the potential of using these compounds as drugs.

2. Structure and Diversity of Heparin Mimetics

There is great diversity in the structure and biological activities of the heparin mimetics that
have been reported in the literature. Most of the mimetics created to date are carbohydrate based
mimetics, although non-carbohydrate mimetics have also been reported and there is a growing number
of mimetics that are a combination of carbohydrates and aglycones. The anionic charge of heparin
mimetics has generally been introduced by sulfation and rarely by phosphorylation or carboxylation.
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The main classes of heparin mimetics that have been reported in the literature are: (a) modified
polysaccharides; (b) synthetically sulfated oligosaccharides; (c) oligosaccharide-aglycone conjugates;
and (d) non-carbohydrate-based sulfated mimetics. For a detailed description of these classes the
reader is directed to the review by Coombe and Kett [21].

When developing mimetics that are directed towards particular therapeutic needs certain

structural features are a necessity for modulating biological function. Some such structural
features include:

Size/molecular weight: The first step in any synthetic strategy for a heparin mimetic directed
towards a specific target is to determine the size of the structure that is most likely to have the
required biological activity. This decision requires knowledge of the shape and size of the heparin
binding site on the protein target. Not all heparin binding sites resemble the small pockets
on proteins surfaces that are traditionally targeted by drugs; for example, they may be a face
on a protein surface. If the latter is true, the size of the heparin-like structure that is required
for binding, and for modulating the protein’s function, will be larger than a disaccharide or a
tetrasaccharide. It can also be that larger structures are required to provide the correct orientation
of the entity that actively engages with the protein. Hence, smaller analogues may not always
produce the anticipated increase in selectivity and potency.

Heterogeneity: Heterogeneous mixtures are more likely to display a broad range of biological
activities than structurally similar homogeneous products, but the technical challenges associated
with their reproducible synthesis and the characterization of heterogeneous mixtures are far
greater. This means proof of reproducible synthesis is required once a heterogeneous mimetic
enters clinical development. Accordingly, current trends are towards the synthesis of structurally
homogeneous heparin mimetics.

Pattern and extent of sulfation: It is well known that the extent of sulfation influences the strength
with which heparin or HS fragments bind proteins. This was concluded from studies where HS
fragments were eluted off protein affinity columns with varying salt concentrations; the highly
sulfated structures eluting at higher salt concentrations [22]. These studies also showed that when
HS fragments bound some proteins, like Fibroblast growth factor-1 (FGF-1), a higher degree of
sulfation did not necessarily translate into the fragments displaying higher affinity binding. Thus,
not only the number of sulfates but also the positions of the sulfates were important [22]. We have
also shown that the pattern and extent of sulfation has a marked effect on the location on a protein
where heparin fragments prefer to bind and that not all fragments that bind affect the protein’s
activity in the same way [15]. Given these findings with heparin fragments, it is probable that
heparin mimetics will similarly vary in their activities in accordance with the patterns of sulfation.
Techniques to control the degree of sulfation include; the choice of starting material, selective
sulfation and limiting reaction conditions. Similarly, careful selection of different carbohydrate
starting materials can result in different patterns of sulfation in a mimetic.

Linkage patterns: The influence of anomers, or of linkage patterns on the biological activity
of a polysaccharide can also be explored by careful selection of the starting material. Both of
these aspects of GAG structure contribute profoundly to their solution structures, and in all
probability also to the structures GAG fragments adopt when bound to proteins. The torsion
angle values are altered by glycosidic linkages and the anomeric configuration of the linkage, and
even small differences in these angles can contribute to differences of the structure in solution.
This is illustrated by the more bent solution structure of HS compared to that of heparin [23],
although here sulfation and monosaccharide differences also contribute.

Flexibility of the backbone: Polysaccharide chains are relatively inflexible due to the limited
rotations allowed about a glycosidic linkage. Thus, more flexible heparin mimetics are synthesized
by chemical modifications such as glycol splitting. Furthermore, synthetic non-carbohydrate
chemical linkers of varying degrees of flexibility can be employed to link short carbohydrate
chains, resulting in more flexible heparin mimetics. This approach was used to produce HS-mimics
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that bound interferon-y. Two highly sulfated octasaccharide HS fragments linked by a spacer
of 10 polyethylene glycol repeats were found to efficiently bind interferon-y [24]. It was argued
that when linked, the sulfated regions acted in a concerted manner and formed a functional unit,
whereas when unlinked the octasaccharides did not bind efficiently.

Heparin mimetics are a group of compounds that have been created to combat the promiscuity
and polypharmacy of heparin. Possible strategies that can be used to address this problem include;
increasing the potency of a particular mimetic such that the dosage can be decreased to a point where
harmful side effects are insignificant. Alternatively, increasing binding selectivity could eliminate
undesired protein interactions of a mimetic.

3. Heparin Mimetics as Anticoagulants

Heparin in its unfractionated form has been used as an anticoagulant drug for over 80 years. SAR
studies have shown that a unique pentasaccharide sequence, termed the “antithrombin IlI-binding
domain”, is primarily responsible for the anticoagulant activity of heparin. The antithrombin
III-binding domain contains a very specific pattern of negatively charged groups (O-sulfonates and
carboxylates) surrounded in standard heparin by a repetitive sequence composed of 2-O-sulfated
IdoA linked to a 6-O sulfated glucosamine (Figure 2a). Although heparin is highly effective and
inexpensive, it has several undesirable qualities as a therapeutic. Firstly, it is a heterogeneous mixture of
compounds extracted from porcine or bovine mucosa, and it carries a potential risk of contamination as
is illustrated by the incident which occurred in 2007-2008 [25,26]. Secondly, heparin chains vary in size,
anticoagulant activity, and in their ability to bind various plasma proteins; as a consequence heparin
displays a variable dose-response relationship amongst patients and requires active monitoring to
fine-tune the dosage [27]. Third, approximately 3% of patients undergoing prolonged heparin therapy
experience severe autoimmune responses [28]. These limitations have led to the development of a
variety of low molecular weight heparin like anticoagulants with more homogenous composition and
predictable pharmacokinetic properties.
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site of heparin.

Anticoagulants based on heparin are the drugs of choice in the therapy and prophylaxis of
thromboembolic diseases. The anticoagulant market for heparin mimetics has been very active over
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the past few decades due to the development of new compounds. Several reviews have been published
describing the SAR and mechanism of action of these heparin mimetic anticoagulants [29-31].

In 2001, GlaxoSmithKline (GSK; Brentford, UK) registered Fondaparinux as a new antithrombin
I drug under the name Arixtra [32]. It is the methyl glycoside analogue of the natural antithrombin
III binding pentasaccharide in which the acetamido is replaced by a sulfoamino group on the GlcV
unit (Figure 2b). The specificity and the binding strength of Fondaparinux to antithrombin III, can be
attributed to the presence of the methyl groups which prevent non-specific binding to plasma proteins.
Fondaparinux has a linear pharmacokinetic profile and a longer half-life, compared to LHWHs.
In addition, it does not induce immune thrombocytopenia. Fondaparinux is now approved for the
prophylaxis and treatment of venous thromboembolism (VTE) in virtually all Western countries, and
is increasingly being used as a substitute for LMWHSs. In the search for antithrombotic carbohydrates
with reduced synthetic complexity and tailor-made pharmacological properties, attention was directed
to a novel class of ‘non-glycosaminoglycan’ analogues. Initially the synthesis of Fondaparinux was
performed in about 50 chemical steps [33], and other synthetic methods have been explored to obtain a
straightforward synthetic sequence with fewer steps that could also be used to obtain analogues.
Indraparinux (Figure 2c¢) is a synthetic pentasccharide analogue of Fondaparinux, in which the
hydroxyl groups are methylated and the N-sulfate groups are replaced by O-sulfates [34]. It can
be prepared from glucose in approximately 25 synthetic steps in a highly convergent manner. The
strategy used for the synthesis of Idraparinux consists of assembling the Glc¥ on a suitably protected
GIcUAY-GIc"M-1doUA"-Glc! tetrasaccharide [35]. Idraparinux was not only synthesized using fewer
synthetic steps but it also gave rise to a new class of antithrombotic agent that specifically inhibited
Factor Xa and lacked activity against thrombin. It was developed for the treatment and secondary
prevention of VTE, as well as for the prevention of thromboembolic events associated with atrial
fibrillation. Some of the clinical advantages of Idrapainux include: (1) A linear pharmacokinetic profile
and a longer half-life than Fondaparinux; (2) It has consistent effects as it is not metabolized and is
completely bioavailable; (3) It does not bind to plasma proteins and in particular does not bind platelet
factor 4 (PF4), which makes the development of immune thrombocytopenia extremely unlikely [36].
However, Idrapainux has no neutralizing agent thus its antithrombotic activity cannot be reversed,
unlike heparin. This can lead to severe complications in some cases.

Idrabiotaparinux (Figure 2d) is a novel, long-acting, synthetic anticoagulant, which has a
similar chemical structure to Idrapainux but with an added biotin segment. The biotin segment
of Idrabiotaparinux enables the neutralization of the drug using avidin as a neutralizing agent. Avidin
is a tetrameric protein derived from the egg white of many species. Injection of avidin can trigger the
immediate elimination of biotinylated Idrabiotapariux from the blood stream of humans and animals,
resulting in neutralization of the antithrombic activity [37,38]. However, a systematic review reported
a lack of sulfficient evidence to clarify whether Idraparinux and Idrabiotaparinux are as effective and
safe as the standard warfarin treatment for VTE [39]. As a result, Sanofi-Aventis (Paris, France, now
known as Sanofi) halted the development of Idrabiotaparinux for arterial fibrillation at the phase III
clinical trial stage.

A number of years ago now Petitou et al. synthesized a family of heparin mimetic oligosaccharides
that were able to inhibit thrombin as well as bind antithrombin III, the aim being to obtain
more potent, well-tolerated antithrombic drugs [40]. Unfortunately, like thrombin inhibition,
undesirable interactions with plasma proteins are directly correlated with the charge and the size
of the oligosaccharide. So the compounds were designed to discriminate between thrombin and
other proteins, particularly PF4. A multistep converging synthesis was used to obtain sulfated
oligosaccharides that met these requirements. Petitou et al. reasoned that thrombin inhibition should
be obtained when the saccharide was long enough to accommodate antithrombin III and thrombin at
the same time. Accordingly, they synthesized a “non-GAG” series in which N-sulfate groups were
replaced by O-sulfate groups, and hydroxyls were alkylated. These structural modifications fully
preserved the specific binding to antithrombin III yet they drastically simplified the synthesis. This
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work led to the synthesis of a 17-mer oligosaccharide (Figure 3a) which was 5- to 10-fold more potent
than standard heparin and LMWHs in models of both venous and arterial thrombosis. The design
of this oligosaccharide was based on the following considerations: (1) a pentasaccharide sequence is
required to bind and activate antithrombin III towards Factor Xa (FXa) and thrombin inhibition; (2) the
separate thrombin binding-domain must be two to three disaccharides long; (3) a chain length of 17
saccharide units is required for notable thrombin inhibition meaning the two binding domains could
be separated by a spacer; and (4) as the six or eight units of the central saccharide spacer were not
critically involved in interacting with either antithrombin III or with thrombin, the charge on these
units could be suppressed without affecting the anticoagulant activity. The 17-mer saccharide that
resulted displayed a very simple elimination profile compared to heparin and LMWHs, owing to the
limited number of proteins with which it interacted. The publication describing this 17-mer saccharide
attracted a lot of excitement, and at the time it was thought such longer oligosaccharides had the
potential to address some of side effects of other anticoagulant drugs that were on the market [40,41].
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Figure 3. Chemical structure of (a) 17-mer saccharide; (b) SR123781.

SR123781 is a short acting synthetic hexadecasaccharide, developed from the work of
Petitou et al. [40]. It is an indirect antithrombin III dependent inhibitor of FXa (Figure 3b). SR123781 is
an analogue of heparin and was obtained from glucose through a convergent synthesis; it comprises
an antithrombin binding pentasaccharide, a thrombin binding sulfated tetrasaccharide, and a neutral
methylated hexasaccharide linker sequence, with N-sulfated groups replaced by O-sulfates, and
alkylated hydroxyl groups in the antithrombin III binding domain. SR123781 was found to be more
potent than heparin and Fondaparinux in a number of different animal models for arterial venous
thrombosis with a high affinity for human antithrombin [42]. Furthermore, SR123781 displayed
prolonged anti-FXa and antithrombin activity after intravenous and subcutaneous administration
to rats, rabbits and baboons. It also inhibited thrombus formation in experimental in vivo models
and had a favorable antithrombotic:bleeding ratio compared to heparin [43]. Even though SR123781
progressed to phase IIb clinical trials, its development was discontinued following the success of the
heparin mimetic AV5026.

AV5026 (Semuloparin, Sanofi-Aventis) is a complex mixture of oligomeric ultra-low-molecular-
weight heparin fragments (molecular weight 2000-3000 Da) with a polydispersity index of
approximately 1.0. It is synthesized by partial and controlled chemoselective depolymerization
of porcine unfractionated heparin. It has a novel antithrombotic profile resulting from high anti-FXa
activity and residual anti-Factor Ila (FIla or thrombin) activity in comparison to heparin and
LMWH [44]. This unique physiochemical profile of AV5026 is the result of a highly selective
depolymerization of heparin by a phosphazene base. AV5026 demonstrated a dose-dependent
antithrombic effect with similar activity compared to the marketed LMWH, enoxaparin, in
well-established thrombosis models in rats, rabbits and dogs [45]. Clinical evaluation of AV5026
in patients undergoing orthopedic surgery (TREK-study) demonstrated a significant dose response for
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the prevention of venous thromboembolism [46]. Although, clinical data suggested that AV5026 could
represent a new alternative for the prevention of thrombosis with an improved benefit-risk profile
compared with classic heparinoids and LMWH, its development was stopped in 2012.

Several decades of intensive research has led to the discovery of several synthetic heparin
mimetics with anticoagulant activity. Structure based approaches gave insights into the mechanism
of heparin-induced activation of antithrombin III and identification of the pentasaccharide sequence
in heparin that bind antithrombin III with high affinity. This then led to the discovery of LMWH or
fragments of heparin with higher potency and a longer half-life with fewer side effects. However, the
search for novel heparin mimetics with increased affinity have proven to be a formidable challenge
and constructing simplified analogues of the unique heparin binding pentasccharide is a complicated
endeavor. Recently the notion of synthesizing glycopolymers with hydrocarbon backbones that
carry pendant well defined heparin disaccharides was explored. The aim was to achieve efficient
synthesis of defined heparin-like compounds that retained the anticoagulation activity of intact heparin.
Hsieh-Wilson and her colleagues synthesized a compound that surpassed the anticoagulant activity
of heparin (Figure 4) [47], showing greater anti-Factor Xa and 100-fold greater anti-FIla activity.
This compound comprised tetrasulfated disaccharides consisting of 2-O-sulfated L-iduronic acid and
glucosamine with 3-O and 6-O-sulfation as well as N-sulfation. The sulfation reactions were performed
prior to polymerization and the polymerization was controlled to produce a glycopolymer of 45 repeats.
This compound also strongly bound PF4, a result in accordance with other reports indicating that
long negatively charged species that are not glycosaminoglycans may bind this chemokine [48,49].
When the polymerization was restricted to 30 repeats anti-FXa and anti-FIla activities were markedly
lower than that of both heparin and the longer polymer. Moreover, loss of the 3-O-sulfate from the
glucosamine abrogated the anti-FXa activity [47], pointing to the importance of this sulfation pattern
for antithrombin IIT binding. It is particularly interesting that a collection of disaccharides carrying
this motif arranged in a pendant fashion on a polymeric scaffold are sufficient to bind antithrombin III
and trigger anti-FXa activity, as previous studies with heparin have indicated that a pentasaccharide
structure containing a 3-O-sulfated glucosamine was required [40]. Nevertheless, it remains to be seen
as to the clinical usefulness of this anticoagulant heparin mimicking glycopolymer.
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Figure 4. Chemical structure of tailored glycopolymers as anticoagulant heparin mimetics.

4. Heparin Mimetics in Cancer

HS are present on the surface of all eukaryotic cells, including tumor cells and the stromal cells
surrounding a tumor, which are important for tumor survival. The HS on tumor cell surfaces have
been shown to be vital for many aspects of tumor phenotype and tumor development, including cell
transformation, tumor growth, cell invasion and metastasis. Both clinical and animal model studies
indicate that heparin mediates anti-tumor activity [50-53]. Furthermore, a number of retrospective
and prospective clinical studies have shown that heparin therapy may prolong the survival of
cancer patients across a variety of solid tumor types [54,55]. However, exploitation of heparin’s
anti-tumor activities are limited by its anticoagulant activity. Therefore, research has been directed at
developing heparin mimetics with limited anticoagulant activity but with the retention of heparin’s
anti-tumor activity.
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Heparanase is an endoglycosidase which cleaves the HS side chains of heparan sulfate
proteoglycans (HSPG) in the ECM surrounding tumor cells. The degradation of ECM facilitates the
spread of tumor cells by enabling them to enter into, and escape from, blood vessels and lymphatics.
In addition, heparanase is known to exhibit pro-angiogenic properties, i.e., stimulate the growth of
new blood vessels from pre-existing blood vessels that surround tumors [56]. Thus, drugs targeting
heparanase have been under investigation by both academic and industry based laboratories. As a
result, numerous sulfated sugar molecules including heparin mimetics have been identified as selective
inhibitors of heparanase [57]. In addition to heparanase, fibroblast growth factors (FGFs) and vascular
endothelial growth factor (VEGF) are essential mediators of angiogenesis and thus are also attractive
targets for drug discovery [58]. These growth factors are sequestered to the extracellular matrix by
binding to HS in the matrix associated HSPGs, and they are released by heparanase. FGFs and VEGF
initiate the cell signaling cascades that lead to angiogenesis by forming ternary complexes with HS
and their particular cognate cell surface receptors. Thus, inhibiting angiogenesis by targeting the HS
and heparin binding sites on these growth factors with heparin mimetics is considered to be a viable
therapeutic strategy for cancer [59-61].

PI-88 (Progen Pharmaceuticals Ltd. (Brisbane, Australia) is one such inhibitor. It is the product of
exhaustive sulfation of the oligosaccharide phosphate fraction of the extracellular phosphomannan
(derived from the yeast Pichia (Hansenula) holstii NRRL Y-2448) [62,63]. It is a heterogeneous
material being primarily composed of sulfated phosphomannopentaose and phosphomannotetraose
oligosaccharides carrying variously 10-13 sulfates [14,64]. A detailed analysis of the non-sulfated
starting material from which PI-88 was prepared has recently been published [65]. PI-88 exerts its
antimetastatic effects by inhibiting heparanase and so the cleavage of HS in the ECM and the release
of angiogenic growth factors. PI-88 also binds competitively to growth factors, such as FGF-1 and
FGF-2 and VEGF to exert an anti-angiogenetic effect [66]. PI-88 has been tested in phase II clinical
trials for liver cancer and has shown efficacy as an adjuvant for postsurgical hepatocellular carcinoma
(HCC) [67,68]. 1t is currently in phase III HCC clinical studies, but has not yet been approved for
routine clinical use. Phase I and Phase III clinical trials of PI-88 in patients with advanced melanoma
also demonstrated noteworthy activity [69]. PI-88 is generally well tolerated, but is does have the
common toxicity issues of thrombocytopenia and thrombosis, injection site hemorrhage and other
bleeding events. Several analogues of PI-88 have been synthesized with the aim of altering the
pharmacokinetic properties in a favorable manner to result in less frequent dosing whilst maintaining
biological activity. As such, the analogues were based on a single pentasaccharide backbone for ease of
synthesis and evaluation of biological activity. The compounds in the initial series of analogues were
mostly glycosides of the major pentasaccharide found in a (Figure 5) [70,71]. Compounds such as b ¢,
and d (Figure 5) exhibited biological activity similar to that of a, but with improved pharmacokinetics
in a rat model. Furthermore, both compounds a and b were shown to be potent inhibitors of in vivo
angiogenesis in two separate murine models. Additionally, the introduction of lipophilic modifications
resulted in significant attenuation of anticoagulant activity, a common side effect of heparin/HS
mimetics including PI-88. This data supports the continued development of heparin/HS mimetics of
this type as antiangiogenic, anti-cancer agents.

Progen Pharmaceuticals Ltd. then designed a series of compounds named PG500, which are
second-generation versions of PI-88. The PG500 series of compounds are anomerically pure, fully
sulfated and are single entity oligosaccharides attached to a lipophilic moiety, e.g., aglycone, at the
reducing end of the molecule [72]. Some of the compounds from this series are more potent inhibitors of
angiogenesis and metastasis than PI-88 and have shown strong anti-tumor activity in some aggressive
tumor models [73]. These compounds are believed to interfere with angiogenesis via inhibition
of VEGF and FGFs, and with metastasis via inhibition of heparanase. The lead molecule of this
series is PG545, which was selected based on its efficacy, pharmacokinetics, toxicology and ease of
manufacture [74].
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Figure 5. (a) Generalized chemical structure of PI-88; (b—d) Analogues of PI-88; (e) Chemical structure
of PG545.

PG454 is a synthetic, fully sulfated tetrasaccharide functionalized with a cholestanyl aglycone
(Figure 5e) [75]. It is currently in phase I clinical trials and has shown potent inhibition of heparanase
with low anti-coagulant properties. Interestingly, the cholestanyl group increased the affinity of PG545
for heparanase over that of a non-functionalized derivative. It appears this hydrophobic group allows
PG545 to bind to a hydrophobic pocket near to the active site of the enzyme in addition to binding to
the basic amino acids that are involved in HS binding [76]. PG545 has been shown to exhibit a long
plasma half-life and shows activity in multiple murine models of the cancers of breast, prostate, liver,
lung and colon, as well as head and neck cancers and melanoma [75]. Recent publications have shown
that PG545 has activities in addition to those attributed to its effects on heparanase and the growth
factors VEGF and FGF-2. For example, the anti-lymphoma effect of PG545 in vivo seems to require NK
(natural killer) cell activation and this activation involves PG545 acting via TLR9 (toll-like receptor-9)
to trigger dendritic cells to release IL-12, which is necessary for PG545 activation of NK cells [77].
In addition, PG545 was shown to act on the Wnt pathway in a pancreatic ductal adenocarcinoma
model. PG545 bound directly to Wnt3a and Wnt7a, thereby blocking their interactions with their
receptors. This inhibition of Wnt signaling within tumor cells led to reduced levels of 3-catenin, which
caused a reduction in the expression of VEGF, matrix metalloproteinase (MMP)-7 and Cyclin D1,
as well as triggering apoptosis of the tumor cells [78]. The multiple activities of PG545 mirror the
ability of heparin to also act on multiple pathways and points to the likely polypharmacy of most
heparin mimetics.

Heparin/HS binding proteins interact with particular preferred structural motifs within heparin
and HS, and the extent to which a particular motif is a requirement for binding varies from one heparin
binding protein to another. Some heparin binding proteins are very specific in their requirements
(e.g., antithrombin III), whereas others are less specific (e.g., compare FGF-1 and FGF-2 [79]); thus
heparin/HS mimetics are often designed with a view of selectively blocking protein-GAG interactions.
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To explore this, Parish and co-workers synthesized a homogenous structurally well define HS mimetic
family of sulfated linked cyclitols. They then compared the ability of 15 different sulfated linked
cyclitols to bind to 10 functionally diverse proteins [80]. This relatively simple panel of mimetics
provided considerable information regarding the patterns and orientations of anionic groups that
are recognized by different proteins. Specifically, it demonstrated that spatial separation of anionic
groups within the HS mimetics plays a critical role in determining the specificity of interactions. For
example, compounds a and b (Figure 6), which only differ by the length of their alkyl chain spacer
exhibited different inhibitory activity towards growth factors. Compound a was found to be strong
inhibitor of FGF-1, with modest inhibition of FGF-2. Whereas compound b was a strong inhibitor
of FGF-2 and VEGF with modest inhibition of FGF-1. Ferro and co-workers extended this work by
synthesizing a library of mimetics with simple ionic binding motifs on a monosaccharide scaffold
based on D-mannopyranose that could “anchor” the ligand to the HS-binding site on the targeted
protein [81]. This library of mimetics was synthesized by harnessing the powerful Ugi four component
reaction for decorating the scaffold with linkers containing a diverse range of functional groups. The
affinities of these monosaccharide mimetics for angiogenic HS-binding growth factors were close
to those generally observed for polysulfated di-or tetrasccharides. From this study a clear trend for
proteins to prefer particular structures was evident, for example the presence of an aromatic group was
favored by FGF-1 and VEGF. This supported the previous observation that lipophilic modifications
can improve affinity for VEGF and FGF-1 but not FGF-2 [82].
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Figure 6. Small molecule heparin/heparan sulfate (HS) mimetics as potential inhibitors of fibroblast
growth factors (FGF)-and/or vascular endothelial growth factor (VEGF) mediated angiogenesis for the
development of novel cancer therapeutics; Structure of potent (a,b) linked cyclitol; (¢,d) compounds
from Ugi library; (e) compounds synthesized via click chemistry.

Ferro and co-workers also synthesized an 18-membered library of small molecule HS mimetics
via click chemistry. These mimetics were targeted against the angiogenic growth factors FGF-1, FGF-2
and VEGEF [83]. The library of mimetics was designed with the specific aims of firstly, identifying the
critical sulfate groups for binding on the monosaccharide ring, with the view to decreasing the overall
sulfation without loss of activity, and secondly, to enable the exploration of possible non-ionic binding
surfaces around the primary binding site on the proteins; the primary binding site being comprised of
clusters of basic, positively charged amino acids. 6-azido-6-deoxy-x-D-mannopyranoside was selected
as the building block for the synthesis of this library of heparin mimetics. The library was made more
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diverse by incorporating various alkyne derivatives into functional motifs and by employing a Swern
oxidation-Witting olefination sequence to synthesize functional motifs (e.g., aromatic groups) with
varied geometrical representation to produce different isomers. Collectively this diversity allowed
exploration of the size and position of hydrophobic or hydrogen bonding regions near to the basic
amino acids which comprised the primary binding site. The binding studies indicated that affinity and
structural specificity of the mimetic was increased by the incorporation of non-anionic motifs. A lead
compound was identified from the library with micromolar binding affinity towards FGF-1 and VEGF
and good selectivity over FGF-2 [83]. This work illustrates the power of combining an anionic sugar
structure with an aromatic spacer, of an appropriate length and rigidity, to position a polar group at a
site on the protein removed from the binding hot-spot that recognizes the sulfate groups, for enhancing
the specificity of the heparin mimetic. Interestingly, this strategy provided a rapid method to probe the
chemical space around a binding hot-spot, which could then be used to differentiate a family of similar
proteins by their mimetic binding capability.

Recently, “small glycol” drugs which are heparin mimetics have been identified as exhibiting
anti-cancer properties. These molecules are small, synthetic oligosaccharides with potent affinity and
selective inhibition of several growth factors and proteins involved in tumor growth and propagation.
As such, a library of more than 100 synthetic oligosaccharides of different sizes containing various
substitutions has been evaluated for their specificity and efficacy in inhibiting cell proliferation and
migration and in vitro endothelial tubule formation. EP80061 is the lead compound in this series
which has shown potent anti-metastatic effects in a disseminated tumor model in C571B1/6 mice [84].
The structure of this series is yet to be disclosed.

Sigma-Tau Pharmaceuticals (Gaithersburg, MD, USA) developed a heparin mimetic, SST0001
(Roneparstat, Figure 7a) which is currently in phase I clinical studies for advanced multiple
myleoma. SST001 is an N-acetylated, glycol-split high molecular weight heparin that also exhibits
low anticoagulant activity and selective inhibition of heparanase [85]. It is obtained from standard
porcine mucosal heparin after total N-desulfation, N-acetylation, controlled periodate oxidation,
and finally borohydride reduction (the sequence of the last two steps is called glycol-splitting).
In preclinical studies, SST0001 showed a significant anti-myeloma effect in in vivo models of multiple
myeloma [86]. The combination of SST0001 with irinotecan, a cytotoxic agent, exhibited potent activity
against sarcoma xenografts with all animals showing marked tumour regression and a number of
animals had no apparent disease at the completion of the experiment, whereas either drug alone
only delayed tumour growth [87]. The latter study demonstrated that in vivo SST0001 administration
caused reduced phosphorylation of a number of receptor tyrosine kinases (EGFR, ERBB4, INSR and
IGF1R), providing evidence that this heparin mimetic may influence intracellular signaling as well as
block heparanase.

Momenta pharmaceuticals presented anti-metastatic preclinical data for a heparin mimetic, M402
(Necuparanib, Figure 7b). M402 is a low molecular weight heparin, resulting from depolymerization of
heparin and further oxidation and borohydride reduction. In vitro and in vivo studies of M402 showed
reduced anticoagulant activity and inhibition of tumor metastasis through the modulation of factors,
such as P-selectin, VEGEF, and FGFs [88]. M402 has shown statistically significant survival benefits
in animal models when used as a monotherapy or in a combination with other chemotherapeutics.
Furthermore, mice treated with M402 showed reduced epithelial-to-mesenchymal transition, a key
step in the progression of tumor cells towards a more invasive phenotype. Currently, M402 is in phase
II clinical trial for pancreatic cancer.
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Figure 7. Schematic representation of (a) SST0001 (roneoparstat) (b) M402 (necuparanib). The actual
structures may retain the microheterogeneity of the original heparin and low-molecular-weight-heparin
(LMWH) [89].

Endotis Pharma (Romainville, France) reported the synthesis of an octasaccharide-based heparin
mimetic capable of antagonising angiogenic proteins that are known to be involved in cancer
progression and angiogenesis associated with tumor growth [90,91]. The mimetic is expected to
interfere with two major processes in tumor progression: (1) angiogenesis, in part mediated by
growth factors, or endothelial progenitor cell recruitment; and (2) metastasis mediated by heparanase
activity. The octasaccharide was assembled from three different disaccharide units which were
synthesized from three different monosaccharides in sufficient quantities and with appropriate
protecting groups. A fluoropyridinilated derivative of the sulfated octasaccharide heparin mimetic
was then prepared by linking a triazole conjugated with FPyME to the reducing terminus (Figure 8).
The use of [\8F]JFPyMe allowed the incorporation of radiolabeled fluorine-18 which allows in vivo
evaluation of the compound and is extremely useful for performing the ADMET assays required
for drug development. Pharmacodistribution studies revealed that following injection into rats this
heparin mimetic accumulated in the kidneys and to a lesser extent the liver and at later time points
the bladder, indicating likely urinary excretion. Radioactivity in other organs was low but clearance
from the blood vascular system was slow (t;,, was greater than 90 min). The in vivo properties of this
mimetic are appropriate for an anti-cancer drug.
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Figure 8. Chemical structure of the conjugated and radiolabeled octasaccharide-based HS mimetic.

Heparin mimetics designed for specific targets are expected to act preferentially on specific
proteins such as growth factors of the FGF family and VEGF, and heparanase, which are overexpressed
in cancer, but as was seen with PG545 other activities may well be detected for some of these
compounds. The design of precisely tailored heparin mimetics is likely to require both anionic
and non-anionic structures, the latter structures binding to the protein target outside of the basic region
that is recognized by heparin and other GAGs.
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5. Heparin Mimetics as Anti-Inflammatories

It has long being recognized that heparin has range of biological effects in addition to its well
characterized anticoagulant properties, and possibly one of its best known non-anticoagulant activities
are its anti-inflammatory effects [92-94]. The anti-inflammatory properties of heparin and heparin
mimetics have primarily, but not exclusively, been linked to their ability to interact with three different
types of proteins: complement system proteins, selectins and chemokines; each of which function in
different ways to facilitate inflammation [95-97]. The potential of heparin as an anti-inflammatory
drug is supported by a number of small, and several modestly sized clinical trials. Heparin has been
shown to benefit patients with arthritis [98], inflammatory bowel disease [99,100], allergic rhinitis [101]
and bronchial asthma [102,103]. However, the use of heparin as an anti-inflammatory agent has
been hindered by its anticoagulant proprieties. Since the anti-inflammatory potential of heparin is
independent of its anticoagulant properties, the development of novel non-anticoagulant heparin
mimetics but with the anti-inflammatory properties of heparin is an attractive possibility. Thus,
considerable effort has been directed towards the development of heparin mimetics with the potential
to act as anti-inflammatory agents.

It is well known that selectins play a key role in the early stages of an inflammatory response [104],
and so antagonists of selectins have the potential for being valuable therapeutic agents for various
inflammatory diseases. The Sialyl Lewis* (sLe*) motif provides a lead structure for the search of
E-selectin antagonists since it is a component of all the physiological receptors of the selectins.
This motif, NeuAca2-3GalB1-4(Fucx1-3)GIcNAc, on its own is not a selectin receptor, rather
additional structures are also required for binding. For example, P-selectin binds sLe* on a
threonine residue and an adjacent sulfated tyrosine on its ligand, P-selectin glycoprotein ligand-1;
L-selectin binds O-linked SLe* with a sulfate on the 6-hydroxyl of the SLeX GlcNAc, and E-selectin
binds glycosphingolipids carrying the terminal glycan structure: NeuAcoa2-3Galf1-4GIcNAcp1-3
[Galp1-4Fucal-3)GleNAcf1-3]5-R [105]. GMI-1070 (Rivipansel, developed by GlycoMimetics Inc.,
Rockville, MD, USA. Figure 9b) is a novel small molecule sLe* mimetic pan-selectin antagonist [106].
GMI-1070 was developed by rational design, focusing on the conformation of sLe* when it is bound to
E-selectin, as determined by nuclear magnetic resonance. In GMI-1070 the oligosaccharide fragments of
sLe* were replaced with a conformationally restricted linker which reproduced the three-dimensional
(3D) features of sLeX. GMI-1070 contains a cyclohexane core structure with a carbohydrate branching
motif linked to a benzyl amino sulfonic acid residue [107]. The extended sulfated domain was
designed to allow binding of P- and L-selectins as well as E-selectin. Although it binds all three
selectins its ability to block the binding of the natural selectin ligands, sLe® and sLe* to immobilized
selectins was far greater with E-selectin than with L-selectin or P-selectin, being approximately 10-fold
more sensitive with an ICs of 4.3 uM. Selectins facilitate leukocyte rolling on endothelial cells of
the vasculature, which is the first step in leukocyte migration from the blood and into the tissues
in an inflammatory response. The administration of GMI-1070 into mice with sickle cell disease
caused an increase in leukocyte rolling, which is a characteristic of E-selectin inhibition. Moreover,
GMI-1070 reduced the number of leukocytes adhering to the venular endothelium and also inhibited
red blood cell-leukocyte interactions and vascular occlusion. It is currently undergoing clinical trials
for treatment of vaso-occlusive crisis in people with sickle cell disease. It has been demonstrated to
have a good safety profile, a serum half-life of 7-8 h and greater than 90% of the drug is excreted
intact [106,108]. Phase II studies revealed the drug reduced the time to resolution of vaso-occlusive
events (not considerably significant) and improvements were also observed in other aspects, like time
to hospital discharge [109]. Phase III trials have commenced for this drug.
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Figure 9. Chemical structure of (a) Sialyl Lewis* (sLe*); (b) GM-1070, sLeX mimic in clinical trials
for treatment of vaso-occlusive crisis in sickle cell disease patients; (c) sLe* mimic that maximizes
conformational pre-organization of the binding determinants; (d) sLe* mimic designed using fragment
based discovery techniques with improved binding kinetics.

Recently, Ernst and co-workers dissected the role of the cyclohexane core structure of the natural
SLe* ligand and correlated (by nuclear magnetic resonance spectroscopy (NMR) and molecular
dynamic calculations) the affinities with which it binds E-selectin with the flexibility and the degree of
pre-organization of the pharmacophores in the bioactive conformation [110]. In SLe*, the hydroxyl
groups of the fucose moiety, the 4- and the 6-hydroxyl of the galactose moiety and carboxylic acid group
of the sialic acid residue act as pharmacophores. Whereas the N-acetylglucosamine (GlcNAc) moiety
serves as 3D spacer to position L-fucose underneath the 3-face of D-galactose. This 3D orientation
and pre-organization of the pharmacophores are extremely important for high affinity binding [111].
Ernst and co-workers used a molecular design strategy which involves introducing conformational
restriction which then limits the degrees of freedom a molecule can lose upon binding, to synthesize a
library of high-affinity E-selectin antagonists. These antagonists were synthesized with a cyclohexane
linker which acts as GlcNAc mimic of the native SLe* ligand. Using Surface Plasmon Resonance (SPR)
and Saturation Transfer Difference NMR experiments, they showed that addition of hydrophobic
substituents on the cyclohexane linker improved the affinity by forcing the adjacent fucose moiety into
the bioactive conformation. In this manner, the affinity of the native SLe* (Figure 9a) was improved
more than 660-fold (Figure 9c: dissociation constant, Kp = 1.5 uM, ICsp = 4.0 uM), predominantly
by pre-organizing the SLe*-core with a novel GIcNAc mimetic and leaving the pharmacophores as
present in native SLe* [110].

Ernst and co-workers further optimized E-selectin antagonists using fragment based discovery
techniques to select ligands able to bind in a second site near the sLe* mimic binding site [112].
Fragments were screened for E-selectin binding using spin-lock filtered NMR experiments. The hits
were then retested in the presence of the first site ligand which was labeled with a spin-label probe.
This then enabled the identification of fragments which were binding in the vicinity of the spin-label
via paramagnetic relaxation enhancement spectroscopy. These fragments were then connected to the
sLe* mimic through flexible linkers of variable length and tested by SPR for interaction with E-selectin.
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The most potent antagonists so obtained had Kp values between 30 and 89 nM and a half-life of the
ligand protein complex in the range 4-5 min (e.g., Figure 9d: Kp = 30 nM, t; / = 4.1 min). This was a
substantial improvement with respect to affinity and half-life as carbohydrate-lectin interactions are
generally characterized by micro- to millimolar affinities and half-lives in the seconds [113].

Others have also developed heparin mimetics that target the selectins [114]. Some of these
were produced by varying the degree of sulfation of natural linear glucans with varying degrees of
polymerization and different linkages between their monosaccharide units. This work revealed that
charge density (degree of sulfation), rather than molecular weight is the more important factor in
determining whether the various sulfated glucans inhibit P-selectin activity. The monomer glycosidic
linkage also seemed to play a role, as mimetics of comparable length and degree of sulfation but
with a backbone of 3-1,3-linked glucose units, were inferior to mimetics with a backbone consisting
of «-1,4/1,6-glucans. The increased activity was attributed to the greater flexibility of the latter
mimetics. A kinetic study, on the binding interactions of some of these compounds with P-selectin,
was quite informative [115]. This work revealed that mimetic occupancy time on P-selectin was critical
for inhibitory activity, and mimetics with a disassociation rate markedly slower than the natural
ligand should be good inhibitors. One of these compounds was PS3 (Figure 10), a low polydispersity
(3-1,3-glucan sulfate in which the primary hydroxyl group at position 6 was fully sulfated, the secondary
hydroxyl groups at positions 2 and 4 were equally sulfated to about 60%, giving an overall degree
of sulfation of 2.2 sulfates per glucose unit, and the degree of polymerization was about 25. This
compound significantly inhibited peripheral blood mononuclear cell interactions with endothelial cells
under flow conditions, an effect attributed to its inhibition of both L-selectin and P-selectin, but not
E-selectin [116]. It was also shown to act as an anti-inflammatory agent in a murine model of contact
hypersensitivity, but it’s in vivo potency was not investigated at concentrations other than 25 mg kg1,
which is quite a high dose.
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Figure 10. Structure of PS3; the sodium salt of a 3-1,3-glucan sulfate with a degree of sulfation of 2.2
and a polydispersity of 25 corresponding to a mean molecular weight of 10,000.

The notion that greater potency against the selectins may be achieved by multivalent, dendritic
compounds of polyglycerol anions has also been investigated. A variety of different compounds
were made using dendritic polyglycerols of different molecular weights as the starting material.
The dendritic polyglycerols were synthesized by one-step anionic ring-opening multibranching
polymerization of glycidol on a polyol initiator. These compounds were functionalized with different
polyanions with a high degree of functionalization (>80%) using click chemistry (Figure 11A). Those
with a core size of 6000 Da and functionalized with sulfates most effectively inhibited L-selectin
with low nanomolar range ICs values [117]. Importantly, the in vivo pharmacokinetics of the best
of these compounds has also been examined via radiolabeling. The radiolabeling of the dendritic
polyglycerol candidate was accomplished by an oxidation-reduction process with sodium periodate
and [3H]-b0rohydride followed by sulfation using SO3.pyridine complex. This method represents
a mild straight forward labelling technique for the introduction of titrium into 1,2-diol containing
molecules without the use of radioactive monomers. An optimized radiochemical yield of >80%
was achieved for this reaction, proving its efficacy. ®Cu-labeled compounds were synthesized by
conjugating Cu(Il) chelators to the partially aminated dendrimer (Figure 11B). A radiolabelling yield
of >99% was achieved within 5 min with a high radiochemical purity, eliminating the need for further
purification [118]. These radiolabelling methods are likely to be applicable to other heparin mimetics
as they move into the pre-clinical phase. In this case, the biodistribution studies in healthy mice and
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rats revealed that the polysulfated dendrimers accumulated in the liver and spleen and although small
amounts were excreted via the kidneys there was still evidence of organ accumulation after 3 weeks,

which was not a favorable distribution pattern for a drug.
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Figure 11. Structure of dendritic polyglycerol heparin mimetics: The structure of dendritic
polyglycerols (dPG) scaffold illustrates an idealized fragment of the polymer. (A) Structure of (a)
dendritic polyglycerol starting material and (b) dendritic polyglycerol heparin mimetics synthesized via
click coupling by Weinhart et al. [117]; (B) Structure of (c) dendritic polyglycerol starting material and
(d,e) radiolabeled dendritic polyglycerol heparin mimetics synthesized by Pant et al. [118]; (C) Structure
of (f) dendritic polyglycerol starting material and (g—i) shell cleavable dendritic polyglycerol heparin
mimetics synthesized by Reimann et al. [95].

To overcome this problem shell cleavable polysulfated dendrimers were synthesized and
investigated for competitive L-selectin binding, blood coagulation, complement activation and
degradation in vitro. This synthesis and the biological activities are described in the report by
Reimann et al. [95]. This work revealed that two of these compounds dPG-thioglyceryl pentanoatyl
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sulfate (Figure 11C(h)) and pPG-thioglyceryl methylpropanoatyl sulfate (Figure 11C(g)) containing
long flexible hydrophobic linkers which included respectively, either an ester functionality, or a
carbamate and an ester functionality, had potent complement pathway inhibition activity, minimal
anticoagulant activity and high picomolar ICsy values in the L-selectin binding assay. These two
compounds also degraded quite readily and so were considered as interesting compounds for long
term treatment of chronic inflammation or as a new class of anti-complement therapeutic for preventing
tissue damage within inflammatory disease [95].

Heparin and HS are known to interact with numerous proteins in all three pathways of the
complement cascade. Most of these interactions have a regulatory role and most result in the inhibition
of the complement cascade [97]. Structure-activity relationships of more than 40 structurally distinct
sulfated glycans with the serpin C1 inhibitor (C1-INH) and the serine protease, Cls, have been
examined [119]. C1-INH inactivates the initiating enzymes of the complement classical pathway, Clr
and Cls, as well as the initiating serine proteases of the mannose-binding lectin pathway, Mannose
binding lectin Associated Serine Protease (MASP)-1 and MASP-2. C1-INH is also the most important
inhibitor of the plasma proteases kallikrein, Factor XIa and Factor XIIa of the intrinsic coagulation
pathway. It was found that the sulfated glycans potentiated C1-INH activity and shortened the time
for C1s inhibition by about 50% and this potentiating effect was dependent on degree of sulfation
and molecular weight, but glycan structure was also important. The linear (3-1,3-glucan structure
was favored over the branched «-1,6-glucan structure of dextrans, and the former structure was also
favored over heparin. The dependence on degree of sulfation and size was linked so that a small
compound like the pentasaccharide Fondaparinux, which is highly sulfated, was slightly potentiating,
whereas if the degree of sulfation was low, a much larger sulfated glycan was required for any C1-INH
potentiation. It is believed that the polyanion links the basic surfaces of Cls and C1-INH like the filling
in a protein sandwich [120], which is different from the “bridging” mechanism of antithrombin IIT
and thrombin whereby these two proteins bind adjacent regions on a single heparin chain. It could be
argued that as the entire “top” face of C1-INH is positively charged, longer polyanions of low sulfation
are required for charge neutralization of this face on C1-INH and trimer formation. Schoenfeld et al.,
used this rational, plus the argument that C1-INH amplifiers should have both: low anticoagulant
activity, and the improved pharmacokinetics of a rather low molecular size, to promote the (3-1,3-glucan
sulfates as promising candidates for further investigation [119].

Additionally, a number of GAG analogues that bind to chemokines are under development as
novel anti-inflammatory drugs. In one study compounds were developed based on two different
approaches. Firstly, a structure based approach was used after initial screening of potential small
molecule binders using protein NMR on a target chemokine, in this case CCL5 (or RANTES) [96].
Two small molecules shown to bind to separate sites on CCL5 by NMR and X-ray crystallography were
linked to form a chimera, the hope being that the chimera would have better anti-inflammatory activity
than the separate molecules. In the second approach by the same group, commercially available short
oligosaccharides were persulfated. In vitro, the molecules prevented chemokine-GAG binding and
chemokine receptor activation without disrupting coagulation. However, in vivo variable results were
seen in a murine peritoneal recruitment assay, with the chimeric molecule enhancing cell recruitment
in this assay [96]. In this study, the crystallography was performed at low pH. However, our work with
CCL5 revealed that the sites where heparin tetrasaccharides bind this chemokine vary depending on
the pH [15]. Thus, the crystallography data would have indicated where the heparin mimetics bound
CCL5 at low pH (pH 3.5), rather than where they bind at the pH encountered in vivo, and as this was
unlikely to have been the same site the structural data may have provided misleading information.
Nevertheless, some of the persulfated oligosaccharides were shown to inhibit inflammation in a
delayed-type hypersensitivity model and in an antigen-induced arthritis model [96], the reasons for
the different activities in the different models is unknown.

Other workers have examined heparin mimicking glycopolymers for their ability to bind CCLS5.
The rational was that a HS disaccharide epitope presented as a multivalent, pendant array on a
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polynorbornene backbone might antagonize CCL5 if the binding affinity was enhanced by increased
avidity [121]. Controlling the sulfation pattern before polymerization allowed the production of four
different glycopolymers each with a different pattern of sulfation on the disaccharide. These sulfation
patterns were: 2-O-sulfated IdoA 1,4-linked to N- and 6-O-sulfated GlcN; 2-O-sulfated IdoA 1,4-linked
to N-acetylated, 6-O-sulfated GIcN; IdoA 1,4-linked to N-acetylated GlcN, and IdoA 1,4-linked to N-
and 6-O-sulfated GlcN. The resulting mimetics were variations on the structures shown in Figure 4.
Of these mimetics the glycopolymer carrying the trisulfated disaccharide most effectively competed
with heparin for binding CCL5, and not surprisingly, the non-sulfated glycopolymer was without
activity. Chemotactic activity mediated by CCL5 binding its receptor CCR3 was also inhibited by both
heparin and trisulfated disaccharide glycopolymer, but chemotaxis of cells bearing the alternative
CCLS5 receptor, CCR5, was not inhibited. Unfortunately the efficacy of this glycopolymer in an
in vivo inflammation model was not reported, nor is it clear how the glycopolymer would bind
CCLS5 oligomers.

CCLS5 is not the only chemokine that has been studied for its interaction with heparin mimetics.
A recent study using synthetic heparin/HS-like dodecasaccharides has revealed that that addition of a
single 6-O-sulfate to the glucosamine at the non-reducing terminus of the mimetic alters which
chemokine binds [122]. The use of the 3 homogeneous, synthetic dodecasaccharides of known
structures indicated that the presence or absence of this site-specific 6-O-sulfation determined
whether the signaling of either of the chemokines CXCLS8 (or IL-8) or CXCL12 was inhibited. The
dodecasaccharides were of the following structures: (1) non-reducing terminal N- and 4-O-sulfated
GlcN 1,4 linked 2-O-sulfated IdoA 1,4 linked [N-sulfated GlcN 1,4-linked 2-O-sulfated IdoAl]s
(Figure 12a); (2) non-reducing terminal N-sulfated,4,6-O-sulfated GlcN 1,4-linked 2-O-sulfated IdoA
1,4-linked [N-sulfated GlcN 1,4-linked 2-O-sulfated IdoA]s (Figure 12b); and (3) fully 6-O-sulfated
dodecasaccharide (Figure 12c). Interestingly the fully 6-O-sulfated dodecasaccharide did not
preferentially inhibit either CXCLS, or CXCL12, but its biological activity resembled that of a native
dp12 arising from digesting commercial heparin. The mimetics also demonstrated these behaviors
in in vivo models. For example, analogue a (see Figure 12) inhibited CXCLS8 induced neutrophil
infiltration whereas analogue b (see Figure 12) with the reducing end 6-O-sulfate GIcN did not, and
analogue b inhibited CXCL12 induced macrophage infiltration whereas analogue a, which lacked
the terminal 6-O-sulfate moiety did not. These data indicated that for these chemokines the overall
sulfation level of the dodecasaccharide was not the critical feature but rather the single non-reducing
end 6-O-sulfate GIcN determined the biological behavior. The study authors comment that their
findings suggest that, “other significant site-specific sulfation-determined effects await discovery and
biomedical exploitation” [122].
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Figure 12. Site-specifically 6-O-sulfated dodecasaccharides: (a) completely non-6-O-sulfated (b)
site-selectively mono-6-O-sulfated (c) fully 6-O-sulfated.

Homogeneous, discrete GAG-mimetics are proving to be powerful tools for unravelling the
structure-specificity issues that have been haunting GAG biology for decades. A glycan array of
heparin-like oligosaccharides varying from monomer to hexamer was used to probe the binding
specificity of the chemokine, CCL20 [123]. This chemokine bound the un-natural, synthetic
monosaccharide 2,4-O-sulfated IdoA (Figure 13) with micromolar affinity, and this di-sulfated IdoA
interfered with CCL20 heparan sulfate binding in a concentration dependent fashion and it also
inhibited the binding of CXCLS8 and L-selectin. The in vivo effects of di-sulfated IdoA in a murine
model of allergy were intriguing. Injection of di-sulfated IdoA immediately prior to allergen challenge
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decreased mucus secretion and T lymphocyte recruitment into the lungs. Administering di-sulfated
IdoA by inhalation before allergen challenge decreased CCL20 staining on lung endothelial cells
and lymphocyte recruitment, as measured by lymphocyte numbers in bronchi alveolar lavage fluid
(BALF). These data were interpreted as suggesting that CCL20-mediated recruitment of Th17 and Th2
lymphocytes were critical for the early stages of the asthmatic response. The di-sulfated IdoA was
said to act by binding to CCL20, thereby preventing CCL20 from accumulating on HS on the airway
endothelium and from binding its receptor CCR6 on the lymphocytes and triggering their recruitment.
Importantly, other chemokines (CCL19, CCL21, CCL25, CCL28, CXCL12, CXCL13 and CXCL16) did
not bind 2,4-O-sulfated IdoA indicating the specificity of the response [124].
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Figure 13. The unnatural synthetic monosaccharide, Di-S-IdoA containing two axial sulfate groups.

Abraham and co-workers similarly tested a disaccharide heparin analogue in an animal asthma
model. They first described, what in their view is, a minimal chain length and structural sequence of
the anti-allergic domain of heparin. In this study, it was demonstrated that the anti-allergic activity
of heparin resided in a tetrasccharide sequence and that the domain responsible for anticoagulant
and anti-allergic activity of heparin were distinctly different (Figure 14a) [125]. Later, Abraham
and co-workers also demonstrated that “supersulfation” of an anticoagulation inactive disaccharide
fragment conferred anti-allergic activity. The disaccharide Hep-SSD (Figure 14b) was prepared by
nitrous acid depolymerization of porcine intestinal heparin followed by size exclusion chromatography.
The disaccharide fragment was then sulfated to obtain supersulfated Hep-SSD. This disaccharide,
Hep-SSD was shown to inhibit allergic airway responses in sheep model of asthma and it displayed
activity by both aerosol and oral routes [126]. There has been considerable interest over a number of
years in the possibility that non-anticoagulant heparin derivatives may be useful anti-inflammatories
for the management of asthma and a number of small clinical trials have examined this notion (see
review: [127]). However, to our knowledge this interest has yet to extend to testing heparin mimetics
in clinical trials as anti-asthmatics despite the promising data from animal studies.
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Figure 14. (a) Heparin tetrasaccharide which possess the minimal chain length for anti-allergic and
anti-inflammatory properties (b) Supersulfated heparin derived disaccharide, Hep-SSD.

Another lung disease in which heparin mimetics may exert useful anti-inflammatory effects
is chronic obstructive pulmonary disease (COPD). This is a disease of neutrophil infiltration and
much of the tissue damage is caused by serine proteases released from neutrophil granules. These
include neutrophil elastase, cathepsin G and proteinase 3, enzymes known to be inhibited by heparin.

186



Pharmaceuticals 2017, 10, 78

Against this background Craciun et al. synthesized, structurally characterized, and tested a panel
of of N-arylacyl O-sulfonated aminoglycosides to identify inhibitors of these neutrophil serine
proteases [128]. This work identified a kanamycin- and a neomycin-based compound as compounds
of interest; the kanamycin-based compound (Figure 15a) inhibited all three enzymes whereas the
neomycin-based compound (Figure 15b) inhibited neutrophil elastase and cathepsin G. Further
functional optimization of the kanamycin-based compound is continuing with the view of developing
an inhaled drug for attenuation of protease-mediated lung disease. Others have produced promising
compounds using heparin as the starting material. For example, Fryer et al. reported the modification
of unfractionated heparin to yield a 2,3-O-desulfated heparin (ODSH) that lacks anticoagulant activity,
but retains the anti-inflammatory characteristics of the parent molecule [129]. ODSH was developed
by selective desulfation of unmodified heparin under extreme alkaline conditions [130]. In preclinical
studies, ODSH has shown promising anti-inflammatory activity by inhibiting airway hyperactivity and
airway smooth muscle proliferation in mammals. Clinical trials of ODSH in patients with exacerbations
of COPD are ongoing [131].
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Figure 15. Structure and degree of sulfation of N-arylacyl O-sulfonated aminoglycosides (a) Kanamycin
core derivatives (b) Neomycin core derivatives.

Clearly, heparin mimetics could be a novel class of therapeutic compounds for a range of
inflammatory diseases. However, further work is required to unravel the mechanisms of action
that give rise to the anti-inflammatory effects of these molecules. The protein-binding specificities of
the mimetics studied to date suggest that different mimetic structures will be optimal for inflammatory
diseases with different etiologies. However, it is also likely that the pleiotropic effects of heparin
mimetics is a factor in their in vivo efficacy as anti-inflammatory agents. The optimization of drug
candidates by increasing their binding affinities for particular protein targets should take into account
the likely requirement for pleiotropic activities in an effective anti-inflammation drug. Nevertheless,
the results of an increasing number of studies support the likelihood that it will be possible to design
agents, mimicking heparin, that exploit the anti-inflammatory actions of the parent molecule but lack
its anticoagulation activity.

6. Heparin Mimetics: Potential Toxicities

The therapeutic potential of heparin mimetics is dependent on any drug induced adverse effects,
and there are well known molecular interactions that could be undesirable depending on the disease
indication and the proteins being targeted. Although in animal studies these types of molecules
are generally well tolerated there are some exceptions. For example, at high concentrations (25 and
75 mg/kg intraperitoneally twice a week) pentosan polysulfate, a sulfated xylan polymer, caused
immediate mortality in 60% of the mice under study [132]. Anticoagulation was assumed to be a
contributor to the adverse effect of pentosan polysulfate in this study, and it is the most obvious
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possible undesirable effect, if the mimetic is targeting a disease which does not have coagulation as a
component of its etiology.

A number of different approaches have been taken to reduce the anticoagulant activities of heparin
derivatives and heparin mimetics. Casu and his colleagues pioneered the “glycol-splitting” of heparin
chains, where the C(2)-C(3) bond of an un-sulfated uronic acid is split by periodate oxidation with
subsequent borohydride reduction [133]. The glucuronic acid in the antithrombin III binding motif is
cleaved by this reaction and as this residue is essential for high affinity antithrombin III binding these
glycol-split heparin chains have very low anticoagulant activity, but retain the other main activities of
heparin. The extent of glycol-splitting can be varied by controlled partial 2-O-desulfation followed by
periodate oxidation/borohydride reduction to give regions of pentasulfated trisaccharides adjacent to
a glycol-split uronic acid. Through this approach some activities of heparin such as FGF-2 binding
were retained, whereas others were reduced (e.g., induction of FGF-2 dimerization [134]), and the
pattern of activities was found to vary depending on the extent of glycol-splitting. The increased
conformational flexibility that is introduced by the more freely-rotating glycol-split uronic acids
contributes to the variability in activity. A number of different non-anticoagulant, glycol-split heparins
have been produced that differ in molecular weight, extent of glycol-splitting and activities (see the
recent review [135]).

Although heparin mimetics that do not resemble the pentasaccharide motif in heparin that is
required for high affinity binding to antithrombin III may not be expected to have anticoagulant
activity, or to have very low anticoagulant activity, this may not always be the case. For example,
sulfate glycans from some marine organisms have anticoagulant activity and their mode of action
is enhancement of the antithrombin III and heparin cofactor II inhibitory activities, but the major
glycosylation and sulfation structures of these glycans were found not to resemble the antithrombin III
motif that is present in heparin [136]. There are numerous examples of non-mammalian sulfated glycan
structures with anticoagulant activity that can be primarily attributed to antithrombin III and /or
heparin cofactor II inhibition of thrombin, such that it has been possible to propose the types of sulfated
glycan structures that are required for anticoagulant activity [137]. Moreover, as well as pentosan
polysulfate other synthetic heparin mimetics have been produced that interact with antithrombin III
or heparin cofactor II and hence act as anticoagulants, these include a polysulfated trehalose [138]
and a sulfated mannogalactan [139]. The interaction of heparin cofactor II with heparin is considered
to resemble the interaction of antithrombin III with low affinity heparin (i.e., heparin that does not
have the antithrombin IlI-binding pentasaccharide), with affinity being determined by ionic strength
and heparin size [140]. Given this, it is not surprising that heparin mimetics may interact with one
or both of these proteins and inhibit thrombin. Thus, anticoagulation testing should be included in
the toxicity analyses of all heparin mimetics designed for non-anticoagulation indications. It is also
conceivable that a heparin mimetic could contribute to anticoagulation by displacing tissue factor
pathway inhibitor (TFPI) from the vascular endothelium and into the circulation. Thus, an in vivo
assessment of anticoagulation effects of heparin mimetics in an animal model where TFPI is produced
by endothelial cells and is bound by the vascular endothelium, as it is in humans [141], should be part
of the toxicity package of a mimetic with planned intravenous delivery.

Other factors in the coagulation cascade may also react with heparin mimetics and of particular
interest is the serine protease factor XII (FXII). When EXII comes into contact with negatively charged
surfaces this triggers a conformational change in the protein to give activated FXII (FXIIa). FXIIa
triggers the proinflammatory and procoagulant pathways of the contact system (the reader is referred to
recent reviews for details, [142]). Briefly, FXIla cleavage of plasma prekallikrein gives plasma kallikrein
which reciprocally activates FXII, and results in vastly more FXIIa than originally produced by the
negatively charged surface. Plasma kallikrein cleaves high molecular weight kininogen to release
bradykinin, a potent proinflammatory peptide. Plasma kallikrein also converts plasminogen into
plasmin which is involved in fibrin degradation. FXIla activates the classical complement pathway (via
Clr and Cls) resulting in production of the anaphyatoxins C3a and C5a which stimulate inflammation.
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Finally, the intrinsic coagulation cascade is activated by FXIla cleavage of FXI giving FXIa, which
initiates a series of cleavage reactions that generate thrombin, fibrin formation and fibrin clots.

A number of natural negatively charged substances have the potential to trigger FXII activation,
these include heparin, heparan sulfate, chondroitin sulfates, dermatan sulfates, lipoproteins, platelet
polyphosphate, L-homocysteine and so on [142,143], but some artificial substances including 500 kDa
dextran sulfate and chemically over sulfated glycosaminoglycans are particularly potent FXII
activators [144]. A comparison of the various oversulfated glycosaminoglycans suggested that
activation of the contact system is “pattern-dependent” rather than “structure-dependent” and the
degree of chemical sulfation is a key determinant as to whether kallikrein activity is induced in human
plasma. The importance of assessing if a heparin mimetic designed for therapeutic application activates
the contact system is highlighted by what became known as the “heparin contamination crisis” that
occurred in 2007 and 2008. Over sulfated chondroitin sulfate (OSCS) contamination of heparin was
discovered to be the main causative agent. Activation of both the kinin-kallikrein system and the
complement pathway (evident by the levels of C3a and C5a generated), via activation of FXIla, were
deemed responsible for the adverse effects suffered by patients [145], and which potentially led to the
246 recorded deaths of patients receiving heparin during that period [146]. The enhanced production
of bradykinin is believed to be responsible for the hypotension and angioedema experienced by
around 50% of patients who suffered adverse events. It is likely that route of delivery, and the dose of
the contaminated heparin delivered were factors contributing to the severity of the adverse events.
These conclusions are supported by a rat study in which the hypotensive effects experienced by
patients could be replicated in rats by intravenous delivery of OSCS-contaminated heparin, whereas
subcutaneous administration was not effective, moreover, the hypotensive effect was dependent upon
the concentration of the contaminating OSCS [147].

Further studies revealed OSCS interacts with some contact system and coagulation system
components in different ways from heparin [148]. Firstly, the anticoagulant activity of OSCS is
primarily through heparin cofactor II mediated inhibition of thrombin. Although OSCS binds tightly
to antithrombin III, this binding does not cause the conformational change in antithrombin III that is
required for its inactivation of thrombin and FXa, moreover, OSCS does not compete with heparin
for binding to antithrombin III. Secondly, unlike heparin, OSCS binds tightly to FXIIa. These activity
differences may be useful indicators for distinguishing whether a heparin mimetic has OSCS-like
toxicology. The generation of the complement pathway anaphylatoxins C3a and C5a by OSCS was
particularly intriguing as this appeared to occur via a mechanism that did not involve C3 and C5
convertases. Rather kallikrein induced by FXIIa appeared to be the key initiating factor [145]. When
screening for contact system activation and high kallikrein activities the choice of plasma is important
as animal plasmas have been reported to differ according to species in their capacity to give rise to
the high kallikrein activities seen with human plasma following stimulation with OSCS [145,147].
Curiously a veterinary drug, polysulfated glycosaminoglycan (PSGAG) marketed as Adequan®, also
an oversulfated chondroitin sulfate, is administered intramuscularly for animal (dog and horse)
osteoarthritis. The mode of delivery is likely to limit FXIIa levels and the kallikrein effect in the animals
treated, but this drug has been shown to resemble OSCS in its reactivity with some complement
pathway proteins and may activate EXII if delivered by an intravascular route [149].

An adverse event that could be triggered by heparin mimetics is that of drug induced
thrombocytopenia. By analogy with heparin induced thrombocytopenia (HIT), this could occur
if the mimetic binds PF4 and so exposes antigenic epitopes on PF4 which triggers an antibody
response to the mimetic-PF4 complex and the formation of large immune complexes. Antibodies
in these complexes bind Fc-receptors on platelets and monocytes triggering platelet aggregation,
activation and the release of pro-thrombotic mediators which markedly increase the risk of thrombosis.
Thrombocytopenia (a drop in platelet count of around 50% or more) results from the clearance of
platelet aggregates. In most HIT patients thrombotic complications and thrombocytopenia occur
concurrently, although thrombosis is the main contributor to disease and mortality [150]. Clinical
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reports have indicated pentosan polysulfate can induce thrombocytopenia and thrombosis at least
to the same degree as heparin [151], and in vitro studies have shown that polyphosphates form
antigenic complexes with PF4 which are recognized by anti-PF4 antibodies [48]. Thus, neither the
monosaccharide composition nor the structure of the anion are determining features for PF4 binding.
Studies with heparin showed that >10 saccharides and >13 sulfate groups are required for heparin
fragments to bind PF4, trigger neoepitope exposure and HIT antibody binding, and it was concluded
that charge density and oligosaccharide size were more important than a specific sulfation pattern for
PF4 binding [152]. Given these findings it is probable heparin mimetics that broadly fit the criteria of
>10 saccharides and >13 anions have the potential to bind PF4 in such a way so as to trigger drug
induced thrombocytopenia. However, the clinical data obtained with PI-88 indicated that heparin
mimetics smaller than 10 saccharides may also trigger immune mediated thrombocytopenia with some
patients developing HIT-like disease [69]. Clearly PF4 binding should be included in the off-target
screening program for heparin mimetics.

7. Conclusions

Decades of research have highlighted the enormous potential of heparin mimetics as drugs.
The rationale for developing heparin mimetic drugs as opposed to using native heparin, or heparin
oligosaccharides as drugs, in part depends on the disease being targeted. However, regardless of
disease indication, there is a move away from heterogeneous natural product drugs derived from
animal tissues, towards homogeneous, synthetic or semi-synthetic, structurally defined entities. The
heparin contamination crisis of 2007 and 2008 highlighted potential problems that can arise with
heterogeneous natural product drugs, and served to provide an additional impetus to heparin mimetic
development. As with all drug discovery programs increased potency, increased selectivity and
better pharmacokinetics are also goals of heparin mimetic development. Although the LMWHs have
improved bioavailability and pharmacokinetic profiles over that of the parent product, they retain the
issues associated with heterogeneity and natural product origins. Heparin oligosaccharides of uniform
length and structure isolated from heparin are not viable drugs in our view. It is possible, using
the appropriate purification strategies, to obtain pure oligosaccharide structures [14,15], but the final
yields are so poor as to be prohibitive for a drug. An alternative would be the production of synthetic
heparin oligosaccharides of defined structure; the marketing of Fondaparinux indicates this is possible.
However, as Fondaparinux synthesis requires around 50 chemical steps other avenues to achieve
heparin structures with less steps are being explored, and encouraging advances in chemoenzymatic
methods are being achieved [153].

The heparin mimetic approach is different, in that exact copies of natural heparin oligosaccharides
are not the goal, rather ease of synthesis, homogeneity (usually) and a reduction in the promiscuity of
heparin’s protein binding behavior are the usual goals. In the examples discussed here the structural
diversity of heparin mimetics is evident; some display only very minor differences from the natural
product, whereas other mimetics bear no resemblance to heparin other than that they are polyanionic
and they inhibit heparin from binding to their protein target(s). In the design of heparin mimetics
there is the opportunity to tailor the mimetic structure to favor some of heparin’s functions and
eliminate others. For example, many of the mimetics targeting cancer or inflammation have been
designed so they cannot bind antithrombin III, and so anticoagulation activity can only occur by other
pathways. In contrast, anticoagulant mimetics can be designed to bind antithrombin III but not PF4,
thereby removing drug induced thrombocytopenia as a potential side-effect (see this review). Heparin
mimetics generally are less heterogeneous than heparin, or are homogeneous, and thus they may be
expected to display a greater specificity and potency of action than heparin. Detailed structural studies
of heparin/GAG-protein interactions using NMR spectroscopy, X-ray crystallography and molecular
modelling techniques have greatly aided the design of heparin mimetics. However, to be effective the
conditions of these in vitro binding studies should mirror, as much as possible, the conditions likely to

190



Pharmaceuticals 2017, 10, 78

be encountered in vivo, as the tissue microenvironment pH and cation composition may contribute to
the strength of mimetic binding and position on the protein where the mimetic binds.

The consequences of possible pleiotropic effects of heparin mimetics will vary depending on the
disease indication. The three disease areas discussed here ranged from the effects of a clear biochemical
pathway (blood coagulation and thrombosis), to complex disease processes (cancer and inflammation)
that involve a multitude of different molecular pathways, or binding events, a number of which
involve heparin/HS-protein interactions. Exquisite specificity of anti-coagulant heparin mimetics
would be advantageous, whereas exquisite specificity for one protein target may not provide the
therapeutic outcome that is desired in the other two disease indications. In inflammatory diseases
and cancers, the molecular redundancy of the pathology is such that although one pathway may be
blocked the disease can still progress. There is also considerable overlap in the disease processes,
for example thrombogenicity is often associated with cancer or inflammation. Hence, mimetics that
display a degree of polypharmacy are likely to be of more therapeutic benefit than a mimetic that
is directed towards a single target. The challenge will be to maximize the benefits of polypharmacy
whilst managing any adverse effects that could arise from pleiotropic binding behavior. Drug delivery
regimes that largely restrict the drug to the site of disease is one way of managing this issue, although
this may not always be possible in the case of cancers. Nevertheless, this field is advancing rapidly
as new synthetic approaches are explored alongside the advances in structural analysis techniques
that have occurred in recent years. As a consequence, we believe heparin mimetics with superior
absorption, distribution, metabolism and excretion properties will be developed and for at least
some of these mimetics significant therapeutic benefits will result from their ability to act in multiple
molecular pathways.
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Abstract: Glycosaminoglycans are carbohydrate-based compounds widely employed as nutraceuticals
or prescribed drugs. Oral formulations of chondroitin sulfate combined with glucosamine sulfate have
been increasingly used to treat the symptoms of osteoarthritis and osteoarthrosis. The chondroitin
sulfate of these combinations can be obtained from shark or bovine cartilages and hence presents
differences regarding the proportions of 4- and 6-sulfated N-acetyl 3-D-galactosamine units.
Herein, we proposed a systematic protocol to assess pharmaceutical batches of this combination drug.
Chemical analyses on the amounts of chondroitin sulfate and glucosamine in the batches were
in accordance with those declared by the manufacturers. Anion-exchange chromatography has
proven more effective than electrophoresis to determine the type of chondroitin sulfate present in the
combinations and to detect the presence of keratan sulfate, a common contaminant found in batches
prepared with shark chondroitin sulfate. 1D NMR spectra revealed the presence of non-sulfated
instead of sulfated glucosamine in the formulations and thus in disagreement with the claims declared
on the label. Moreover, 1D and 2D NMR analyses allowed a precise determination on the chemical
structures of the chondroitin sulfate present in the formulations. The set of analytical tools suggested
here could be useful as guidelines to improve the quality of this medication.

Keywords: glycosaminoglycans; glucosamine sulfate; arthritis; arthroses; nuclear magnetic resonance

1. Introduction

Glycosaminoglycans (GAGs) are carbohydrate-based biological compounds widely employed in
medicine as therapeutic agents [1]. Currently, heparin stands out as the most exploited GAG drug, being
largely used for treatment and prevention of thrombosis and in procedures involving extracorporeal
circulation [2]. In recent years, oral formulations of chondroitin sulfate (CS) in combination with
glucosamine (GlcN) sulfate have been increasingly employed in therapies for osteoarthritis and
osteoarthrosis [3]. The pharmaceutical preparations of CS present in this combination drug are obtained
from cartilages of different animals and thus may present structural differences [4], especially regarding
to variations in the 4- and 6-sulfation of N-acetyl 3-D-galactosamine residues and minor differences in
the 2-sulfation of glucuronic acid units (Figure 1A). CS from different animal sources may also present
significant differences in their molecular weight [5].

In addition to the structural heterogeneity of CS obtained from different animal sources, some
pharmaceutical preparations also present contaminations with other GAGs due to flaws during the
purification process [5-7]. A common contaminant is keratan sulfate (KS), a conspicuous component
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of proteoglycans from cartilages [5-7]. Even the international standards of CS differ in their structures
and purities. The CS standard from the United States Pharmacopeia purified from bovine cartilage has
galactosamine units predominantly 4-sulfated (CS-A) while the European Pharmacopeia adopts CS
obtained from shark cartilage, rich in 6-sulfated galactosamine (CS-C) and contaminated with minor
amounts of KS [8,9]. The other pharmacologically active ingredient of these formulations is GlcN
sulfate, which alone or in combination with CS ameliorates some symptoms of osteoarthritis [10-12].
The GlcN added in the formulations undergoes to mutarotation equilibrium between «- and 3-anomers
(~62% and ~38%, respectively) in solution (Figure 1B).

A chondroitin sulfate B D-glucosamine
CH,0R, CH,OH CH,OH
O, O, O,
COO- R,O O--- HO HO OH
e —
O, —~——
o OH OH OH
==0 O rqu NH, NH,
Ic=o a-GlcN B-GIcN
RZ
R, = SO; or H CH, 62% 38%

R, = OH or SO5 (minor)

Figure 1. Structure of the active compounds present in the pharmaceutical preparations. (A) CS purified
from bovine or shark cartilage. The sulfation pattern of the N-acetyl 3-galactosamine (in red) and
B-glucuronic acid (in green) units varies according with the animal source of the CS. Free GlcN
(B) in solution epimerizes on its «- (62%) and - (38%) anomers.

Different from heparin, which has a well-known anticoagulant and antithrombotic mechanism
of action, the molecular basis of the therapeutic effects of CS and GIcN sulfate in the treatment
of osteoarthritis and osteoarthrosis has not been fully determined [13]. Studies performed with
chondrocytes undergoing osteoarthritis have been suggesting that CS might act targeting intermediates
involved on cell signaling, inflammatory and catabolic pathways and on the oxidative stress [14-17].
Despite that uncertain mechanism of action, several preclinical tests, clinical trials and meta-analysis
studies have clearly demonstrated the efficacy of CS combined with GIcN for the management of
serious osteoarthritis symptoms such as pain, inflammation and cartilage degradation [18-25].

Since the preparations of CS prescribed for treatment of osteoarthritis and osteoarthrosis
present extensive chemical variations depending on their animal source, it is necessary to establish
a comprehensive set of analytical protocols to assess the fine structure, physicochemical characteristics
and purity of each type of CS present in these pharmaceutical products. In the present study,
we employed a systematic set of analytical methodologies to assess two different pharmaceutical
products composed of GIcN in combination with CS purified from shark or bovine cartilages.
Different batches of these formulations were initially assessed for their CS and GIcN content; afterward,
the CS isolated from the batches was analyzed via anion-exchange and size-exclusion chromatography,
agarose-gel electrophoresis and one- (1D) and two-dimensional (2D) nuclear magnetic resonance
spectroscopy (NMR). We also compared preparations of CS from bovine cartilage in two different
pharmaceutical forms (capsule and sachet) using 1D 'H NMR and analyses of the disaccharides formed
after digestion with chondroitin AC lyase. The results of this set of analysis clearly demonstrate that
the protocol proposed here (Figure 2) is robust enough for a clear and thorough characterization of
pharmaceutical preparations of CS in combination with GlcN.
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Figure 2. Systematic protocol for analyses of pharmaceutical preparations of CS-GlcN. The whole
formulations were assessed via colorimetric reactions for determination of GlcN and CS contents,
electrophoresis, chromatography and 1D 'H-NMR. Afterward, the CSs isolated from these formulations
were further analyzed via 1D and 2D NMR and SAX-HPLC for determinations of the disaccharides
formed after digestion with chondroitin AC lyase.

2. Materials and Methods

2.1. Pharmaceutical Formulations of CS Combined with GIcN and CS Standards

Sixty five batches of pharmaceutical grade preparations of CS (50 containing shark CS and
15 bovine CS) in combination with GlcN commercially available for oral administration as capsules
or sachets were obtained from two different Brazilian pharmaceutical companies. The contents of
both sachets and capsules were readily soluble in water. The names of the manufacturers were kept
anonymous due to ethical principles. Standards of CS were obtained from the US (Rockville, MD,
USA; cat. 1133570, Lot HOF184) and the European (Strasbourg, France; code Y0000593, ID. 0025]4)
pharmacopeias. Commercially available CS from whale cartilage (CS-A, mostly 4-sulfated) and
shark cartilage (CS-C, mostly 6-sulfated) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Standard of oversulfated CS (Lot No. HOM191) was obtained from US Pharmacopeia.

2.2. Chemical Analyses of the CS and GIcN Contents

The content of uronic acid in the CS from the pharmaceutical preparations was measured
using carbazole reaction [26]. Briefly, solutions (200 uL) with different amounts of the preparations
(10 — 80 pug) were incubated in 98% sulfuric acid and 0.9% sodium tetraborate (1.0 mL) at 100 °C for
12 min. The reaction was stopped in ice cold bath and then 0.2% carbazole in absolute ethanol (40 uL)
was added to the solution and incubated at 100 °C for 5 min. The absorbance was measured at 525 nm
in a spectrophotometer (Amershamn Biosciences, Little Chalfont, UK). The concentration of CS was
estimated using a standard curve plotted with standard CS. The amount of GlcN in the pharmaceutical
preparations was estimated via a colorimetric reaction [27]. Briefly, solutions (200 pL) with different
amounts of the preparations (10 — 200 pg) were incubated in acetylacetone (5 mL Nay;COj3
1.25 N + 150 pL acetylacetone) at 100 °C for 20 min and cooled in ice cold. Then, Blix reagent
(200 pL, 1.6 g p-dimetylaminobenzaldehide in 30 mL HCl + 30 mL ethanol 96%) were added to
the solutions followed for another addition of 200 uL ethanol 96% and kept at room temperature
for 1 h. The absorbance was measured at 530 nm in a spectrophotometer (Amersham Biosciences).
The concentration of GlcN was estimated using a standard curve plotted with a solution of free GIcN.

2.3. Agarose-Gel Electrophoresis

Solutions containing CS from the pharmaceutical preparations and CS standards (5 pg of each)
were applied in an agarose-gel (0.5%). The preparations submitted to enzymatic digestion were
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incubated with 0.01 units of chondroitin AC lyase from Flavobacterium heparinum, recombinant
expressed in E. coli (Sigma-Aldrich) in 100 pL 0.05 M Tris:HCI (pH 8.0), supplemented with 5 mM
EDTA and 15 mM sodium acetate at 37 °C for 12 h. After incubation, the samples were heated at
dried-bath at 80 °C for 15 min to stop the reaction through denaturation of the enzyme, cooled in ice
cold and applied in the agarose-gel. Electrophoresis run for 1 h at 110 V in 0.05 M 1,3-diaminopropane
acetate (pH 9.0). CS in the gel were fixed with 0.1% N-cetyl-N,N,N-trimethylammonium bromide
solution for 12 h, dried and stained with 0.1% toluidine blue in 0.1:5:5 (v/v) acetic acid:ethanol:water.

2.4. Anion-Exchange Chromatography

CS from the pharmaceutical formulations and CS standards (1 mg of each) were applied to
a anion-exchange column Mono-Q (GE Healthcare, Little Chalfont, UK) pre-equilibrated with 10 mM
Tris:HCl containing 0.5 M NaCl, pH 7.4 and connected to a HPLC system (Shimadzu, Kyoto, Japan).
The column was eluted at a flow rate of 1.0 mL-min~! using a linear NaCl gradient of 0.5 — 3.0 M NaCl,
total volume of 40 mL. The eluent was continuously monitored via UV at 215 nm and conductivity.

2.5. Size-Exclusion Chromatography

The molecular weight of the formulations prepared with CS from shark or bovine cartilages and
CS standards (20 pg of each) were evaluated via size-exclusion chromatography using a set of gel
filtration columns (TSK gel G4000 SW x 1 and G3000 SW X 1, both 7.5 mmi.d. x 300 mm, Tosoh, Tokyo,
Japan) linked to a HPLC system (Shimadzu). The columns were eluted with 0.1 M ammonium acetate,
at room temperature with a flow rate of 0.3 mL-min~!. The eluent was monitored by refractive index.
The columns were calibrated using a low-molecular-weight heparin molecular-weight standard
(Lot No. 05/112) from the National Institutes of Biological Standards and Controls (NIBSC) and
a heparin sodium molecular-weight calibrant from United States Pharmacopeia (Lot No. FOL4830),
as previously described [2].

2.6. NMR Analyses

Spectra were obtained with CSs from shark or bovine cartilages present in the pharmaceutical
preparations previously isolated using a syringe HITRAP desalting column (GE Healthcare).
Spectra were recorded using a DRX 600 MHz apparatus (Bruker, Billerica, MA, USA) with a triple
resonance probe as detailed previously [2]. About 20 mg of each sample was dissolved in 0.6 mL 99.9%
deuterium oxide (Cambridge Isotope Laboratory, Cambridge, MA, USA). All spectra were recorded
at 35 °C with HOD suppression by presaturation. The 1D 'H-NMR spectra were recorded using
16 scans and inter-scan delay set to 1 s. The 2D "H-'H TOCSY spectra were recorded using states-time
proportion phase incrementation (states-TPPI) for quadrature detection in the indirect dimension.
The 2D "H-'3C edited-HSQC spectra was performed with 1024 x 256 points and globally optimized
alternating phase rectangular pulses (GARP) for decoupling. Chemical shifts were displayed relative
to external trimethylsilylpropionic acid at 0 ppm for 'H and relative to methanol for 13C.

2.7. Analysis of the Disaccharide Composition

The disaccharides were obtained through enzymatic digestion with chondroitin AC lyase as
described in the Section 2.3. The disaccharide mixtures obtained from preparations of CS from bovine
cartilage formulated as capsules and sachets and the CS standard were lyophilized and then dissolved
in 100 uL of distilled water. The disaccharides (20 uL) were analyzed via strong anion-exchange
chromatography on a 250 x 5 mm Spherisorb-SAX column (Sigma-Aldrich) linked to a HPLC system
(Shimadzu). After the injection, the column was washed with 5 mL of acidified water (pH 3.5) and then
the disaccharides were eluted from the column using a linear gradient of 0 — 1 M NaCl (pH 3.5) at
a flow rate of 1 mL-min~!. The eluent was continuously monitored via UV at 232 nm.
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3. Results and Discussion

Pharmaceutical preparations of bovine CS in combination with GlcN (CS-GIcN) for oral
administration are available as capsule and sachet formulations. The precise amounts of each active
compound present in the formulations was determined through specific colorimetric reactions
for hexuronic acid and free GIcN contents. The CS and GlcN contents measured here were very
close to those declared by the manufacturers for both formulations (Table 1). Preparations of shark
CS-GIeN formulated as capsules presented proportions of the active compounds identical to those
of bovine CS-GIcN capsules and in accordance with the declared by the manufacturers as well
(data not shown). Both CS and GlcN present pharmacological activities related to the treatment
of osteoarthritis symptoms [10-12]; therefore, a precise determination of the amounts of each one
of these pharmacologically active ingredients is indispensable to confirm that each preparation is in
accordance with the recommended posology.

Table 1. Declared and observed contents of glucosamine (GIcN) and chondroitin sulfate (CS) on
pharmaceutical preparations.

Formulation = Component Declared Content (ng) Observed Content (mg) ?

Capsule GleN P 500 465 +20P
cs¢ 400 376 + 8¢
Sachet GIcN 1500 1500 + 60 b
cs 1200 1211 +£179°¢

a Results as mean = SD of three determinations; ® Content of free GlcN determined by a colorimetric reaction [27];
¢ Content of CS determined by the carbazole reaction [26] using standard curves obtained with the international
standard of CS from US Pharmacopeia.

After the determination of the active compounds contents, we analyzed in further detail the CS
from the different preparations. The first analytical steps toward determining the characteristics of the
CS present in the different pharmacological preparations were analyses via agarose-gel electrophoresis
and ion-exchange chromatography (Figure 3). The electrophoresis revealed that different batches of
bovine and shark CS present electrophoretic mobility identical to the standard of CS (Figure 3A) and
that both bovine and shark CS from the formulations are completely susceptible to digestion with
chondroitin AC lyase (Figure 3B).

Despite this apparent homogeneity, we further investigated different batches containing shark or
bovine CS using anion-exchange chromatography. The two compounds were clearly distinguishable
in the chromatograms, with shark CS eluting at higher concentrations of NaCl than bovine CS
(Figure 3C,D). Furthermore, the batches of shark CS presented small amounts (~16% of total) of another
GAG, which was previously identified as keratan sulfate [5]. As expected, the international standards
of CS from different animal sources also showed different chromatographic profiles. The standard of
European Pharmacopeia, prepared from shark cartilage [8], elutes at higher concentration of NaCl
and presents minor contamination with KS while the standard of US pharmacopeia purified from
bovine cartilage [9] elutes at lower NaCl concentration and showed no contamination with other GAGs
(Figure 3E). Therefore, the purity and homogeneity of the CSs from different animal sources present in
the pharmaceutical preparations prescribed for treatment of osteoarthritis and osteoarthrosis are in
strict accordance with the international standards.

Both the US and European pharmacopeias recommend cellulose-acetate electrophoresis stained
with toluidine blue to assess the purity of pharmaceutical or nutraceutical preparations of CS [8,9].
This analysis is extremely important to detect the presence of other GAGs such as oversulfated
chondroitin sulfate in the preparations. However, this technique has not enough resolution to
differentiate neither CS with different chemical structure such as those from shark and bovine cartilage
enriched with 6- or 4-sulfated galactosamine units, respectively, nor to detect minor contaminations
with KS, even with samples previously digested with chondroitin AC lyase.
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Figure 3. Agarose-gel electrophoresis and anion-exchange chromatography of pharmaceutical preparation
of CS-GlcN. Agarose-gel electrophoresis of: (A) representative batches containing shark CS (S-CS in
all panels) and bovine CS (B-CS in all panels) and standards of CS-A (Std-CS) and oversulfated CS
(OS-CS) and (B) shark CS and bovine CS before (—) and after (+) digestion with chondroitin AC
lyase. Anion-exchange chromatography of representative batches (50 — 200 ug) containing shark
CS (panel (C), bluish lines), bovine CS (panel (D), greyish lines) and standards of CS (200 ug) from
the European (in blue) and US (in grey) pharmacopeias (E), the peak containing keratan sulfate is also
indicated (KS). Chromatography were performed using a Mono-Q column linked to a HPLC system
through a linear gradient of 0.5 — 3.0 M NaCl (dotted lines). The eluents were monitored via UV (Az15nm)-

The inability of electrophoretic techniques to differentiate CS-A from CS-C and to detect small
amounts of KS has already shown in analyses of pharmacological preparations of CS [5,28] and in
studies on GAGs from other animal sources [29]. Otherwise, the anion-exchange chromatography
analyses performed here and elsewhere [5,28] were plainly able to distinguish different CSs and
to detect contaminations with KS. Therefore, we can affirm that anion-exchange chromatography
is a robust analytical tool to perform evaluations on the source, homogeneity and purity of
pharmaceutical preparations of CS.

We also compared the molecular weight of the different pharmaceutical preparations of
CS-GIcN using a set of size-exclusion chromatography columns (Figure 4). Shark CS had markedly
higher molecular weight than bovine CS (~50 KDa and ~23 KDa, respectively) and the GlcN
of both preparations co-eluted as low-molecular weight components at the V; of the columns
(Figure 4A). As expected, the retention time of shark and bovine CS from the pharmaceutical
preparations were similar to those of the standards of CS from European (shark) and US (bovine)
pharmacopeias, respectively (Figure 4B). We also noticed a high molecular weight component in
the standard of CS from the European Pharmacopeia eluting at the void volume of the columns
(Figure 4B). This component probably consists of CS polymers with higher molecular weight,

205



Pharmaceuticals 2017, 10, 38

denoting a higher polydispersity of this standard in relation to the shark CS from the pharmaceutical
preparation. Although the size-exclusion chromatography presents a good resolution to distinguish the
different CSs, this technique has proven here and elsewhere [5] unable to detect KS contaminations in
CS preparations from shark cartilage because the chromatograms yield a single and polydisperse peak.
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Figure 4. Size-exclusion chromatography of pharmaceutical preparation of CS-GIcN. (A) CS from
preparations containing shark (S-CS) and bovine (B-CS) cartilages (blue and gray lines, respectively).
(B) International standards from European and United State pharmacopeia (EP-Std in blue and USP-Std
in gray, respectively). Chromatography were performed using a set of TSK gel G4000 SW /G3000 SW
columns. The eluents were monitored via differential refractive index. GlcN in panel A indicates
the elution of the glucosamine from the preparations and the ? in panel B depicts a non-identified
component found in the standard from the European pharmacopeia.

After the assessments on the purity and homogeneity of the different pharmaceutical preparations
of CS-GIcN, we proceeded with the determination of the fine structures of their components using
1D and 2D NMR analysis. We first analyzed preparations of bovine CS-GlcN formulated as capsule
or sachet via 1D 'H-NMR (Figure 5A). The spectra revealed two preponderant signals assigned to
GIcN after mutarotation equilibrium. The proportions of a- (59%) and 3-anomers (41%). were close
to the expected values depicted in the panel B of Figure 1. Surprisingly, these «- and 3-anomers had
chemical shifts of their anomeric (o-H1 at 5.48 and -H1 at 4.98 ppm) and ring protons coincident with
those of non-sulfated instead of sulfated GlcN. No shifts indicating sulfation were noticed because
the spectra were strictly coincident with that of standard non-sulfated GlcN (not shown). This finding
could have pharmacological implications because the active compound present in these formulations
(non-sulfated GlcN) differs from that approved for use by the regulatory agencies (viz. glucosamine
sulfate sodium). Signals ascribed to CS are wide and discrete in the spectra, except for the clear CHj
signal from N-acetyl 3-galactosamine at ~2.1 ppm. A signal of residual solvent (ethanol) was observed
at 1.2 ppm. Formulations in capsule and sachet have the same active compounds, but present different
excipients such as polyethylene glycol, which was easily identified by the multiplets at 2.6-2.8 ppm
present in the spectrum of the sachet formulation. We were unable to compare the integrals of GlcN

206



Pharmaceuticals 2017, 10, 38

and CS in the spectra due to differences in relaxation properties of spins of sugars free in solutions and
linked as polysaccharides.

A  GieN GleN
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Figure 5. 1D 'H NMR of the pharmaceutical preparation of CS-GIcN. (A) Wide range spectra of the
preparations containing CS from bovine cartilage formulated as capsules and sachets; (B) Spectra of the
CSs from shark (S-CS, in blue) and bovine (B-CS, in grey) cartilages isolated from the pharmaceutical
preparations. The samples were dissolved on 0.4 mL of D,O and analyzed using a 600 MHz NMR
spectrometer at 35 °C.

To perform a precise analysis of the two types of CS present in the formulations we removed
the GlcN and other excipients using a desalting column. The 1D 'H-NMR spectra of the purified
CSs yielded well-defined signals (Figure 5B). CSs from shark and bovine cartilages (in blue and gray,
respectively) showed the same set of signals but some of them present different intensities; notably,
the signal at 4.74 ppm, ascribed to H4 of 4-sulfated N-acetyl -galactosamine is more prominent in
bovine than in shark CS. In contrast, signal from H6 of 6-sulfated N-acetyl 3-galactosamine at 4.21 ppm
is more intense in the shark CS. These observations indicate that the hexosamine residues of bovine CS
are preponderantly 4-sulfated while those from shark CS are mostly 6-sulfated.

Shark and bovine CSs also showed similar 2D 'H-'H TOCSY spectra with two preponderant spin
systems (Figure 6), one assigned to 4- and 6-sulfated N-acetyl 3-galactosamine units (signals indicated
as G and G/, respectively, and connected by red lines) and the other assigned to p-glucuronic acid
residues (signals indicated as U, connected by green lines). As expected, the spectrum of shark CS
showed additional signals assigned to KS (Figure 6A). The spin system of the constituent units of KS,
6-sulfated N-acetyl 3-glucosamine (assigned as KG) and 6-sulfated (3-galactose (assigned as KGal)
are connected by purple and yellow lines, respectively, in the spectrum (Figure 6A). The values of 'H
chemical shifts of the constituent units of these GAGs are shown in Table 2.
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Figure 6. 'H-'H TOCSY NMR spectrum of shark (A) and bovine (B) CS from the pharmaceutical
preparations. Red and green lines in the panels represent the spin systems of N-acetyl $-galactosamine

and of B-glucuronic acid of the CS, respectively. Note that the 3-galactosamine have two distinct spin

systems assigned to 4-sulfated residues (signals indicated as G) and 6-sulfated units (signals indicated
as G'). Glucuronic acid has a single spin system (signals indicated as U). Shark CS has two additional
spin systems assigned to 6-sulfated N-acetyl 3-glucosamine (KG) and 6-sulfated 3-galactose (KGal)
units of keratan sulfate, represented by the purple and yellow lines, respectively.

Table 2. 'H- and 3 C-NMR chemical shifts of the constituent units of chondroitin sulfate (CS) and
keratan sulfate (KS) found in the pharmaceutical preparations.

Chemical Shifts (ppm)
Signal cs KS
GalNAc-4S GalNAc-6S GlcA GalNAc-6S Gal-6S

H1/C1 4.58/103.6 458/103.6  4.46/106.5 4.74/105.2 4.56/105.3
H2/C2 4.02/54.0 4.02/53.4 3.37/75.2 3.85/57.6 3.62/72.3
H3/C3 4.00/78.52 3.98/81.7 3.57/76.2 3.83/75.3 3.78/84.6
H4/C4 4.76/79.2 2 4.20/70.3 3.77/83.8 3.87/82.5 4.22/70.6
H5/C5 3.83/77.4 3.97/75.1 3.66/79.5 3.81/74.7 3.97/75.0
He6/Cé 3.77/63.8 4.24/70.1 - 4.41-4.33/69.0  4.24/69.0

2 Sulfation and glycosylation sites are indicated in bold and italic, respectively.

2D 'H-13C HSQC spectra of the two types of CSs yielded well-resolved and similar signals
(Figure 7). The spectrum of bovine CS is more homogenous (Figure 7B) while the spectrum of shark
CS also shows some additional but less intense signals assigned to KS (Figure 7A) The signals
attributed to KS (KG and KGal in the Figure 7A) were assigned by comparison with literature
data [30]. The values of 13C chemical shifts of CS and KS present in the pharmaceutical preparations
are shown in the Table 2. The integrals of H4/C4 and H6/C6 from 4-sulfated and 6-sulfated N-acetyl
-galactosamine, at 4.74/79.2 and 4.21/70.2 ppm, respectively, showed that shark CS is mostly
6-sulfated while bovine CS is preponderantly 4-sulfated (Table 3) and thus in strict accordance with
the structure expected for these compounds [5].
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Figure 7. 'TH-13C HSQC spectra of shark (A) and bovine (B) CS from the pharmaceutical preparations.
Blue (panel A) and gray (panel B) signals are in-phase and belong to CH groups whereas red signals
are in antiphase and belong to CH; groups. Signals assigned to 4-sulfated and 6-sulfated N-acetyl
B-galactosamine are indicated as G and G/, respectively. Signals from B-glucuronic acid are indicated

as U. Signals from N-acetyl 3-glucosamine and (3-galactose of keratan sulfate are indicated as KG and
KGal, respectively.

Table 3. Proportions of 4- and 6-sulfated N-acetil 3-galactosamine in bovine and shark chondroitin
sulfates (CS) based on signals of 2D "H-13C HSQC spectra (see Figure 5).

Bovine CS  Shark CS

4-sulfated B-GalNAc? 68% 16%
6-sulfated B-GalNAc P 32% 84%

2 Signal at 4.74/79.2 ppm in the 2D 'H-*C HSQC spectra (see Figure 5); ® Signal at 4.21/70.2 ppm in the 2D 'H-13C
HSQC spectra (see Figure 5).

These results have consistently demonstrated that 1D 'H and 2D 'H-'H TOCSY and 'H-13C
HSQC NMR spectra of the preparations of GIcN-CS from different animal sources are informative
enough to assess qualitatively and quantitatively the structures of the pharmacologically active
ingredients (CS and GIcN) and excipients (polyethylene glycol and ethanol) present in the different
formulations. Structural analyses via 1D and 2D NMR have been widely used to determine the chemical
differences between porcine and bovine heparins and are routinely employed in the quality control of
pharmaceutical grade unfractionated and low-molecular weight heparins [2,31]. Therefore, solution
NMR can also be considered an effective analytical tool for structural determinations of the active
ingredients of pharmaceutical formulations of GlcN-CS.

Additionally, we analyzed the disaccharide composition of the bovine CS present in the capsule
or sachet formulation via SAX-HPLC chromatography (Figure 8). The disaccharides were prepared
through enzymatic digestion of the CS isolated from the formulations with chondroitin AC lyase.
We observed in both capsule and sachet formulations a preponderance of disaccharides containing
4-sulfate N-acetyl B-galactosamine, followed by units sulfated at position 6 and minor amounts
of non-sulfated disaccharides. Only trace amounts di-sulfated disaccharides were detected in the
chromatograms. CS from both capsule and sachet formulations presented chromatographic profiles
similar to the CS-A standard (Figure 8A) and the quantification of their disaccharides are in accordance
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with literature data [32] (Table 4). We also include in the Table 4 the disaccharide composition of shark
CS available in the literature [33], which were consistent with the NMR data obtained here.
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Figure 8. SAX-HPLC analyses of the disaccharides of different formulations containing bovine CS.
Disaccharides were prepared through digestion with chondroitin AC lyase of standard of CS-A (A) and
the bovine CS from capsule (B) and sachet (C) formulations. The mixtures of disaccharides were applied
in a Spherisorb-SAX column linked to an HPLC system and eluted with a gradient of 0 — 1 M NaCl.
The eluent was monitored for UV absorbance at 232 nm. The numbered peaks correspond to the
elution positions of known disaccharide standards as follows: 1, AUA — GalNAc; 2, AUA — GalNAc
(6S0O4); 3, AUA — GalNAc (4S04); 4, AUA (2SO4) — GalNAc (6SOy); 5, AUA — GalNAc (4,6-diSOy);
6, AUA(2504) — GalNAc (4504). X indicates a non-identified product. AUA — GalNAc (4504) shows
two overlapped peaks assigned to the «- and -anomers.

Table 4. Proportions of the disaccharides (% of total) produced through cleavage of chondroitin sulfate
(CS) with chondroitin AC lyase.

A A Bovine CS Shark CS
Dissacharides
Capsule Sachet Literature Data® Literature Data ®

AUA-GalNAc 3 2 2 2
AUA-GalNAc-6SO4 36 36 41 76
AUA-GalNAc-4SO4 59 59 67 15
AUA-2S04-GalNAc-6SO4 1 1 <1 7
AUA-GalNAc-4,6diSO4 1 2 <1 <1
AUA-2S04-GalNAc-6SO,4 <1 <1 <1 <1
4-sulfation of B-GalNAc 60 58 49 15
6-sulfation of B-GalNAc 38 39 35 83
2-sulfation of 3-GIcA 1 1 <1 7

2 Data derived from Lauder et al. [32] ® Data from de Waard et al. [33].
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4. Conclusions

Herein, we have performed a systematic assessment on the compositions, physicochemical
characteristics and chemical structures of pharmaceutical formulations of CS in combination
with GleN prescribed to treat the symptoms of osteoarthritis and osteoarthrosis. Anion-exchange
chromatography was proven more effective than agarose-gel electrophoresis to determine the type
of CS present in the formulations (CS-A from bovine or CS-C from shark cartilages) as well as to
detect contaminations with KS. However, electrophoretic analyses still relevant because they are
able to readily detect contaminations with other GAGs, specially, oversulfated CS, a contaminant
found in pharmaceutical preparations of heparin that provoked serious adverse effects and some
deaths in the late 2000 years [34]. As demonstrated previously [5], size-exclusion chromatography
is also unable to detect KS contaminations and thus ineffective to evaluate the purity of these
pharmacological preparations.

Structural analysis via 1D "H-NMR of the pharmacologically active ingredients revealed the
presence of non-sulfated instead of sulfated GlcN in both capsule and sachet formulations. This finding
is worrying because all the preclinical and clinical tests on the safety and efficacy of GlcN aiming the
treatment of osteoarthritis were carried on with the sulfated compound [10-12]. The US pharmacopeia
monograph recommends infrared absorption and dosage of sulfate content to assess the chemical
characteristics of GIcN [35]; however, these techniques are not precise and/or specific enough to
determine the presence and proportions of sulfated and non-sulfated GlcN in the pharmaceutical
preparations. In contrast, the 1D 'H NMR analysis performed here was able to determine precisely
whether the GlcN is sulfated or non-sulfated through the specific chemical shifts of their «- and
-anomers and, furthermore, it is potentially useful to quantify mixtures of these different sugars in
pharmaceutical formulations by integrating their specific signals. Moreover, both 1D and 2D NMR
spectra were useful for a precise determination of the chemical structure of the CS-A from bovine and
CS-C from shark cartilages and the contaminant KS.

CS and GlcN alone or in combination have been massively marketed worldwide as over the
counter dietary supplement or prescribed as a symptomatic slow-acting drug for osteoarthritis [11,36].
Both the US and European pharmacopeias monographs on these active compounds recommend
only infrared spectroscopy and/or electrophoresis as analytical techniques to assess their purity
and chemical compositions [8,9,35]. However, these techniques are not robust enough to determine:
(1) the type of CS (CS-A or CS-C) present in the formulations; (2) the presence and quantity
of contaminant KS and (3) the chemical composition of the GlcN (proportion of sulfated and
non-sulfated sugars) present in the combinations. A recent update in the US pharmacopeia monograph
on CS includes the analysis of disaccharide composition after digestion with chondroitim AC
lyase [8]. In this update was recommended a ratio of 4-sulfated/6-sulfated disaccharides above
one, this requirement cannot be fulfilled by preparations containing CS from shark cartilage, rich in
6-sulfated N-acetyl galactosamine units. Therefore, even this recently improved monograph is not
comprehensive enough to evaluate the different types of CS adopted by the manufacturers.

Taking into consideration that the pharmaceutical preparations of CS-GlcN analyzed here
presented extensive variations in their compositions such as different CS types, contamination with
another GAG and GIcN with incorrect composition, more comprehensive and in-depth guidelines
contemplating different CS types and inconsistent GIcN composition must be urgently drafted by the
regulatory agencies. Besides the analytical techniques currently recommended by the pharmacopeias,
we further suggest anion-exchange chromatography to evaluate the homogeneity and purity of
the CS present in the pharmaceutical formulations. We also recommend the use of 1D '"H NMR
instead of infrared spectroscopy to assess the chemical structure of both CS and GlcN present in this
combination drug. The full implementation of the set of analytical protocols proposed here certainly
will yields pharmaceutical preparations of CS-GlcN with more precise composition and hence with
improved quality.
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The mechanisms of action of neither CS nor GIcN in cartilage and subchondral bone
tissues affected with osteoarthritis still not fully determined [14-17]. However, several in vivo
studies with experimental animals and clinical trials already showed the effectiveness of these
GAG-based compounds to ameliorate serious symptoms of osteoarthritis such as pain and cartilage
degradation [18-25]. Nevertheless, it is a challenging task to understand how a carbohydrate-based
compound with high molecular weight like CS (20-50 kDa) could be absorbed after oral administration
and then remain sufficiently undegraded, even with the action of bacteria and enzymes of the
gastrointestinal tract, to exert its therapeutic effects in the cartilages and bones. This lack of information
reinforces the necessity of a precise and detailed determination of the chemical structures of the CS
and GIcN present in these pharmaceutical preparations to support clinical and preclinical studies on
their route of administration and mechanism of action.
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Abstract: Enoxaparin is a low-molecular weight heparin used to treat thrombotic disorders. Following
the fatal contamination of the heparin supply chain in 2007-2008, the U.S. Pharmacopeia (USP) and
U.S. Food and Drug Administration (FDA) have worked extensively to modernize the unfractionated
heparin and enoxaparin monographs. As a result, the determination of molecular weight (MW) has
been added to the monograph as a measure to strengthen the quality testing and to increase the
protection of the global supply of this life-saving drug. The current USP calibrant materials used
for enoxaparin MW determination are composed of a mixture of oligosaccharides; however, they
are difficult to reproduce as the calibrants have ill-defined structures due to the heterogeneity of
the heparin parent material. To address this issue, we describe a promising approach consisting of
a predictive computational model built from a library of chemoenzymatically synthesized heparin
oligosaccharides for enoxaparin MW determination. Here, we demonstrate that this test can
be performed with greater efficiency by coupling synthetic oligosaccharides with the power of
computational modeling. Our approach is expected to improve the MW measurement for enoxaparin.

Keywords: enoxaparin; USP; MW determination; oligosaccharide calibrants; computational
modeling; HPLC; compendial test

1. Introduction

Heparin is a mixture of glycosaminoglycan (GAG) chains originating from porcine intestinal
mucosa. It is used therapeutically as an anticoagulant for the treatment and prevention of
thrombosis [1]. Heparin’s GAG chains are heterogeneous in nature and vary in molecular weight
(MW), chain length, degree of sulfation, disaccharide unit composition, and pharmacological effects [2].
The variability in unfractionated heparin’s pharmacokinetic properties and pharmacological effects
led to the development of low MW heparin (LMWH), which is a degraded product of heparin using
chemical or enzymatic cleavage techniques [2]. LMWHs are now considered the standard of care for
the clinical management of venous thromboembolism [1,2]. The most common form of LMWH in the
U.S. is enoxaparin, which is produced by -eliminative cleavage of the benzyl esters of porcine mucosal
heparin under alkaline conditions [2]. This cleavage process leads to the generation of unnatural
structures in enoxaparin (Figure 1A). The majority of the resulting chains have an unsaturated uronate
residue at the non-reducing end, which can be utilized for UV detection at 232 nm, and up to 25% of
chains have a 1,6-anhydro structure at the reducing end [3].
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Figure 1. (A) Enoxaparin structure. The 1,6-anhydro reducing end is depicted in the box on the
right; (B) the structure of 12-mer NS6S (19); (C) representative size exclusion chromatography (SEC)
chromatogram of Lovenox and 12-mer NS6S (19). Enoxaparin’s heterogeneity and complexity is
evident from multiple peaks with poor base-line separation.

While heparin drugs have been used extensively in the clinic since the 1930s, the characterization,
regulation, and quality control aspects of these materials remain challenging [4]. Since chain length
is one of the factors that affects LMWH biological activity [5], an accurate method to determine
MW distribution and average weight MW (M) is an essential quality control step. However, due
to their high degree of structural complexity and acidity, the determination of the M;, and MW
distribution of enoxaparin is not readily amenable to analysis by mass spectrometry [6]. An alternative
chromatographic method was developed and added to the US Pharmacopeia (USP) monographs [7,8].
The accuracy of this chromatographic analysis relies ultimately on calibration with standards of high
purity [8]. Due to the lack of structurally defined calibrants, the evaluation of M, and MW distribution
represents a controversial aspect of LMWH characterization [5].

Ideal standards for analyzing enoxaparin would be oligosaccharides that encompass enoxaparin’s
MW range in order to determine M, ~4500 Da [9]. In practice, pure oligosaccharide standards of
this size are difficult to isolate. Thus, a mixture of calibrants enriched in particular MW ranges have
been used. While the disaccharide composition of these calibrants is known, the precise sequences
of the intact oligosaccharide chains are unknown, raising a concern about the reproduction of the
calibrants. The goal of this study is to develop a new technique that is reliable and sustainable
for the determination of M, and MW distribution by combining synthetic oligosaccharides and
computational modeling. To achieve this goal, the following aims were accomplished; (i) the synthesis
of a panel of oligosaccharides covering the enoxaparin MW range between 2226 and 5176 Da; (ii) the
development of a predictive computational model for MW analysis; (iii) the development of a
system suitability protocol; and (iv) the analysis of commercially available Enoxaparin Sodium from
different manufacturers.
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2. Results

2.1. Chemoenzymatic Synthesis of Oligosaccharide Panel

A total of 27 oligosaccharides were synthesized by a chemoenzymatic approach, and the MW of
each compound was verified by mass spectrometry [10,11]. The compounds are organized into five
structural groups (A to E) (see Table 1 and Supplementary Figure S1) based on repeating disaccharide
structural units. Group A contains compounds without sulfation; all glucosamine residues are
N-acetylated. Group B contains compounds with one N-sulfo group per disaccharide unit. Group C
contains compounds with two sulfo groups per disaccharide unit, with N-sulfated glucosamine and
2-O-sulfo iduronic acid residues. Group D contains compounds with two sulfo groups per disaccharide
unit due to repeating units of N, 6-O-sulfated glucosamine. Finally, group E contains compounds with
three sulfo groups per disaccharide unit due to repeating units of N, 6-O-sulfated glucosamine and
2-O-sulfo iduronic acid.

Table 1. Panel of oligosaccharides and US Pharmacopeia (USP) Enoxaparin MW calibrant A and
B materials.

Group Compound Name Repeating Unit Structure ! MW (Da)
8-mer NAc (1) GlcNAc-(GlcA-GleNAc)3-GlcA-pNP 1656
10-mer NAc (2) GleNAc-(GleA-GleNAc)4-GlcA-pNP 2036
A 12-mer NAc (3) GlcNAc-(GleA-GleNAc)5-GlcA-pNP 2415
. 14-mer NAc (4) GleNAc-(GleA-GleNAc)6-GlcA-pNP 2794
16-mer NAc (5) GlcNAc-(GlcA-GleNAc)7-GlcA-pNP 3174
18-mer NAc (6) GlcNACc-(GlcA-GleNAc)g-GlcA-pNP 3553
8-mer NS (7) GleNS-(GleA-GleNS)3-GlcA-pNP 1808
10-mer NS (8) GleNS-(GleA-GleNS),-GlcA-pNP 2226
B 12-mer NS (9) GleNS-(GlcA-GleNS)5-GlcA-pNP 2643
. 14-mer NS (10) GIcNS-(GleA-GleNS)4-GlcA-pNP 3060
16-mer NS (11) GIcNS-(GlcA-GleNS)7-GlecA-pNP 3478
18-mer NS (12) GIcNS-(GlecA-GleNS)g-GleA-pNP 3895
10-mer NS2S (13) GIcNS-GlecA-(GleNS-IdoA2S)3-GleNS-GlcA-pNP 2466
12-mer NS2S (14) GIcNS-GlcA-(GleNS-IdoA2S)4-GleNS-GlcA-pNP 2963
C. 14-mer NS2S (15) GIcNS-GleA-(GleNS-IdoA2S)5-GleNS-GlcA-pNP 3461
16-mer NS2S (16) GIcNS-GlecA-(GleNS-IdoA2S)4-GleNS-GlcA-pNP 3958
18-mer NS2S (17) GIcNS-GlcA-(GleNS-IdoA2S)7-GleNS-GleA-pNP 4456
10-mer NS6S (18) GIcNS6S-(GlcA-GIeNS65)4-GlcA-pNP 2626
12-mer NS6S (19) GIcNS6S-(GleA-GleNS6S)5-GlcA-pNP 3124
D. 14-mer NS6S (20) GIcNS6S-(GlcA-GIeNS6S)6-GlcA-pNP 3621
16-mer NS6S (21) GIcNS6S-(GlcA-GleNS6S)7-GlcA-pNP 4118
18-mer NS6S (22) GIeNS6S-(GleA-GleNS65)g-GlcA-pNP 4616
8-mer NS6S2S (23) GIcNS6S-GlcA-(GleNS6S-IdoA2S),-GleNS6S-GlcA-pNP - 2289
12-mer NS6S2S (24)  GIcNS6S-GlcA-(GleNS6S-IdoA2S),-GleNS6S-GlcA-pNP 3444
E. 14-mer NS6S2S (25)  GlcNS6S-GlcA-(GleNS6S-IdoA2S)5-GleNS6S-GleA-pNP 4021
16-mer NS652S (26)  GlcNS6S-GleA-(GleNS6S-IdoA2S)s-GleNS6S-GlcA-pNP 4599
18-mer NS6S2S (27)  GIcNS6S-GlcA-(GleNS6S-IdoA2S)7-GleNS6S-GlcA-pNP 5176
R dp4 (28) AHexA,25-GleNS6S-1doA2S-GlcNS6S ~1200
) dp6 (29) AHexA,2S-GlcNS6S-(IdoA2S-GleNS6S), ~1800
USP A1 11000
USP A2 5200
USP A3 2250
G. USP A4 1400
USP B.1 7750
USP B.2 3350
USP B.3 1800

1 Abbreviations: GlcA (glucuronic acid); GleN (glucosamine); GIcNAc (N-acetylated glucosamine); GleNS (N-sulfo
glucosamine); IdoA2S (2-O-sulfo iduronic acid); GIeNS6S (6-O, N-disulfo glucosamine); HexA (hexauronic acid);

-pNP (para-nitrophenyl).
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Additionally, two commercially available heparin oligosaccharides, designated as group F
(Iduron, Manchester, UK), were used to address the lower MW range. These oligosaccharides are
prepared from partial heparin lyase degradation of heparin, followed by high-resolution gel filtration
chromatography purification. The general structure is AHexA2S-GlcNS6S-(IdoA2S-GIcNS6S)y,
with n = 1 for dp4 and n = 2 for dp6. Although not homogeneous, the majority (~75%) of structures
contain three sulfo groups per disaccharide unit, consisting of N, 6-O-sulfated glucosamine and
2-O-sulfo iduronic acid.

The USP Enoxaparin Sodium MW calibrant A and B materials (USP, Rockville, MD, USA),
designated as group G, were included in this study (Table 1 and Figure S2). The reported MW values
in the calibrants for each chromatographic peak are 11000, 7750, 5200, 3350, 2250, 1800, and 1400 Da.

Compared to enoxaparin, synthetic oligosaccharides have defined structures, as demonstrated
by 19 in Figure 1B. All synthetic oligosaccharides (1 to 27) migrated as a single, narrow main
peak on size exclusion chromatography (SEC), supporting their homogeneous nature (Figure S1).
These oligosaccharides can be reliably reproduced based on the established synthetic schemes with
minimal impurities.

2.2. Size Exclusion Chromatography Profiles of Synthetic Oligosaccharides

2.2.1. SEC Characterization of Synthetic Oligosaccharides

The USP compendial method uses size exclusion chromatography (SEC) to relate retention time
(RT) to MW. The synthetic oligosaccharides were evaluated for use as reference standards by obtaining
a RT via SEC (Figure S1). The analyses were conducted in five groups, group A to E, based on the
structural features of these samples. Following the compendial method, a calibration curve for each
structural group was generated by plotting log(MW) versus RT and used for nonlinear regression
analysis (Figure 2A-E). USP calibrants, as well as the synthetic oligosaccharides in each structural
group, exhibited tight correlation between the MW and RT (Figure 2).
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Figure 2. Calibration curves for determining My, generated from different structural groups: (A) NAc
series (group A); (B) NS series (group B); (C) NS2S series (group C); (D) NS6S series (group D);
(E) NS6S2S series (group E); (F) USP Calibrant A and B (group G). The nonlinear regression R? value is
listed in upper right corner of each panel.

2.2.2. SEC RT Depends on Both Oligosaccharide Shape and Size (MW)

We next compared the calibration curves from each structural group to that of the USP calibrants
by superimposing the analyses (Figure S3). Two main observations are apparent; (i) the structure of
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the oligosaccharides affects the RT and (ii) smaller synthetic oligosaccharides do not behave similiarly
to enoxaparin-like materials.

Oligosaccharides containing sulfo groups (Figure S3B-E) migrated more closely to the USP
calibration curve than group A, the non-sulfated NAc series (Figure S3A), even though each group
is comprised of similar MWs. This result suggests that the structures of oligosaccharides impact the
RT. This observation raises the possibility that saccharide sequences carrying different sulfo groups
or IdoA residues may change the overall oligosaccharide shape and display different SEC migration
properties. The assertion is further demonstrated in Figure 3 by comparing group E oligosaccharides
(NS6S2S series) with group B oligosaccharides (NS series). Here, the effect on RT becomes noticeable
for those oligosaccharides that have a MW greater than 3000 Da. Larger oligosaccharides in group
E display similar RT to smaller oliogsaccharides in group B, despite a clear difference in MW. One
possible expanation is that group E oligosaccharides contain conformationally flexible IdoA residues,
underlining the influence of the molecular shape of oligosaccharides on RT. It is noted that both
1,6-anhydro glucosamine and 1,6-anhydro mannosamine are present at the reducing end of some
oligosaccharide chains of enoxaparin [7]. However, the disaccharide building blocks containing
1,6-anhydro residues only represent <2% of the disaccharide building blocks in enoxaparin. At the
present time, we were unable to evaluate the impact of 1,6-anhydro residues on the elution behavior
during the analysis.
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Figure 3. Comparison of two structural series and SEC behavior. Blue diamonds are group E (NS652S
series). Black circles are group B (NS series).

Another observation is that short oligosaccharides do not have similar RTs to enoxaparin-like
materials such as the USP calibrants. We compared all 27 oligosaccharides with to the USP
calibrants (Figure 4A) and found that the RT values of the smaller synthetic oligosaccharides
deviate the greatest from the USP calibrants. To address this lower MW range deviation, two
commerically available heparin oligosaccharides, dp6 (6-mer) and dp4 (4-mer), were included
(Figure 4B, blue triangles). dp6 and dp4 both closely align with the USP calibrants. For this reason,
three synthetic oligosaccharides, 8-mer NAc (1), 10-mer NAc (2), and 8-mer NS (7), were excluded
from further analysis, as described below.
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Figure 4. (A) USP calibrants (red squares) and all synthetic oligosaccharides (black open circles);
(B) Correlation of the molecular weight (MW) and retention time (RT) of compounds below 3000 Da
annotated. Compounds enclosed in the circle, 8-mer NAc (1), 10-mer NAc (2), and 8-mer NS (7), were
the outliers and were excluded from further analysis.

2.3. Using Calibration Curves to Determine My, of USP Enoxaparin RS

Following the USP compendial method [7], the equation from the nonlinear regression analysis
was used to determine the M;, of USP Enoxaparin RS. Using the generated USP calibration curve,
the measured M, is very close to the reported M;, for USP Enoxaparin RS (Table 2, Row 1), suggesting
that the procedures were appropriately carried out. However, all of the determined M, values
are outside the USP acceptable range of £3.4% (Table 2, Rows 2-7). Using all 24 synthesized
oligosaccharides, one would expect that the M;, would be accurately determined since the major
structural components are accounted for; however, the measured My, was 3250 Da, which was still
25.6% lower than the anticipated value of 4370 Da.

Table 2. Determination of USP Enoxaparin RS Mj,.

Series USP Enoxaparin RS M, (4370 £ 150 Da)  Deviation from Acceptability Range (100 =+ 3.4%)

USP Calibrants 4300 —1.6%
NAc (group A) 22,300 +410.3%
NS (group B) 3100 —-29.1%
NS25 (group C) 3500 —~19.9%
NS6S (group D) 3350 —233%
NS6S2S (group E) 3700 —15.3%
All oligosaccharides 3250 —25.6%

The unexpected difference in measured M, values is likely due to the selection of the
calibrants/standards for the analysis. The current USP method was developed using calibrants with
heterogeneous structures, while our method uses homogeneous standards. To amend the difference,
the relative molar contributions of the disaccharide repeating units of enoxaparin are taken into
account. As shown in Table 3, enoxaparin is comprised of a mixture of compounds in which ~89%
show similarity to one of our five oligosaccharide structural groups [12]. The remaining 11% of
components in enoxaparin includes several structures, each contributing less than 2% to the overall
mixture composition and for which we do not have complementary synthetic oligosaccharides. When
using all the synthetic oligosaccharides via the nonlinear regression method to determine My, each
oligosaccharide contributed equally to the overall M;,, even if the structure only accounted for a
very small molar percentage. Therefore, we turned to computational tools to allow us to use these
homogeneous compounds appropriately as calibrants that account for enoxaparin’s heterogeneity
during analysis.
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Table 3. Major structural components of Enoxaparin.

Disaccharide Structure Molar %
AUA2S-GIcNS6S ~70%
AUA-GIcNS6S ~10%
AUA2S-GIcNS ~6%
AUA-GIcNS ~2%
AUA-GIcNAc ~1%

2.4. Method Modernization: SVM Modeling Allows for Synthetic Oligosaccharides to be Used in the
Appropriate Proportions to Reflect the Various Quantities of Components in Enoxaparin

We used a Support Vector Machine (SVM) [13] technique for the modeling, in place of the
nonlinear regression analysis recommended by the USP. The nonlinear regression assumes that the
relationship of MW and RT fits a cubic function. On the other hand, the SVM model learns statistically
meaningful relationships between MW and RT, approximates a multidimensional regression function,
and optimizes this relationship for predictions. Moreover, unlike the standard nonlinear regression
analysis, which treats all data points equally, the SVM model can assign greater statistical importance
to specific data points. In our case, several oligosaccharides have nearly identical RTs, yet their MWs
are different. If an enoxaparin sample displays a peak at this RT, the MW of the peak is calculated
based on the relative abundance of the distinct oligosaccharides.

A total of 33 compounds were included in the training set, including 24 synthetic compounds,
seven current USP calibrant data points, and the two purchased oligosaccharides (Table S1). The
compounds were represented based on their repeating disaccharide unit to more closely reflect
enoxaparin in a process known in statistical modeling as ‘weighting’. Group E and F oligosaccharides
(NS6S2S, dp4 and dp6) are weighted by a factor of 10, followed by group D oligosaccharides
(NS6S series), which were weighted by a factor of four, and group C oligosaccharides (NS2S series),
which were weighted by a factor of two. While group A, B, and G (NAc, NS and USP calibrants)
remain unweighted in the data set, their inclusion is important in order to adequately capture the low
and high ends of the MW range. To visualize how well the model predicts MW, the distribution of the
predicted versus observed MW values of the external set compounds is shown in Figure 5. As part
of the validation of the model, each compound in the training set is systematically left out of model
building and placed into an external set. The resulting model then predicts the compounds in the
external set.

Predicted log(MW)

30 32 34 36 38 40 42
Observed log(MW)

Figure 5. Predicted log(MW) versus observed log(MW) to demonstrate the strength of the model’s
prediction. For predicted log(MW), only external set MW predictions are used. Observed MW is
determined by MS for the pure oligosaccharides. For dp4, dp6, and USP calibrants, the provided MW
values were used as the observed MW. The model’s predictions highly correlate to the expected results
(R? = 0.96).
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The first level of external model validation was performed by determining the M, of USP
Enoxaparin RS. Unlike our nonlinear regression analysis, the SVM model is able to successfully predict
My, within the acceptable range, as seen in Table 4.

Table 4. Validation of oligosaccharide Support Vector Machine (SVM) model.

USP Calibrants Oligosaccharide SVM Model
USP Enoxaparin RS (M, = 4370 &+ 150 Da) 4300 Da 4450 Da

The largest oligosaccharide that can currently be synthesized by the chemoenzymatic synthesis
approach is 18 residues long (~5000 Da), yet enoxaparin’s MW distribution expands beyond 5000 Da.
This is not an issue, though, when the SVM model is used for analysis because, in addition, to achieving
an acceptable M, value, the predicted MWs for the largest components in USP Enoxaparin RS are
comparable with the results from the USP calibrants up to 11,000 Da (Table S2). The determination of
MWs above 11,000 Da requires extrapolation; therefore comparison between the methods at this point
must be done with care.

These results demonstrate that the utility of the synthetic oligosaccharides can only be fully
realized when coupled with an appropriate computational model. In this way, we are able to reflect
the nature of the enoxaparin mixture by weighting oligosaccharides based on their relative molar
contribution to the composition of the enoxaparin mixture.

2.5. System Suitability: Applying the SVM Model in a Compendial Technique

The use of the SVM model eliminates the need to run all oligosaccharide standards for analysis,
thereby shortening the analysis. Currently the SVM model is a stand-alone tool that only requires
RT and peak areas as an input. Ultimately, we envision a software interface that houses this SVM
model to facilitate a streamlined analysis process. Any future software development that incorporates
the validated SVM model will contain a system suitability assessment before access to the model
is granted.

A system suitability test is required in the USP compendial method to ensure that the selected
analytical technique offers the adequate resolution to analyze enoxaparin. Using the oligosaccharides
coupled with the SVM model, we can accomplish the system suitability test and analysis in one
HPLC process by using two detection wavelengths; 232 nm for enoxaparin and 310 nm for the
oligosaccharides (Figure 6). To this end, enoxaparin was mixed with three synthetic oligosaccharides,
8-mer NS (7), 12-mer NS6S (19), and 16-mer NS6S (21), for SEC analysis to obtain a chromatogram
shown in Figure 6A. A system suitability check was performed by confirming the RTs of the internal
oligosaccharide standards at 310 nm (Figure 6B). The 310 nm RTs fell within the acceptable range of
+0.1 min, predetermined by running the oligosaccharides alone. As shown in Figure S4, the overlapped
RT values indicated that the system is suitable for use with the SVM model. Next, the peak areas
contributed by the oligosaccharides at 232 nm (Figure 6C, blue trace) were subtracted from the
chromatogram. The resulting 232 nm chromatogram is used by the SVM model for the determination
of the My, and the MW distribution (Figure 6D).

2.6. Analysis of Commercially Available Enoxaparin Sodium Using Oligosaccharide SVIM Model

Using the SVM model and system suitability procedure, three commercially available Enoxaparin
Sodium samples, both brand and generic versions, were analyzed. The M, and MW distribution results
are shown in Table 5. The results demonstrate that our approach allows for consistent and adequate
testing of My,. We acknowledge that our UV detection method differs from the refractive index (RI)
detection method listed in the monograph. We chose UV detection because the oligosaccharides
have a tag that absorbs at 310 nm with very high sensitivity. Although RI detection can be used in
principle, large quantities of the oligosaccharide standards will be needed due to the RI's low detection
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sensitivity. This would unnecessarily increase the cost of analysis. The difference in detection methods
may account for the consistently high percentage between 2000-8000 Da. The harmonization of RI and
UV detection can be achieved in subsequent studies after analyzing a large set of enoxaparin samples.

160,000 7 2330m 160,000 7 3p0em
A . $10mm
140,000 140,000
120,000 120,000
2 100000 2 100,000
g g
Z 80000 2 80000
§ 0000 £ 60000
& 8
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Figure 6. (A) 232 nm trace of enoxaparin mixed with three oligosaccharides. Although primary
detection of the synthetic oligosaccharides is at 310 nm, there is some residual absorbance also at 232
nm, as evidenced by the abnormal profile compared to Figure 1C; (B) Overlay of 310 nm and 232 nm
trace from a single run of the enoxaparin/oligosaccharide mixture. 310 nm peak RTs (red trace) were
used to determine the suitability of the HPLC system by comparing them with the predetermined 310
nm chromatogram from oligosaccharides alone (Figure S4); (C) Overlay of predetermined 232 nm trace
(blue trace); (D) The resulting 232 nm trace when the oligosaccharide contribution is removed. The
peak RTs and area values are input into the model for analysis.

Table 5. Analysis of commercially available Enoxaparin Sodium using SVM model.

Sample M, Distribution
MZ()OO: 14.0 £ 0.5%
Lovenox My, = 4650 + 35 Da Mzoo()_googl 82.0 + 0.5%

Msogo: 4.0 + 0.5%

Mzooo: 16.5 + 1.0%
Enoxaparin Sodium; Sandoz M,, = 4350 + 0 Da Mag00-s000: 81.0 £+ 1.0%
Msooo: 2.5 = 0.0%

MZ()OO: 13.5 £ 1.0%
Enoxaparin Sodium; Amphastar My, = 4350 + 27 Da Ma000-8000: 83.5 + 1.0%
MSOO(): 35+ 1.0%

3. Discussion

LMWHs are heterogeneous mixtures of oligosaccharides, the MW distribution of which can
be described by M, and by identifying the percentage of material that falls within specificied MW
ranges [6]. The determination of these parameters is an important step in enoxaparin quality control
and requires reliable, pure calibrants. Since the RT from SEC is the result of both a molecule’s
size/weight and shape, the calibrants must closely reflect the structure of enoxaparin [14]. However
only a portion of its natural oligosaccharides have been isolated and characterized [15], leaving the rest
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of the mixture largely unknown. There are several reports on the disaccharide composition of heparin
and enoxaparin, which sheds light on proportions of repeating structural units found in these complex
mixtures [16-18]. With this in mind, we report the generation of enoxaparin-like oligosaccharides via
chemoenzymatic synthesis. The panel of compounds is comprehensive both in the scope of MW and
structural class coverage, which is important when considering the influence of both MW and shape
on RT.

After SEC characterization, it became evident that the synthetic oligosaccharides cannot be
simply substituted for the existing USP calibrants without changing the procedures for data analysis.
Surprisingly, although each structural series fits its own regression lines closely, no individual structural
group was able to correctly determine the M, for USP Enoxaparin RS (Table 2, Rows 2-7). For
example, using the group A calibration curve, the measured M;, was 22300 Da, 410% above the
label value, whereas using the group B calibration curve, the measured M, was 3100 Da, 29.1%
below the anticipated value. The deviation of the calibration curves using synthetic oligosaccharides
and USP calibrants (Figure S3) suggests that the homogeneous oligosaccharides did not fully
represent the migration properties of the USP calibrants that contain mainly heterogeneously sulfated
oligosaccharides. The current compendial method is designed for specific use with the intended
USP calibrants, and replacement with synthetic oligosaccharides does not give the correct M, for
USP Enoxaparin RS. Therefore, we needed to amend the analysis method to accommodate our
homogeneous compounds.

Using structurally defined oligosaccharides as MW standards for SEC analysis is undoubtedly
a superior approach compared to a mixture of oligosaccharides since these homogeneous standards
can be accurately re-synthesized. However, implementation of the pure oligosaccharides requires
careful consideration. Our study represents an important first step towards using these materials in
practice. The key finding from our study is that a combination of a set of synthetic oligosaccharides
and a computational model for data processing is essential for predicting the M, of enoxaparin.
SVM modeling techniques allowed us to use the panel of synthetic oligosaccharides in appropriate
proportions based on their relative abundance in enoxaparin, with groups E and F weighted the
greatest, followed by groups C and D. Groups A, B, and G are included but not weighted in the data set
in order to cover a large MW range. Without coverage of the extremes of the range, the extrapolative
ability of the SVM model would be hampered. Therefore, these compounds are needed to capture
a broad MW range so that this model can be extended to other heterogeneous heparin materials
(i.e., bovine sourced preparations) in the future. To further demonstrate the robustness of this method,
more enoxaparin lots from different manufacturers will be analyzed in future studies.

Our approach is also more efficient both in terms of time and cost compared to the current method
(Table 6). The overall time from injection onto the HPLC to the final result is dramatically reduced since
only one analysis (enoxaparin sample mixed with oligosaccharides) needs to be run. In comparison,
the current method requires running several individual materials (MW Calibrant A and B, RS, and
an enoxaparin sample). With further software development, the process can become automated.
For example, the software will house the SVM model in such a way that the My, and the distribution
are automatically reported after input data passes the system suitability check, thereby eliminating
operators’ subjectivity during the analysis. We envisage that our approach will improve the quality
control for enoxaparin production. Given that numerous structurally heterogeneous drugs exist on
the marketplace, our strategy, using homogenous standards to calibrate a mixture of heparin, can be
potentially expanded to analyze these complex drugs.
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Table 6. Comparison of the technical aspects of each method.

USP Method Proposed Method
USP Enoxaparin MW Calibrant A
Required material USP Enoxaparin MW Calibrant B Oligosaccharide Standard Solution
equired materials USP Enoxaparin RS Enoxaparin sample
Enoxaparin sample
Required HPLC time ! ~53h ~13h

e  Create calibration curve
e Determine system suitabiltiy:
determine M, for each duplicate e InputRT and peak area data
Analysis USP Enoxaparin RS from chromatogram into
e  Analyze sample: determine M, and SVM model
distribution range for each duplicate
enoxaparin sample

! Chromatograms should be recorded for a length of time sufficient for complete elution, including salt and solvent
peaks. In this work, all samples were recorded for 40 min, and therefore the approximate total HPLC run time is
calculated by multiplying the number of samples to be run (accounting for duplicate injections of each) by 40 min.

4, Materials and Methods

4.1. Chemoenzymatic Synthesis

The panel of oligosaccharides, ranging in length from octasaccharide (8-mer) to
octadecasaccharide (18-mer), was synthesized using an established chemoenzymatic approach [10].
Briefly, each compound was synthesized from a commercially available glucuronide-para-nitrophenyl
monosaccharide starting material, followed by a series of elongation steps and subsequent
epimerization and sulfation modifications catalyzed by recombinant enzymes. Structural
characterization was confirmed by nuclear magnetic resonance (NMR) and electrospray ionization
mass spectrometry (ESI-MS), as previously described [10].

4.2. MW Distribution and My,

The USP compendial method for the determination of enoxaparin M, and MW distribution
utilizes SEC. The reported method is adapted from the compendial method stated in the Enoxaparin
Sodium monograph [7]. The apparatus was composed of a Shimadzu LC-20AB pump, a Shimadzu
SIL-20A HT auto sampler, a Shimadzu CBM-20A controller, and a Shimadzu SPD-M20A diode array
detector (Shimadzu, Kyoto, Japan). The following chromatography columns were connected in series;
TSKgel guard column SWx1 (6 mm LD. x 4 cm), TSKgel G2000 SWx1 (7.8 mm I.D x 30 cm), and TSKgel
G3000 SWx1 (7.8 mm 1.D. x 30 cm). The mobile phase consisted of 0.1 M ammonium acetate and 0.5 M
Na(l, filtered through 0.22 micron membrane, at a flow rate of 0.6 mL/min. Samples were filtered
through a 0.22 micron membrane and injected in 20 uL volumes.

USP Enoxaparin MW Calibrant A and B (USP, Rockville, MD, USA) were dissolved in mobile
phase and run in duplicate to obtain peak RTs. The provided peak MWs were used to plot log(MW)
versus RT. USP Enoxaparin RS (USP, Rockville, MD, USA) was dissolved in mobile phase and run in
duplicate. The nonlinear regression analysis of log(MW) versus RT (MS Excel, Sigmaplot, Seattle, WA
USA) was used to determine the weight-average MW (Equation (1)), My, of the USP Enoxaparin RS,
which has a label M,, value of 4370+/—150 Da, in order to demonstrate the system’s suitability.

- N; M?
L B
N;M;
where N; is the number of molecules at MW M,;. Although refractive index (RI) detection is listed in
the USP monograph, using UV signal intensity from the Calibrant A and B materials with Equation (1)
resulted in a determination of the M, of USP Enoxaparin RS within the acceptable range. UV detection

My =
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is preferred due to the ability to discriminate the oligosaccharides from enoxaparin in a single sample
based on their respective Amax values.

The M, and MW distribution of enoxaparin was determined by dissolving in mobile phase and
running in duplicate. The peak areas and total area under the chromatogram, excluding salt and
solvent peaks, are used by the model to determine the MW distribution, which is defined by the
percentage of enoxaparin with MW less than 2000 Da, Mg, the percentage between 2000 to 8000 Da,
Map00-8000, and the percentage greater than 8000 Da, Mggo.

The total panel of synthesized oligosaccharides was run individually to obtain a RT for each.
Collectively, the MWs and RTs were used to subsequently determine the My, and MW distribution of
USP Enoxaparin RS and the enoxaparin samples.

Commercially available heparin oligosaccharides (Iduron, Manchester, UK) with approximate
MWs of 1800 Da and 1200 Da were used to address the MW range below 2000 Da. These RTs were
included with the oligosaccharide panel in the nonlinear regression analysis and computational model.

For system suitability tests, 8-mer NS, 12-mer NS6S, and 16-mer NS6S were combined and
vortexed to mix. 30 pg of this solution (10 pg of each) was injected in duplicate in order to determine
the absorbance at 310 and 232 nm. Then an enoxaparin sample (1 mg) was combined with the
oligosaccharide solution and vortexed to mix. From the resulting solution, a single injection containing
0.2 mg of enoxaparin and 10ug of each oligosaccharide was injected in duplicate, and chromatograms
were recorded at 310 and 232 nm.

The monograph specifications were used as criteria to evaluate the effectiveness of oligosaccharide
nonlinear regression and the SVM model:

e  The determination of USP Enoxaparin RS within 150 Da of labeled M,, value.

o  The determination of an enoxaparin test sample with My, ~4500 Da, the range being between 3800
and 5000 Da.

e The determination of an enoxaparin test sample MW distribution:

@] ~16.0% below 2000 Da, the range being between 12.0 and 20.0%;
@] ~74.0% between 2000 and 8000 Da, the range being between 68.0 and 82.0%;
O Not more than 18.0% higher than 8,000 Da.

4.3. Development and External Validation of SVM Model

The training set of the model contains 33 unique samples;—6, 8-29, and the current USP calibrants
(seven data points). Based on the relative molar percent contribution to the overall enoxaparin
mixture the NS652S, NS6S, and NS2S oligosaccharides, as well as the purchased oligosaccharides were
weighted. The NS and NAc oligosaccharides and the current USP calibrants were not weighted.

Each of these 33 samples has an experimentally derived RT and an associated MW. Thus, the MW
is the endpoint to be predicted by the model, and the RT of each sample is the input descriptor used
to establish the statistical relationship. The machine learning algorithm utilized in the model is a
Radial-Basis Function Support Vector Machine (RBF-SVM). During the generation and validation
of the model, external leave-one-out cross validation (LOO-CV) was performed and the overall g2
(LOO-CV regression) was calculated and deemed statistically valid [19,20]. Y-randomization [21] was
performed to ensure that a statistically meaningful relationship between MW and RT exists.

An additional round of external validation [21] was performed to ensure the predictivity of
the model using samples obtained from commercially available Enoxaparin Sodium; Lovenox™,
Sanofi-Aventis, Bridgewater, NJ; Enoxaparin Sodium Injection, Sandoz, Princeton, NJ; and Enoxaparin
Sodium Injection, Amphastar Pharmaceuticals, Rancho Cucamonga, CA. Each sample was from the
same lot and was run five times. Data are presented as an average =+ standard deviation of M, and
its distribution. These samples were not used as training set samples during model building, thereby
constituting purely external data points. The RTs of these samples were used as model inputs, and a
MW prediction was made.
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5. Conclusions

The determination of the MW distribution and the M, of enoxaparin is an essential yet challenging
quality control step that relies on calibrants to ensure the quality and consistency of the product.
Chemoenzymatic synthesis allows for a reproducible production of pure oligosaccharides that can be
used as standards for a MW analysis of enoxaparin. We employed 27 oligosaccharides that vary in MW
and structure in order to match the range of possible compounds present in enoxaparin. Following the
nonlinear regression analysis, we were unable to achieve accurate results. We addressed this issue by
utilizing an SVM computational technique. Using the oligosaccharides and the current USP calibrants
as a training set, we succeeded in developing a robust SVM model for efficient analysis by appropriately
weighting oligosaccharides based on their relative abundance in enoxaparin. In addition to standard
external validation, we have proven the predictive power of the model by analyzing both brand and
generic versions of Enoxaparin Sodium. For the most effective use in practice, we recommend first
performing a system suitability check, in which three designated oligosaccharides are run to ensure
that the HPLC conditions are adequate, before the subsequent use of the developed SVM model.

We recognize that using a different HPLC detection method than what is stated in the monograph
is a limitation of this work. The current calibrants, RS materials, and acceptability criteria have been
established using RI detection. Therefore, it is not surprising that our results (Table 5) are not in
exact agreement with the monograph criteria. In this study, we demonstrate the proof-of-concept that
homogenous oligosaccharides can be used for MW determination. To further advance this promising
approach, future studies will focus on (i) harmonization between RI and UV detection to ensure
accuracy when comparing the results to the established acceptability criteria; (ii) the determination
of the limits of SVM model in terms of HPLC variability; (iii) the development of a user-interface
software to house the SVM model; and (iv) the extension of the method to compare to other countries’
pharmacopeias, namely the European Pharmacopeia. As a result, our work provides a sustainable
and efficient method for performing this compendial test for enoxaparin and represents a promising
approach that could improve quality testing in the future.

Supplementary Materials: The following are available online at www.mdpi.com/1424-8247/10/3/66/s1.
Figure S1: SEC chromatograms of synthetic oligosaccharides, Figure S2: (A) USP MW Calibrant A with provided
MW values indicated; (B) USP MW Calibrant B with provided MW values indicated, Figure S3: Comparison of
USP Enoxaparin Calibrants (red) and structural series (black) (A) NAc series (B) NS series (C) NS2S series (D)
NS6S series (E) NS6S2S series, Figure S4: 310 nm trace from enoxaparin/oligosaccharide mixture (black) overlaid
with 310 nm trace from oligosaccharide mixture alone (red). Chromatograms were obtained on different days and
under the same HPLC conditions. Overlap of traces indicates that data from this system is suitable for use by
the SVM model, Table S1: SVM data set parameters, Table S2: MW determination of largest components in USP
Enoxaparin RS.
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