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Abstract

Heparin and heparan sulfate glycosaminoglycans are long, linear polysaccharides that are made up
of alternating dissacharide sequences of highly sulfated uronic acid and amino sugars. Unlike
heparin, which is only found in mast cells, heparan sulfate is ubiquitously expressed on the cell
surface and in the extracellular matrix of all animal cells. These negatively-charged carbohydrate
chains play essential roles in important cellular functions such as cell growth, adhesion,
angiogenesis, and blood coagulation. However, these biomolecules are also involved in
pathophysiological conditions such as pathogen infection and human disease. This review
discusses past and current methods for targeting these complex biomolecules as a novel
therapeutic strategy to treating disorders such as cancer, neurodegenerative diseases, and infection.

Graphical Abstract

Heparan sulfate is ubiquitously expressed on the cell surface and in the extracellular matrix of all
animal cells. These negatively-charged carbohydrate chains play essential roles in important
cellular functions such as cell growth, adhesion, angiogenesis, and blood coagulation by
interacting with various heparan sulfate binding proteins (HSBP). This review discusses methods
for targeting these complex biomolecules, as a strategy for treating disorders such as cancer,
neurodegenerative diseases, and infection.
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Heparan Sulfate
Proteoglycan

Introduction

Heparan sulfate proteoglycans (HSPGs) are glycoconjugates found in the glycocalyx that
surround virtually all mammalian cells.! Each HSPG consists of a core protein linked to one
or more linear heparan sulfate (HS) chains. The chains are composed of alternating D-
glucosamine and uronic acids (D-glucuronic and L-iduronic acids) that can be variably N-
and O-sulfated (Figure 1). The presence of sulfate groups at specific positions in HS imparts
an overall high negative charge and their arrangement in short segments of the chain create
binding sites for protein ligands.2 HSPGs are assembled in the endoplasmic reticulum and
Golgi apparatus by glucosyltransferases, sulfotransferases and an epimerase and can be
processed further by plasma membrane bound endosulfatases that remove sulfate groups
from specific sites.3 The composition of HS varies spatially and temporally in different cell
types and during development, but the factors involved in regulating its biosynthesis remain
poorly defined.2 Nevertheless, the HSPG’s expressed on the cell surface and in the
surrounding extracellular matrix tend to be heritable and impart the capacity for selective
cell signaling and cell-to-cell crosstalk.*

There are at least 300 known HS-binding proteins (HSBPs) with varying affinity, specificity,
and function.® The family of HS-binding proteins includes growth factors, cytokines,
chemokines, enzymes, enzyme inhibitors, and extracellular matrix proteins.® Binding to HS
can have profound effects on deposition and presentation of HSBPs at their sites of
production, protection of HSBPs against proteolysis, functioning of complexes with
signaling receptors, protein oligomerization, and allosteric effects on enzyme activity.4?

There has been a considerable amount of research investigating the nature of HS—protein
interactions.> 7 Certain proteins preferentially bind spatial arrangements of the sulfated
sugar subunits of HS rather than specific sequences. In other cases, a lock and key fit occurs,
such as found for antithrombin-heparin.4? Over two decades ago, HS was shown to act as a
co-receptor for the binding of growth factors to receptor tyrosine kinases, such as fibroblast
growth factor 2 (FGF2) and vascular endothelial growth factor (VEGF) binding to FGF and
VEGF receptors, respectively.8 For example, a complex is formed between HS, FGF2 and
the FGF2 receptor (Figure 2), resulting in FGF/FGFR dimerization and activation of the
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tyrosine kinase domain and signal transduction.® Whereas FGF2 binding to HS depends on
N-sulfation of glucosamine residues and 2- O-sulfation of iduronic acids, additional 6-O-
sulfated sites on glucosamine HS are essential for its interaction with the FGF

receptor.4?: 9-10 Thys, the analysis of HS—protein interactions are often complex and require
different contiguous sequences of sulfated domains.

HSPGs have also been implicated in pathophysiological conditions.1! For example, changes
in HS composition occur in tumors, and tumor growth and angiogenesis depend on HS—
growth factor interactions.1P: 12 Changes in the expression level and composition of HS
have been shown to correlate with tumor cell transformation and invasiveness.122 The HSPG
syndecan-1 is expressed abundantly on the cell surface of epithelial tumors3 and multiple
myeloma cells'# and is up regulated in pancreatic cancer.1> Additionally, HS has been
implicated in neurodegenerative disorders including prion disease (e.g., mad cow disease),16
Parkinson’s,1” and Alzheimer’s disease.18 Many pathogens, including viruses and bacteria,
are able to display HS-binding proteins that help facilitate their attachment to host cells,
mediate cell entry, and increase infectivity.4P: 30 Some examples are illustrated in Table 1. In
most cases, HSPGs on the plasma membrane act as initial, low affinity co-receptors that
concentrate the pathogen on the cell surface and promote binding to secondary receptors,
which stimulates infection. Due to the apparent role of these complex polysaccharides in
infection and disease, HS is a viable drug target.

Heparin, a fractionated form of HS from porcine entrails or horse lungs, is a powerful
anticoagulant used in surgery and for treatment of clotting disorders.3! The purification of
heparin involves a series of steps that enrich for highly sulfated oligosaccharide fragments
with high anticoagulant activity. Its anticoagulant activity is due to its high affinity to the
serine protease inhibitor antithrombin 111 (AT).310-d Heparin has the highest negative charge
density of any known biomolecule (~3.3 negative charges per disaccharide) and is related in
structure to HS (2.3 sulfate groups per disaccharide in heparin vs. ~0.8 sulfate groups per
disaccharide in typical HS). While HS is ubiquitously expressed in all animal cells, heparin
is produced and stored selectively in the secretory granules of connectivetissue mast cells.32
Low molecular weight (e.g. enoxaparin) and ultralow molecular weight heparins
(fondaparinux) are also in clinical use.33 Progress has also been made in making non-
anticoagulant forms of heparin that might be useful as competitive ligands for treating other
types of disorders.34

While excellent reviews have been published on HS structure, biosynthesis, and

function, 1 42 70, 35 and heparin/HS binding proteins, 72 36 the purpose of this contribution
is to provide an overview of various approaches and therapeutic agents used to target heparin
and heparan sulfate.

Targeting heparan sulfate-protein interactions

Several different strategies have been explored to target HS— protein interactions including
enzymatic methods to remove or modify HS, the use of glycosaminoglycan (GAG) mimetics
to competitively block HS—protein interactions, and the utilization of large cationic proteins
or small molecules to antagonize HS-protein interactions. The following sections will
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provide an overview of each strategy and will give details of diverse agents that have been
designed over recent years.

Enzymatic targeting of HS

Enzymes such as bacterial heparinases and mammalian endosulfatases have been explored
as potential agents for the treatment of disorders involving HS—protein interactions.
Heparinases | (Hep 1) and 111 (Hep 111) from Flavobacterium heparinum specifically cleave
the highly sulfated (Hep I) and poorly sulfated (Hep I11) regions of the HS polysaccharide
backbone (Hep 11 cleaves both regions),3” while endosulfatases remove specific sulfate
residues located in HS chains (Figure 3).3: 38 These enzymes serve as useful tools for
biologists probing the role of HS in homeostasis and disease. Some groups have looked at
their effect on preventing infection and other processes dependent on the interaction with
cell-surface HS. Treatment of cells with heparinases inhibits the attachment or entry of
several HS-binding pathogens including viruses,3? bacteria,? and parasites.*? Heparinase
treatment has also been explored in tumor growth/metastasis*2 and amyloid-related diseases
in mice.25%. 43 Early clinical trials demonstrated that a single intravenous injection of
recombinant heparinase-1 (Neutralase) could dose-dependently neutralize anticoagulant
heparin in heart surgery patients.** However, later trials were terminated due to
ineffectiveness and safety concerns. Endosulfatases are important enzymes that edit the
sulfated domains of HS by removing the 6- O-sulfate groups.*> Modulation of endosulfatases
in cells has been shown to limit Chlamydia muridarum bacterial infection.*6 Sulfatase 1
(SulfI) might prove useful as a tool to modulate the capacity of HSPGs to bind to growth
factors up regulated in tumors such as FGF247 and hepatocyte growth factor.*8 However,
targeting these agents to selectively modulate HS on tumor cells without affecting normal
tissues remains a challenge.

GAG mimetics

Another approach being explored for inhibiting HS—protein interactions is the use of
exogenous heparin/HS or synthetic GAG mimetics as competitive inhibitors. Exogenously
added heparin and HS chains inhibit infection of host cells by HS-binding pathogens
including HSV,49 HPV,3% hepatitis B,39¢ 50 and various bacteria.>! Additionally, exogenous
HS and heparin have been used to block cancer cell growth and metastasis.>2 However, there
are major drawbacks associated with using heparin due to its anticoagulant activity and the
risk of heparin-induced thrombocytopenia.>® The use of soluble HS and heparin also can
result in undesirable effects on normal cells and physiology. To circumvent some of these
issues, GAG derivatives have been generated (Figure 4). Some of these polyanionic
molecules can be synthesized by digestion of heparin polysaccharides. In one example, a
nonsulfated K5 polysaccharide from £. coliwas engineered to inhibit viral infection.>*
Another study examined a synthetic 3- O-sulfated octasaccharide to block infection by HSV,
which depends on a 3-O-sulfated domain in HS.%> Chemically modified heparin derivatives
were shown to inhibit influenza H5N1 virus attachment.>8 Selective desulfation of heparin
minimized its anticoagulant effect while maintaining inhibitory activity. Partially
depolymerized GAGs have been made for the treatment of malaria.>’
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Low molecular weight heparin and HS mimetics, such as rhamnan sulfate,>® PG545,59 and
P1-88 (1),%0 have displayed potent antiviral and anticancer activity. HS-imitative sulfated
polysaccharides isolated from seaweed known as carrageenans (2) have also shown the
ability to inhibit dengue virus®® and HSV infection.52

Sulfated small molecules have been constructed from commercially available starting
materials to avoid the heterogeneity implicit in using naturally occurring GAGs and GAG
fragments (Figure 4). GAG mimetics such as 3-amino-1-propanesulfonic acid (3)%3 and
eprodisate disodium (4)54 have been tested as anti-amyloid agents for the treatment of
Alzheimer’s disease and amyloidosis. Polysulfonated compounds such as suramin (5),6°
poly(sodium-4-styrene sulfonate) (6),56 and sulfonate polymers have been tested as well.5

GAG mimetic compounds have shown promise as therapeutics when tested /in vitro, but
translation of these findings /n vivo have not yet met with success. Several of these
compounds, such as PI-88 and PG545, are currently in clinical trials for blocking tumor
growth.88 PG545 exhibited tolerability and a long plasma half-life when administered by
intravenous infusion for treatment of advanced solid tumors (Clinical Trials.gov
NCT02042781). However, later clinical trials were terminated due to negative reactions
upon injection.89 Daily injections of PI-88 have shown preliminary efficacy as an adjuvant
therapy for hepatocellular carcinoma and melanoma in Phase 1 and 11 clinical trials.”®
Further studies are still ongoing to determine its safety and efficacy.”? Additionally,
carrageenan has been formulated as a prophylactic microbicidal gel to block HIV and HPV
infection.’2 Unfortunately, it failed in a Phase 1 trial and has been discontinued.

Cationic proteins and polymers as HS antagonists

Other types of agents used as antagonists of HS—protein interactions include cationic
proteins, foldamers, and small molecules. These molecules rely on electrostatic interactions
between their positively charged functional groups and the highly anionic sulfate and
carboxylate moieties of heparin and HS. Lactoferrin, a heparin- and iron-binding protein
found in the secretory granules of neutrophils, has been shown to neutralize heparin and
antagonize certain HS—protein interactions.”3 Lactoferrin has proven to be an effective
antimicrobial agent’# and inhibitor of HSV,’® hepatitis C (HCV),”8 HIV, and human
cytomegalovirus (HCMV) infection.”” However, clinical trials observing the oral treatment
of HCV with a combination of lactoferrin and interferon’® or interferon alpha-2b and
ribavirin”® showed no added benefits compared to treatments without lactoferrin. Other
proteins have been tested as potent inhibitors of heparin and its derivatives, including
inactive recombinant antithrombin (AT) variants designed to bind heparin.80 These modified
proteins have shown promise /n vitro and /n vivoin mice, but they may prove expensive to
produce in large quantities for clinical use.

Other cationic macromolecules have proven to be potent antagonists of GAG—protein
interactions. Positively-charged arginine-rich proteins isolated from the sperm of salmon and
other fish, known as protamine, have long been used clinically to reverse the anticoagulant
activity of heparin, despite undesired side effects and allergic reactions observed in some
patients.81 Protamine binds to heparin and blocks its interaction with antithrombin in the
coagulation cascade. Protamine was also shown to inhibit hepatitis B viral infection through
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blocking viral interaction with cell-surface HSPGs.0 Protamine inhibits host cell infection
of Pseudomonas aeruginosa by preventing bacterial-enhanced HSPG shedding.82 Low
molecular weight protamine (LMWP) has also been explored as a safer alternative to
protamine 7 vitré®® and in vivo in dogs.8* An arginine-rich protamine variant
(VSRRRRRRGGRRRR) is currently being investigated as a nontoxic and non-immunogenic
protamine substitute for neutralization of heparin and LMWH.85

Protamine, despite potential undesirable side effects, is currently the only heparin reversal
agent used clinically.86 Many other polycationic agents have therefore been investigated as
alternatives to protamine for heparin neutralization. Hexadimethrine bromide (i.e.
polybrene) (7) was one of the first protamine alternatives investigated in vivo.8” This fully
synthetic cationic polymer showed promise, but was eventually abandoned due to toxicity
and lower efficacy compared to protamine. Histones, polycationic proteins that normally
function in DNA packaging, and synthetic poly-DL-lysine (8), have also been explored as
heparin neutralization agents, but proved to be inferior to protamine or exhibited high
toxicity (Figure 5).88 A more recent study utilized poly-L-lysine dendrimers with glycine
cores [Gly-Lysg3z(NH>)g4] as neutralization agents. These dendrimers neutralized heparin
activity in rats.8% Another study utilized arginine-substituted poly(allylamine hydrochloride)
derivatives (9) for potent reversal of heparin in vitro and in vivo.%° The polycationic
macrocyclic calix[8]arenes (10), also have been shown to rapidly neutralize heparin in blood
through tight electrostatic interactions.! A subsequent study showed these molecules,
immobilized onto polymer matrix filters, were able to remove heparin from blood, therefore
minimizing side effects associated with administration of heparin reversal agents.%2

Polyvalent peptide-derivatized dendrimers that display multiple cationic motifs have also
been investigated for interaction with heparin and HS. Arginine-rich polycationic virus-like
particles neutralize the heparin-antithrombin interaction in human plasma,®? branched
dendrimer-based peptides inhibited HSV-1 and 2 infection,% and a large peptide isolated
from human hemofiltrate blocked HCMYV infection /in vitro through a HS-dependent
pathway.% Synthetic ligands (e.g., 11) that form micelles can bind heparin through
electrostatic interactions of their protonated amines (Figure 6).96 A universal synthetic
heparin reversal agent (UHRA) was developed based on a branched dendritic polyglycerol
core containing multiple hexamethylated tris(2-aminoethylamine) binding groups (12).%7
These UHRA molecules show great promise as safer alternatives to protamine for
neutralization of heparin and its analogs; however, their application and safety in humans
need to be explored.

Small molecule antagonists of heparin and HS

Small, low molecular weight compounds make up 90% of approved drugs and have the
advantage of versatility, simplified manufacturing, formulation, delivery, and stability when
compared to biologics.%8 As such, small molecules (MW < 900 Da) have also been exploited
as antagonists of HS and heparin. A dispirotripiperazine derivative, (DSTP 27) (13), was
discovered to bind to HS on the cell surface and inhibit attachment, absorption, and
replication of a wide range of viruses (Figure 7).9% This compound proved to be a potent
antiviral in a structure-activity relationship study with a novel class of antiviral compounds
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containing the A, AV -bis-5-pyrimidyl moiety.190 A subsequent study demonstrated the ability
of DSTP 27 to block HS-dependent viral attachment of an HPV virus with long-term
efficacy.101

A water soluble small molecule heparin antagonist, ciraparantag (PER977) (14), was
recently found to potently bind and neutralize the activity of multiple anticoagulants
including unfractionated heparin and the LMWH enoxaparin.192 In an early phase I/11 trial, a
single dose of ciraparantag restored baseline homeostasis within 10-30 minutes and the
reversal effects were sustained for up to 24 hours in patients.193 This promising compound is
currently being studied in phase Il clinical trials as an intravenously administered universal
antagonist of heparinoids and other novel oral anticoagulants.

A new family of aromatic cationic small molecule antagonists of HS were synthesized and
probed as anti-inflammatory agents (e.g. 15, 16).104 They were first investigated as
inhibitors of protein binding to HS in a 96-well ELISA-based assay. The most potent
compounds were also evaluated for their ability to block acute inflammation in mice with
positive results. A catechin extract from green tea, epigallocatechin gallate (EGCG) (17),
was shown to inhibit virion attachment of many unrelated viruses to HS and sialic acid,
another type of charged glycan found on the cell surface.105 This broad-spectrum antiviral is
one of the first small molecules effective against enveloped and nonenveloped viruses such
as SV-1, HCV, and influenza A virus (IAV). EGCG blocked the binding of HSV-1 and HCV
to HS, while also inhibiting attachment of AV to sialic acid.

Synthetic small molecule peptide mimics known as foldamers (e.g., 18), based on amine and
guanidinium-substituted arylamides, have also been developed for /n vitro neutralization of
heparin (Figure 8). These molecules self-assemble to form p-like sheets with enhanced
association to fondaparinux, a synthetic pentasaccharide analog of heparin.1% A novel
salicylamide derivative, known as delparantag (19), was also developed as an alternative to
protamine administration.107 This compound, displaying multiple cationic lysines and
aromatic amino acid units, neutralized heparin and enoxaparin, a low molecular weight
heparin (LMWH), in rats and later showed promise in a small trial in humans.198 However,
phase I clinical trials revealed unsafe toxicity profiles and hypotension in patients upon
intravenous infusion of delparantag (plasma half-life of 3-5 minutes), thus halting further
development of this compound.109

A high-throughput screen of the National Cancer Institute’s (NCI) small molecule diversity
set identified bis-2-methyl-4-amino-quinolyl-6-carbamide (20), a dimeric aminoquinoline
called surfen (NSC 12155), as a potent small molecule antagonist of HS (Figure 9).110
Surfen binds to multiple types of GAGs in solution, but most potently to heparin and HS.
Surfen neutralized the ability of heparin to activate antithrombin, blocked the sulfation and
degradation of GAG chains by bacterial lyases /in vitro, and inhibited angiogenesis initiated
by the binding of HS-dependent growth factors. In addition, surfen blocked HS-mediated
HSV-1 infection and the enhancement of HIV-1 infection by amyloid fibrils found in semen
(known as SEV1).111 Interestingly, surfen not only inhibited HS-mediated viral attachment
but also directly bound to SEVI fibrils and disrupted their interaction with the virus.
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Other studies have utilized surfen’s ability to antagonize HS as a tool to study HS
interactions in biological systems. Surfen has been shown to regulate murine T-cell
activation and proliferation,112 stimulate chondrogenesis in vitro,}13 inhibit highly anionic
polyphosphates involved in the inflammatory process,14 and reduce lesion formation in
demyelination of a multiple sclerosis mouse model.115 Surfen also acts as an inhibitor of
vascular endothelial growth factor receptor (VEGFR) phosphorylation and vascular
hyperpermeability in mice.116

The biocompatibility of surfen, based on early studies of surfen as an excipient for depot
insulin,117 encourages further research of its neutralizing activity. However, due to this
compound’s relatively low efficacy (micromolar range), the design and synthesis of more
selective and potent analogs was undertaken (Figure 9). A structure-activity relationship was
established by measuring the inhibition of HS-dependent FGF binding to CHO cells.118 In
addition, their activity as inhibitors of HS binding to receptor for advanced glycation
endproducts (RAGE) /n vitro and neutralization of the anticoagulant activity of
unfractionated heparin and low molecular weight heparins were investigated. The dimeric
molecular structure of surfen and its aminoquinoline ring systems were found to be essential
for its interaction with HS. Dimeric analogs displayed higher inhibitory potency than surfen
and blocked downstream FGF signaling in mouse embryonic fibroblast cells.118 Importantly,
oxalyl surfen (26) was shown to neutralize both /n vitro and in mice the synthetic heparin
analog fondaparinux, for which no antidote exists.11® These findings illustrate the
therapeutic potential of small molecules as antagonists of HS and raise the possibility of
using surfen-type compounds as biochemical tools and as potential effectors in disorders that
involve GAG-protein interactions.

Summary and Prospects

GAGs are vital components of the glycocalyx and are involved in many important biological
processes that are essential for maintaining homeostasis. HSPGs, in particular, perform vital
roles in cell signaling and cell-to-cell interactions. The heterogeneity and anionic nature of
HS polysaccharides allow them to interact with a large number of proteins, including viral
and bacterial proteins. Their apparent pathophysiological roles in disease and infection have
stimulated research into the development of agents that can antagonize HS—protein and HS-
pathogen interactions. As mentioned above, different methods for blocking these
interactions have been explored including enzymatic alteration of HS, GAG mimetic
compounds as competitive protein binders, and various types of cationic molecules that bind
competitively to HS and inhibit its binding to proteins.

There is still much to uncover about HS—protein interactions, as illustrated by the discovery
of new HS-binding proteins.> As in all areas of medicinal chemistry, there are numerous
challenges associated with the development of novel therapeutics that target these types of
biomolecules and their biomolecular interactions. Most of the agents developed so far have
failed to yield approved treatments, in part because it has been difficult to identify agents
that target only undesirable interactions while leaving intact other vital HS-protein
interactions.
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Currently, the only clinically approved drug known to block GAG—protein interactions is the
heparin-neutralizing agent protamine.11® The success of protamine stems from its potent
activity and acute application in patients to reverse heparin overdose. Nevertheless,
protamine can exhibit adverse side effects in some patients due to anaphylactic reaction to
foreign protein.120 Protamine also lacks the ability to neutralize newly developed ultra-low
molecular weight heparin derivatives, such as the synthetic pentasaccharide fondaparinux.121
Thus, finding safer alternatives to protamine that can neutralize heparin and LMWHs is an
important area of research. It remains to be seen whether the answer to this challenge will be
found in small molecules or larger heparin-neutralizing oligomeric materials.

Developing effective agents to target GAG—protein interactions in disease by focusing on
GAG-selective agents is a formidable challenge due to the ubiquitous expression of GAGs in
different tissues and the likelihood of adverse effects. Most GAG inhibitors rely on blocking
electrostatic interactions that dominate GAG—protein interactions, without any sequence
specificity. The dearth of structural information available about the nature of these binding
sites makes it difficult to model and identify selective inhibitors. Advances should be
forthcoming as new schemes for synthesizing chemically defined HS oligosaccharides
emerge,122 as glycan array technology becomes refined,23 and with the development of new
top down methods for sequencing HS oligosaccharides.124 Up to now, the discovery of novel
inhibitors of heparin— and HS—protein interactions has been an exciting area of research. We
hope that continued development of drugs targeting these complex carbohydrates and the
proteins they interact with will lead to new therapeutic approaches for treating human
disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Heparan sulfate structure and biosynthesis. Respective O- and A-sulfotransferases (HS2ST,

HS3ST, HS6ST, and NDST) sulfate specific sites along the HS chain (shown in bold). The
purple and orange oval shapes depict protein binding sites along the HS chain. /nset.
Pentasaccharide antithrombin (AT) binding sequence.
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Figure2.
FGF2 binds to HS (blue lines) and forms a ternary complex with its receptor.
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Heparinase (I-111) and endosulfatase (Su/f1, Sulf2) activity on a pentasaccharide region of
heparin/HS.

Org Biomol Chem. Author manuscript; available in PMC 2018 July 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Weiss et al.

,‘_,40
R=S0; orH OH
n=0-4 RO OR
1 2
[0} (0]
" -
HQN/\\/\\ﬁ-‘O o_g/\/\»g_o
1 1]
o o} o}
3 4
0

FE i

NH SO; 0,5 HN
OO OO -
SO~ ~0.8 6
5

Figure 4.
Examples of GAG mimetic compounds.
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Figureb.
Examples of cationic antagonists of heparin and HS.
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Synthetic self-assembling ligands (11) and UHRA (12) for multivalent binding to heparin.

Adapted from Ref. 96 with permission from the Royal Society of Chemistry.
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Figure7.
Small molecule antagonists of heparin and HS-protein interactions.
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Figure8.
Foldamers: small molecule peptide mimetics for neutralizing heparin.
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Figure9.

Structures of surfen (20) and its analogs. Modifications are highlighted in red and green.
Reproduced from Ref. 118 with permission from the Royal Society of Chemistry.
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Table 1

Examples of heparin/HS-binding proteins and their biological activity.

Page 27

Class Examples Physiological Function Pathophysiology Refs
mitogenesis, development,
i wound healing, 8b, 19
Growth factors FGF2, VEGF 5, neuropilin-1 angiogenesis, axon cancer
guidance
cell adhesion, migration,
ECM proteins collagen, fibrinogen, laminin differentiation, blood cancer, Knobloch syndrome 20
coagulation
Cell adhesion proteins P-selectin, L-selectin, integrins | cell adhesion, inflammation cancer 21
Morohogens activin, BMP-2, sonic development, regeneration, multiple hereditary exostoses, 2
pnog hedgehog bone formation osteoarthritis
chemotaxis, cell migration,
Chemokines platelet facct:o)r(é,l_lll_z—& TNF-a, immune response, inflammation, arteriosclerosis, cancer 23
angiogenesis
. antithrombin 111, factor Xa, regulation of clotting L . 24
Blood coagulation factors leuserpin-2 cascade heparin-induced thrombocytopenia
Linobroteins ApoE, ApoB, lipoprotein lipid metabolism, cell atherosclerosis, Alzheimer’s disease, AA 25
Pop lipase membrane functions amyloidosis
Nuclear proteins histones, transcription factors unknown cancer 2%
o synapse organization, brain R . - .
Amyloid proteins APPéyAnﬁ,C:ziLanLortssT, a development, memory; Alzheimer S/Par(lj(ilsnese?sg s disease, prion 27
! circadian rhythm
; ; gB,gC, gD, gp120, Tat,t E | HIV-1, HPV, HSV-1, HCMYV, Dengue 28
Viral proteins protein, L1 capsid protein virus
. : . M protein, PFEEMP1,0Opa, | . - N . 20
Microbial proteins circumsporozoite protein bacterial/parasite infection, inflammation
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