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Heparins represent one of the most frequently used pharmacotherapeutics. Discov-
ered around 1926, routine clinical anticoagulant use of heparin was initiated only after
the publication of several seminal papers in the early 1970s by the group of Kakkar. It
was shown that heparin prevents venous thromboembolism and mortality from
pulmonary embolism in patients after surgery. With the subsequent development
of low-molecular-weight heparins and synthetic heparin derivatives, a family of related
drugs was created that continues to prove its clinical value in thromboprophylaxis and
in prevention of clotting in extracorporeal devices. Fundamental and applied research
has revealed a complex pharmacodynamic profile of heparins that goes beyond its
anticoagulant use. Recognition of the complex multifaceted beneficial effects of
heparin underscores its therapeutic potential in various clinical situations. In this
review we focus on the anticoagulant and nonanticoaqulant activities of heparin and,
where possible, discuss the underlying molecular mechanisms that explain the

» inflammation

Heparin Structure and Biosynthesis

Heparin is a biomolecule that belongs to the class of glyco-
saminoglycans (GAGs). GAGs exist as large linear polysac-
charide structures, composed of repeated structural motifs.
Besides heparin, the family of GAGs includes heparan sulfate
(HS), dermatan sulfate, chondroitin sulfate (CS), keratan
sulfate, and hyaluronan. Each of these GAGs is composed
of different repeating disaccharide units and, with the ex-
ception of hyaluronan, is sulfated at various positions. These
sulfations introduce functionally important negatively
charged groups to the GAGs. Both heparin and HS are
complex heterogeneous mixtures of repeating uronic acid
and D-glucosamine/N-acetyl-D-glucosamine units, with
heparin being generally relatively smaller and containing
relatively more sulfated groups than HS.! The biological
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diversity of heparin’s biological actions.

functions of heparin are for a large part dependent on
electrostatic interactions and the influence of sulfation on
these functions have been well described since decades.?
Heparin biosynthesis occurs in mammalian cells through a
complex process that involves many enzymatic steps. After a
core tetrasaccharide linker is synthesized, by sequential trans-
fer of monosaccharide units onto a cell-type-specific core
protein, serglycin proteoglycan in the case of heparin, heparin
synthesis starts. The tetrasaccharide linker is attached to the
side-chain oxygen atom of a serine residue and thereby forms
an O-linked glycan. The linker then serves as the template onto
which heparosan, the precursor molecule of heparin (and of
HS), is synthesized by sequential enzymatic transfer of defined
disaccharide units. These saccharide units subsequently under-
go further posttranslational processing, including sulfations,
and will finally result in the mature polyanionic heparin
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proteoglycan molecules that are found exclusively in mast cell
granules. Here, the heparin proteoglycans serve to concentrate
the various positively charged cytokines, growth factors, and
proteases that become secreted upon mast cell stimulation/
degranulation. This unique localization is in contrast to the
ubiquitously expressed HS proteoglycans (HSPGs), which exist
as part of proteoglycans in the extracellular matrix (ECM).
Through mild acidic hydrolysis or via random cleavage at
glucuronic acid residues by endo-B-D-glucuronidase, a hetero-
geneous mixture of heparin molecules ranging from 5 to 25 kDa
in molar weight can be generated. Of the fully processed
heparin molecules, only one in three is able to bind to anti-
thrombin (AT).> The pharmaceutical-grade heparin that is
extracted from animal tissues (mostly porcine mucosa) and
that contains the mixture of heparin molecules with varying
molecular weights is called unfractionated heparin (UFH).

The ubiquitously expressed HSPGs are also heterogeneous
with only less than 5% of endothelial HSPG able to bind AT.>
Despite this low percentage, the contribution of HSPGs to
anticoagulant homeostasis in the vasculature is considered
important due to their presence in the endothelial glycoca-
lyx, thereby contributing to the overall nonthrombogenic
nature of the vessel wall under physiological conditions.

The majority of heparins currently being used have been
purified from porcine and bovine intestinal mucosa and to a
lesser extent from bovine lungs that are collected in the
slaughterhouse. These tissues are rich in mast cells that form
a first-line defense against invading pathogens. Potential
contamination of pharmaceutical heparin together with
the vulnerability of the supply chain and increasing demand
has led to the consideration of other animal sources and
bioengineered heparin.* However, none of these alternative
strategies has yet led to a large-scale production of pharma-
ceutical-grade heparin.

Heparin and Its Derivatives

The discovery of the separability of heparins’ anticoagulant
effects toward coagulation factor Xa (FXa) and thrombin (see
the next section on anticoagulant properties of heparin) led to
the development of shorter heparin variants with optimized
anticoagulant activity and reduced bleeding risk as compared
with UFH. These heparins are obtained by fragmentation of
UFH by chemical or enzymological means and are commonly
described as low-molecular-weight heparins (LMWHs). While
UFH molecules may range in size from 6 to 60 kDa, those for
LMWHs vary between 1 and 10 kDa.>® Many different types of
LMWHs exist (e.g., Food and Drug Administration-approved
dalteparin, enoxaparin, and tinzaparin) with the more recent
generation of second-generation LMWH or ultralow molecular
weight heparins such as bemiparin and semuloparin (reviewed
in Walenga and Lyman’). All these LMWH preparations express
different activities toward FXa and have different pharmacoki-
netic profiles. Consequently, they have different applications in
clinical practice.

The use of LMWH offers several advantages over UFH as
the former has a higher bioavailability, allows better predict-
able dosing, and is associated with less adverse reactions. As
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a result, LMWH has become the heparin of choice in many
standard clinical situations such as venous thromboembo-
lism (VTE), major surgery, and acute coronary syndrome.7'8
UFH, however, remains preferred in situations such as pre-
vention of coagulation in extracorporeal devices and in
patients with renal failure due to less dependence on the
kidneys for clearance and improved reversibility with
protamine.’

Considering the drawbacks of heparin isolated from animal
origin, a synthetic anticoagulant with a high affinity toward AT
was developed.'® The compound in question, fondaparinux,
comprises a specific “pentasaccharide sequence” and will be
discussed in the next section in more detail (see Anticoagulant
Properties of Heparin). Fondaparinux is approved for the
prevention and therapy of VTE after major surgery, and has
been successfully applied in patients with, e.g., myocardial
infarction."" Likewise selective modified forms of heparins
such as (de)sulfated, deacetylated, or glycol-split heparins are
being developed as alternative nonanticoagulant drugs and are
currently being tested in preclinical and clinical studies for
their application in particular settings.'?

Anticoagulant Properties of Heparin

Of all its functions, the anticoagulant action of heparin has
been described best. It is based on a proposed combined
template-based/allosteric mechanism for the interaction
between the plasma serine proteinase inhibitor AT and
either thrombin or FXa. Although the inhibition of factors
VIla, IXa, Xla, and kallikrein by AT is also stimulated by
heparin, these will not be discussed here as these are
regarded of overall lesser importance than the inhibition
of FXa and thrombin.

Heparin facilitates the interaction between AT and throm-
bin (or FXa) by binding tightly with a specific site to AT. This
site is known as the “pentasaccharide sequence,” consisting
of a specific sequence of five highly sulfated sugar units in the
heparin polymer.B'14 ~Fig. 1A shows an experimentally
derived structure for the ternary complex composed of a
synthetic heparin mimetic binding both thrombin and AT."”

Moreover, AT undergoes a conformational change upon
binding to heparin (=Fig. 1B). This change makes AT about
twice as reactive to thrombin and up to 100 times more
reactive to FXa.'®'” The remaining 100- to 1,000-fold in-
crease of activity is due to the fact that thrombin binds
loosely and aspecifically to the remainder of the heparin
chain and is then guided rapidly to the bound AT by one-
dimensional approximation along the heparin molecule. FXa
inactivation is subject to the same mechanism but binds 10
times less strongly than thrombin and is inactivated three
times less efficiently.'® The interaction between the complex
of heparin and AT with FXa or thrombin is thus essentially
different. FXa can interact with the pentasaccharide-AT
complex as such, whereas inactivation of thrombin requires
a “slide” of 17 sugar units at the nonreducing end of the
pentasaccharide.!® Given this requirement in sugar length
for the inactivation of thrombin by the heparin-AT complex,
the “slide” can best occur with UFH and not with LMWH.®
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Fig. 1 Theinteraction of heparin with antithrombin (AT) and thrombin. Three-dimensional structure of the ternary complex between thrombin
and AT, bound to the heparin mimetic, SR123781. (A) Shown are the surface structures of thrombin (pale yellow) and AT (blue) that are bound by a
heparin fragment (as ball presentation in red and green). This structure represents the 2.5 A crystal structure as is deposited in the protein data
bank by accession number 1TB6.pdb.'® (B) Conformational change in AT induced by the binding of the pentasaccharide. Left: crystal structure of
monomeric AT (1F1T.pdb, in blue) in the nonbound state, with the reactive center loop in gray and P1 residue Arg393 in yellow. Note the hinge
region (as indicated by the dashed arrow) in a folded conformation. Right: upon binding of a pentasaccharide (as indicated by the ring structures
in green and red) the hinge region assumes a more elongated conformation, causing the reactive center loop (in gray) and the P1 residue (in

yellow) to be exposed (from PDB coordination file 2GD4.pdb).

Heparin as a Direct and Indirect Modifier of
Coagulation Pathways

The registration and application of heparin as an anticoagulant
has spurred the research into mechanistic studies to explain
the beneficial effects observed with its clinical use. Interest-
ingly, not only antithrombotic functions were recorded but
also a wide variety of nonanticoagulant properties of heparin
were elucidated. These nonanticoagulant properties include
heparin-mediated modulation of adhesion molecules, 292
heparin-induced release of endothelial-bound tissue factor
pathway inhibitor (TFPI),22 modulation of fibrinolytic activa-
tors such as tissue plasminogen activator,?> the binding of
chemokines and cytokines,? and more recently the neutrali-
zation of damage-associated molecular patterns (DAMPS).2>

Hence, heparin expresses anticoagulant and nonanticoa-
gulant activities (=Fig. 2) that collectively contribute to the
therapeutic effects observed in the wide range of clinical
applications of heparin (=Table 1).

It should be mentioned that also procoagulant/antifibrino-
lytic properties of heparin have been observed. These include
the stimulation of the inhibition of activated protein C by
protein C inhibitors,?® the attenuation of fibrinolytic path-
ways,?” the altered inactivation of coagulation factor Va,?® and
the stimulation of clotting of FXa-initiated coagulation of
plasma.’ The latter two properties, however, have been tested
in the absence of AT. Such conditions may occur in individuals
with a consumptive coagulopathy. Treating individuals with
heparin may cause depletion of AT.?° Further, of interest here
are (1) the observed acceleration of thrombin formation that
occurs through inhibition of TFPI function by the nonanticoa-
gulant proteoglycan AV513,>? an effect which promotes the

activation of coagulation factor V3 and (2) the procoagulant
properties of polyphosphate, a linear polyanionic polymer of
inorganic phosphate,! as well as of extracellular RNA,>? both
of which induce autoactivation of coagulation factors XII and
XI, but cannot substitute for heparin as an anticoagulant.

Nonanticoagulant Properties of Heparin

Although heparin was discovered and developed as an antico-
agulant, it was realized that roughly 70% of the heparin
molecules in UFH did not bind to AT,*>3° a fraction which
was termed “inactive heparin™>* or “low-affinity materi-
al333> Hence, over the years patients receiving UFH have
been injected also with “inactive” heparin molecules. Given
the low frequency and accepted minor side effects of UFH use,
the “inactive” heparin molecules may have contributed posi-
tively to the overall therapeutic effects of UFH.

Indeed, it has been realized that the earlier termed
“inactive” fraction of heparin contains activities that appear
to be tissue-protective. In those clinical situations where use
of heparin as an anticoagulant is indicated, tissue damage
through ischemia and reperfusion is frequent. Therefore, in
retrospect nonanticoagulant beneficial properties of heparin
may well have contributed to the success of heparin.

Acknowledging the observed nonanticoagulant properties
of heparin, both UFH and LMWH have been applied for several
other applications besides their use as antithrombotic thera-
peutics. These include applications such as surface coating of
biomedical devices, treatment of hemodynamic disorders,
modulation of growth factors, and serving as an adjunct to
chemotherapeutic and anti-inflammatory drugs. Currently
there are nearly 250 different manually reviewed entries in
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Fig. 2 Heparin-ligand interactions in physiological and pathological states. Schematic illustration of the polypharmacological properties of heparin in
cancer/metastasis (green), coagulation (red), cellular homeostasis (blue), the immune system (yellow), or properties able to affect multiple of these
processes. Binding of heparin to a plethora of heparin-binding biomolecules may result in alterations of important physiological processes and affect
physiological states. (A)PC, (activated) protein C; AT, antithrombin; DAMPs, damage-associated molecular patterns; ECs, endothelial cells; GF, growth factor;
PAR-1, protease activated receptor-1; SMC, smooth muscle cell; TFPI, tissue factor pathway inhibitor.

Table 1 Physiological/pathological states and medical procedures for which heparin is being applied

Targets and applications of heparin

Acute myocardial infarction | Deep vein thrombosis | Ischemic stroke Surgery

Alzheimer’s disease Drug delivery

Pregnancy

Extracorporeal circulation and hemodialysis

Atrial fibrillation Infectious disease

Pulmonary embolism | Transplantation

Note: Heparin is a multifunctional biomolecule which is used in many different types of medical applications and for various physiological and
pathological states. Some examples of heparin’s targets and applications, as extracted from references throughout this text, are given.

the Swiss-Prot database for proteins that bind heparin and
whose biological properties can be modulated by heparin.
Modulating effects of heparin not necessarily depend on its
anticoagulant activity and an increasing number of described
effects can be contributed to heparin’s nonanticoagulant
properties. The following sections provide an overview of
the most studied nonanticoagulant properties of heparin,
supported, if possible, by molecular mechanisms that explain
the observed effects of heparin.

Growth Factor Modification
Binding of growth factors to heparins has already been

described in the 1980s. In fact, the preparation of purified
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growth factors can proceed efficiently through the use of
affinity chromatography using immobilized heparin.
Several observations may help to explain the effects that
heparins have on growth factor function and availability.
HSPG-bound fibroblast growth factor-2 (FGF-2) was shown
to enter cells via nonclathrin-mediated lipid raft-dependent
pathways, thus preventing the FGF-2 to be directed toward
the lysosomes.3® Notably, heparin needs charged molecules
to be able to translocate to the cell nucleus and compete with
DNA for binding to growth factors.3” It is known that many
growth factors (e.g., vascular endothelial growth factor
[VEGF], FGF, and platelet-derived growth factor [PDGF])
bind to GAGs present on the cell surface and in the ECM
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where they are deposited in the basement membrane.3® As
such, these growth factors are protected from proteolytic
inactivation or physical denaturation.>® At the same time,
they can reside in the endothelial GAG layer and serve as a
pool of ready-to-use growth factors that can for instance
respond to vascular damage. When the GAG chains
are broken down by physiological or pathological stimuli,
the bound growth factors are released and may bind (likely in
complex with the released GAG) to their respective cellular
receptors.40 Since heparin can interact directly with both
growth factors and their respective receptors, it acts as a
bridging or coreceptor molecule which can mediate the
formation of high-affinity growth factor-receptor complexes.
Addition of exogenous heparin may thus compete with the
cell-bound GAGs for binding to the immobilized growth
factor pool and stabilize these growth factor-receptor com-
plexes. This stabilization by heparin can result in signaling
events and has been observed for heparin sequences exceed-
ing a tetramer polysaccharide length of appropriate compo-
sition and structure.*’#? Interestingly, for the promotion of
VEGF activity, soluble heparin with a chain length of >22
saccharides is required, while a chain length of <18 sugar
units results in the inhibition of VEGF binding to its recep-
tor.*> Therefore, LMWH appears to be a potent inhibitor of
both angiogenesis and fibrosis.*>#4

In recent years, novel applications of heparin-growth
factor modifications have been investigated in the field of
nano- and regenerative medicine.*> Heparin-tailored
biomaterials/scaffolds, such as hydrogels, nanoparticles, pol-
ymers, and liposomes, have been studied in tissue engineer-
ing and drug-delivery applications.*® Using high-affinity
delivery systems, heparin, growth factors, and/or drugs can
site-specifically be delivered to the tissue of interest and
exert effects depending on the delivery system.

Antimetastatic Properties of Heparin
Use of heparin as a potential chemotherapeutic adjunct has
been under investigation for many years.

Interest in the antimetastatic properties of heparin was
sparked by several clinical observations indicating that cancer
patients who were treated with heparin or heparin derivatives
for cancer-associated thromboembolic disease appeared to
have prolonged survival.*”48 Several preclinical studies inves-
tigating predominantly melanoma or mammary carcinoma
tumors aimed to elaborate on the anticancer and antimeta-
static properties of heparin (reviewed in Borsig*).

Besides heparin’s anti-FXa and antithrombin effects, an
additional anticoagulant mechanism was suggested to be
involved in metastatic mechanisms, namely the induction of
TFPI release from cells,?2°° a phenomenon that is observed in
cancer patients receiving heparin.”' TFPI exhibits antiangio-
genic and antimetastatic effects in vitro and in vivo and its
release is induced by both anticoagulant and nonanticoagulant
LMWHs.>? Furthermore, heparin is thought to downregulate
the expression and activity of tissue factor through modulation
of growth factor receptor-mediated activation of nuclear
factor-kappa B (NF-kB).>> Another potential antimetastatic
mechanism of heparin is hypothesized to be the inhibition
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of fibrin deposition around tumor cells, which lifts the protec-
tion from cancer cells against immune cell attack.>*

Besides these anticoagulant mechanisms through which
heparin is able to exert anticancer properties, nonanticoagu-
lant mechanisms are assumed to be involved in these effects as
well. One of the contributing nonanticoagulant activities was
proposed to be the modulation of selectin activity (see the
Anti-inflammatory Properties section). Heparin is known to
block P- and L-selectin binding to natural and tumor cell
ligands. This implies that heparin is able to modify selectin-
mediated events, thereby influencing cell-cell interactions
that drive tissue growth and differentiation. Interestingly,
there appears to be specificity in the effects that glycans
have on selectin binding, with, e.g., heparin and HS showing
differential interaction with selectins.”®> UFH and LMWH were
shown to inhibit metastasis of carcinoma cells to an extent
comparable to that of P-selectin deficient cells.*>°® It is
however difficult to describe this selectin-blocking heparin
property as being specifically antimetastatic since the exact
mechanisms still remain under investigation.>’>%

Modulation of chemokine-chemokine receptor interac-
tions constitutes another action of heparin affecting cell
migration and metastasis, as was shown for the chemokine
receptor CXCR4 and its ligand CXCL12 through in vitro
studies.>® Also the interaction of the integrin VLA-4 with
its ligand VCAM-1 was found to be inhibited by heparin,
reducing melanoma cell adhesion and experimental mela-
noma metastasis.®® CXCR1/2 and CXCLS8 are other potential
targets for heparin.®’ Heparanase is an endoglycosidase that
degrades HS in the ECM and on cell surfaces. Inhibition of
heparanase activity by heparin was shown to inhibit tumor
invasion and metastasis.®? The inhibition is abolished by
using a totally desulphated type of heparin.63

Other ways through which heparin is thought to exert
anticancer effects are the direct induction of apoptosis of
carcinoma cells through cell-cycle arrest® and the enhance-
ment of tumor cell sensitivity to chemotherapy by increasing
drug uptake and reversing the downregulation of tumor
suppressor genes.®>% The Wnt signaling pathway is thought
to be involved in this latter process.%® Recently it was also
shown that galectin-3, a B-galactoside-binding protein which
is commonly overexpressed in most types of cancers, can be
inhibited by heparins, independent of their anticoagulant
properties. The exact mechanism via which this inhibition
results in reduced metastasis is unclear but ligation by heparin
has clearly inhibitory effects on galectin-3-mediated cancer
cell behavior.%”

In view of the close interplay between the hemostatic
system and those mechanisms that underlie processes of
cancer cell growth and metastasis, it is likely that the observed
therapeutic effects of heparin in cancer patients can be attrib-
uted to multiple effects of the drug. It appears that prescription
of heparin (mainly LMWH or UFH) in cancer patients without
associated thrombosis results in increased survival, in the
absence of an increased bleeding risk, as was recently shown
by means of a meta-analysis for particularly small cell lung
cancer patients®® or in a randomized phase III study in non-
small cell lung cancer patients.®® It should be noted, however,
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that a recent multicenter randomized trial evaluating the
prophylactic use of LMWH in >2,000 lung cancer patients
found no difference in overall or metastasis-free survival
between heparin-treated and untreated groups, while there
was an increase in clinically relevant nonmajor bleeding
events.”%”1 Other trials indicated that patients with a “better
prognosis” might benefit most from heparin treatment.”>~74

Of note, the aforementioned studies have used registered
anticoagulant heparin formulations and it has been observed
before that the antimetastatic properties do not depend on the
anticoagulant functions of heparin.”>’® Potentially contribut-
ing to this is the activity of heparin cofactor I, a plasma serpin
with anticoagulant activities, which is known to act through
both pentasaccharide-containing heparin (anticoagulant hep-
arin) as well as through nonanticoagulant heparin. Via both in
vitro study and animal studies it was shown that heparin
cofactor II enhances metastasis in nonsmall cell lung cancer,
which supported an observed correlation between high pre-
treatment plasma levels of heparin cofactor Il and a reduced
survival.”’ As such, nonanticoagulant heparins are being
probed for their usefulness as adjuncts in preclinical antime-
tastatic models. Several studies suggest that such heparin
derivatives could indeed provide the sought after anticancer
effects, without affecting the coagulation system.”®”8 The fact
that these heparin forms can be dosed to higher concentrations
without risking bleeding in patients may prove beneficial to
their potential application.

Also, the effects of heparin on the inhibition of metastasis
were not observed for fondaparinux,”® suggesting that the
earlier listed anticoagulant properties are not per se the most
significant contribution to the overall activity. Likewise, the
mentioned inhibitory interaction of heparins with selectins is
independent of the anticoagulant function of heparin and was
described also for chemically modified forms of heparin in
vitro.”® As the hemostatic system is involved in cancer devel-
opment, it remains to be proven what the true therapeutic
value of inclusion of nonanticoagulant heparin in cancer
treatment is and what the best treatment strategy is in current
clinical practice. Hence, the possibility that different types of
heparin have different therapeutic effects in various types of
cancer should be considered. Therefore, clinical studies are
needed that are designed to determine anticancer effects of a
specified heparin type in a specified patient population.

Anti-inflammatory Properties of Heparin

Given the fact that endogenously produced heparin is stored
in the granules of mast cells, it may not be surprising that
pharmaceutical-grade heparin has immunomodulatory
properties. Mast cells play a major role in inflammatory
and allergic diseases as they contribute to increased vascular
permeability and to allergic and anaphylactic reactions. It
has been reported that heparin from mast cells, which is
structurally different from clinical-grade heparin, has proin-
flammatory properties via the stimulation of bradykinin,3°
similar to what has been reported for oversulphated €S.3!
However, endogenous heparin-like GAGs present on the
endothelial cell surface and administered heparin appear
to have quite the opposite effect. Patients with pathologies
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having a distinct immunological component seem to benefit
from administration of heparin because of its anti-inflam-
matory properties, even though the evidence is not always
equally convincing. These pathologies include conditions
such as asthma, allergic rhinitis, inflammatory bowel dis-
ease, ocular disorders, cystic fibrosis, and burns.82-8° Also in
several cardiovascular conditions with a clear inflammatory
component such as acute coronary syndrome, cardiopulmo-
nary bypass, and thrombophlebitis,87‘89 the use of heparin is
beneficial. In organ preservation and transplantation, in
which processes of both ischemia and reperfusion are ap-
parent, heparin is used to reduce vascular thrombosis and
ischemia-reperfusion injury.’®°! However, the exact benefit
or risk of heparin treatment during different stages of these
processes is still a subject of debate.

The mechanisms by which heparin and its derivatives are
able to express their anti-inflammatory properties reflect their
multifaceted effects in biological processes. The anti-inflam-
matory properties can be roughly divided into two modes of
action (=Fig. 3): (1) modulation through binding to soluble
plasma ligands and (2) modulation through binding to cell-
surface-bound receptors or macromolecules, with potential
effects on downstream signaling pathways. In this way, heparin
is able to interfere with several (if not all) stages of leukocyte
transmigration and extravasation into the target tissue.

Modulation by Heparin through Binding of Soluble
Plasma Ligands

Heparin is known to interact with a wide variety of ligands, in
particular proteins, and these interactions confer upon hepa-
rin its anti-inflammatory functions. Through binding of in-
flammatory mediators and enzymes, heparin can inhibit
activation of inflammatory cells and subsequent propagation
of the inflammatory response and tissue damage.®? Examples
of such ligands are complement proteins which have been
described to express changed functional properties upon
heparin binding.?®> Heparin interferes with both the classical
and alternative complement pathways by binding and inhibit-
ing the formation of several complement factors (e.g., active C1
complex, C3 convertase) as well as the membrane attack
complex, interfering with terminal cell lysis.>*

Likewise, proinflammatory molecules like chemokines and
cytokines are able to bind to heparin, in which electrostatic
forces and interaction sites seem to determine the relative
affinity toward a particular molecule.’>°® Binding of cytokines
to cell-surface GAGs and binding to mast-cell-derived heparins
at the site of inflammation result in the concentration and
protection of cytokines against proteolytic inactivation and
rapid clearance from the circulation. Given that these cyto-
kines and chemokines exert their proinflammatory functions
through receptor-mediated events, the administration of ex-
ogenous heparin will result in competitive binding between
the inflammatory mediators and either the endogenous
GAGs/heparins or the administered heparin. Consequently,
administered heparin can dissociate cytokines and other
proteins from their stationary binding, as it is observed during
an acute-phase reaction, in which heparin-binding proteins
are elevated in post-heparin plasma.®’
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Fig. 3 Theanti-inflammatory nature of heparin-ligand interactions. lllustration of the anti-inflammatory polypharmacology of heparin. Besides its use as an
anticoagulant, the anti-inflammatory properties of heparin are widely recognized. These properties depend on the overall effect of heparin affecting many
different ligands. These ligands can be either found in plasma, are surface-bound, or are present in the intracellular compartment.

In 2004 it was shown that nuclear proteins, although not
present in the circulation under normal physiological con-
ditions, may appear in plasma as a result of NETosis.”®
NETosis is the process in which decondensed chromatins
composed of nuclear DNA-histone scaffolds, designated
neutrophil extracellular traps (NETs), are formed in response
to a trigger, which is commonly a pathogen. Besides the
DNA-histone network, NETs contain several granule pro-
teins, oxidases, and elastases.”® Histones are known to be
cytotoxic when present extracellularly.®® In vitro and in vivo
experiments by Wildhagen and coworkers have shown that
heparin is able to neutralize the cytotoxicity of extracellular
histones through a mechanism that is independent of its
anticoagulant properties,25 findings that were later con-
firmed.'%%197 Fyrthermore, both heparin and HS were able
to prevent accumulation of histones in the lungs of rabbits
when administered prior to histone injection.'®? Other
granular proteins from activated immune cells such as
elastase and cathepsin G have also been shown to be inhib-
ited by heparin.'® NETs are a major component of arterial
and venous thrombi, as demonstrated by several in vivo
models and in patients, whereby LMWH was shown to
prevent NETosis and thereby the extent of deep vein throm-
bosis in mice.'® This effect could demonstrate the strongest
anticoagulant function of heparin.

It is worthwhile noting that heparin accelerates inhibition of
thrombin by AT and, thereby, will affect also downstream
thrombin targets/substrates, such as the protease activated

receptor-1 (PAR-1).'%° PAR receptors contribute to the proin-
flammatory response. Consequently, heparin dampens inflam-
mation auxiliary to activated coagulation. An illustration of this
intertwining of mechanisms is seen in the fact that in vivo
thrombin formation can lead to inflammation, but also vice
versa, in which a proinflammatory state may lead to thrombo-
embolic events.'%® In as much atherosclerosis can be seen as an
inflammatory condition, it has been known for several decades
that heparin use is associated with a lowered risk for athero-
sclerosis. Support for this association is given by the interplay
between hemostatic and atherogenic processes,'’” both of
which are directly affected by the anticoagulant properties of
heparin but also through the binding of heparin to other plasma
and vessel-wall components (see also next paragraph). Collec-
tively these effects result in a state in which the endothelial
barrier function is preserved and thrombin generation and
platelet adhesion are inhibited. Likewise, studies from the
1960s already showed that lipoprotein lipase activity in the
blood is increased in the presence of heparin, resulting in
reduced lipoprotein uptake by the vessel wall and an overall
improved lipid profile by a lowering of low-density
lipoproteins.1 08

Heparin-Dependent Modulation of Cell-Surface-Bound
Receptors or Macromolecules

Several studies have shown that heparin is able to modify
interactions between cells. Heparin-dependent binding to cell
adhesion molecules as well as heparin-independent altered
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expression of adhesion molecules appears to mediate these
effects.>>'% Particularly, the inhibition of interactions
between endothelial cells and blood cells (e.g., leukocytes,
platelets) by heparin results in a more anti-inflammatory
state, whereby heparin reduces tumor necrosis factor-a-
induced leukocyte rolling in vivo.! ' This effect is likely caused
by the binding of heparin to P-selectin that is present on the
surface of activated endothelial cells and activated platelets.' !
Heparin also binds L-selectin on the surface of leukocytes and
has anti-inflammatory activity in vivo.' "> HS that is present on
activated endothelial cells is known to be of importance for the
adherence and rolling of leucocytes to the endothelium, and
exogenously added heparins can interfere with and prevent
this interaction.!’3114 Interestingly, despite its structural
similarity to P- and L-selectin, E-selectin does not bind hepa-
rin.”” This difference relies on two specific amino acid residues
in the EGF-like domain, meaning that E-selectin would be able
to bind heparin if these are altered.'’ The reported down-
regulation of E-selectin and other adhesion molecules in
heparin-treated endothelial cells is thought to occur (in part)
through NF-kB inhibition.'® Intercellular adhesion molecule-
1 (ICAM-1), a cell adhesion molecule of the immunoglobulin
superfamily of proteins which binds strongly to the integrins
CD11a/CD18 or CD11b/CD18, is present in the membranes of
both activated endothelial cells and leukocytes. [ICAM-1 inter-
actions are important for the maintenance of the barrier
function of endothelial tissue and for leukocyte endothelial
transmigration. Heparin was shown to attenuate ICAM-1-
mediated interactions by binding to this adhesion molecule'"”
and to suppress increased ICAM-1 expression during endo-
thelial cell activation by reducing gene expression.''® Platelet
endothelial cell adhesion molecule or PECAM-1, expressed on
the surface of platelets and immune cells, which is involved in
transmigration of immune cells, is thought to bind to heparin
under preferable mild acidosis conditions.''®'2% Also neuro-
nal cell adhesion molecule (NCAM)'?" and the integrin mac
rophage-1 antigen (Mac-1)'?? have been shown to bind
heparin. Mac-1 is present on the surface of several immune
cells, including neutrophils, macrophages, and natural killer
cells. This pattern recognition receptor consists of protein
subunits CD11b/CD18 and binds to several ligands including
the complement proteins iC3b and C4b and several bacterial
surface epitopes. Heparin binding to Mac-1 was shown to
inhibit the binding of Mac-1 ligands, resulting in modulation
of inflammation and cell proliferation.

Heparin was also shown to influence interaction of viruses
with cells and heparin can compete with cell-surface-bound
HS for binding to several types of viruses. This attenuates the
functional interaction between the virus and its target cells
and thus can result in inhibition of infection.'?3-12>

The above-mentioned receptor-mediated anti-inflamma-
tory effects of heparin can be considered as in direct contrast
to the effects resulting from the heparin-mediated inhibition
of thrombin and FXa. Through the enhancement of inhibition
of thrombin/FXa activity in vivo, heparin thus has a twofold
indirect anti-inflammatory property since it is known to
dampen the procoagulant responses of endothelial cells and
platelets by limiting their activation by coagulation factors.
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In addition it was shown that both heparin and low antico-
agulant heparin act in a PAR-1-dependent manner through a
mechanism that does not depend on thrombin binding and
can thus directly interfere with cell signaling.'?® The damp-
ening effect of heparin on platelet reactivity appears in
contrast to effects recorded for use of dabigatran, an oral
anticoagulant (direct oral anticoagulant [DOAC]) for which it
was shown that its use in a cohort of atrial fibrillation
resulted in enhanced platelet reactivity and increased plate-
let PAR-1/PAR4 expression.'?’

In addition to endothelial cells, heparin also targets
vascular smooth muscle cells (VSMCs) and modulates their
biology. Heparin induces switching from VSMC synthetic to
contractile phenotype and inhibits VSMC proliferation by
interfering with cell-cycle progression.128 This property of
heparin can be employed in stent technology to prepare
coatings that control neointimal cell growth.'?® The modu-
lation of VSMCs appears to depend neither on the anionic
charge'3° nor on the anticoagulant properties of heparin.'>’

Many experimental and clinical studies have illustrated in a
more integrative approach the overall beneficial in vivo effects
of heparin in inflammation. More recent studies confirmed
that both UFH and LMWH reduce neutrophil sequestration and
lung permeability with concomitant tissue protection in a rat
model of lipopolysaccharide (LPS)-induced acute lung inju-
ry.'32133 The protective effect was likely independent of
heparin’s anticoagulant properties since heparins devoid of
anticoagulant activity reduce neutrophil infiltration and pro-
tect lungs in a mouse model of LPS-induced sepsis.?”

Finally, heparin acts positively on vascular endothelium
by restoring glycocalyx function after inflammation-induced
glycocalyx shedding.'3#13° It is hypothesized that heparin
can replenish the cell-surface proteoglycan network by
mobilizing an intercellular pool of syndecan-1'3® and that
heparin can take over partly the functions of syndecan-1."3’

As discussed above heparin can influence heparin-indepen-
dent intracellular signaling through modulation of receptor-
ligand interactions. Heparin was shown to inhibit p38 MAPK
and NF-kB activation in an in vitro LPS-induced inflammatory
response on endothelial cells'3® as well as in an in vivo
experimental model of LPS-induced inflammation.'3? Like-
wise, heparin was able to alleviate endothelial barrier dysfunc-
tion through regulation of p38 MAPK in an inflammatory
model induced by the DAMP high mobility group box 1
(HMGB1)."3® While some report heparin does not affect the
translocation of NF-kB into the nucleus,'*° other have proposed
that it may compete with DNA for NF-kB binding sites.'38:141

Another process in which heparin likely acts through NF-
KB is the decreased degranulation of mast cells and other
immune cells after exogenous heparin administration. This
decrease subsequently leads to a reduction in lysosomal
enzyme activation and reactive oxygen species (ROS) gener-
ation.'#? As heparin was found to be an antioxidant, heparin
is possibly exerting its effects through NF-kB given the
crosstalk between both ROS and NF-kB.'43

An important indication of heparin’s anti-inflammatory
activities in the clinical setting is provided by recently pub-
lished meta-analyses interrogating the effect of heparin use in
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patients with sepsis.'**"146 The general outcome of these
analyses is that the use of heparin and LMWH results in
reduced 28-day mortality in these critically ill patients, despite
the recording of an increased number of bleeding events.
Septic patients often have a compromised coagulation system.
This awareness has prevented a more widespread clinical use
of heparin as an anti-inflammatory agent in sepsis.g7 Since a
significant part of heparin’s anti-inflammatory actions does
not depend on anticoagulant activity, it is hypothesized that
heparins with low anticoagulant activity have beneficial ther-
apeutic effects without increasing the risk of bleeding in
patients with sepsis. Clinical trials are needed to address
this hypothesis.

Adverse Effects of Heparin
The extensive experience that was gained over the many
years of heparin use has revealed several side effects of
heparins that may limit their use and should always be
considered when heparins are being prescribed. A foremost
side effect of anticoagulant heparins is the occurrence of
bleeding. For several reasons, depending on the clinical
context, a dose of heparin may completely disturb the
hemostatic balance such that bleeding occurs. Given the
relative short plasma halftime of heparin, this effect is
relatively transient as compared with bleeding caused by
vitamin K antagonist use. Moreover in an emergency situa-
tion, heparin can be reversed with protamine, a positively
charged protein that binds to the negatively charged heparin,
upon which the complex is removed from circulation by the
reticuloendothelial system. A further well-described and
potentially dangerous side effect is the occurrence of hepa-
rin-induced thrombocytopenia (HIT), which is estimated to
occur in 0.1 to 5% of patients who receive therapeutic doses
of heparin (for a recent review see Sanford et al'#’). HIT can
be induced by various types of heparins, but the incidence of
HIT is lower with the use of more fractionated heparins, as
LMWH. Two types of HIT exist, with the first type, which is
less significant in clinical practice, being triggered by the
exposure of patients to UFH or high heparin doses for the first
time. This a nonimmune thrombocytopenic response caused
by binding of heparin to platelet-exposed PF4, resulting in
ultralarge complexes (ULCs) that trigger platelet activation
or via a fibrinogen receptor mediated lowering of platelet
counts. HIT type 2, is an immune-mediated response where
antibodies are generated against ULCs. This type of HIT
causes life-threatening thromboses and thrombocytopenias
and is seen usually 5 to 10 days after the onset of heparin
therapy. Immediate cessation of heparin administration is
essential to allow increase of platelet counts. A recent
guideline by the American Society of Hematology recom-
mends the use of a nonheparin anticoagulant (such as
argatroban, bivalirudin, danaparoid, fondaparinux, or
DOACs) for treatment of acute HIT.'*®

Data on other adverse effects of heparin use are more scarce.
These include the association of heparin use and osteoporo-
sis' and the occurrence of skin lesions.'® It is generally
accepted that long-term use of UFH is associated with a 2.2 to
5% incidence of heparin-induced osteoporotic fracture, an

Beurskens et al.

effect that is far less clear for LMWH. The molecular mecha-
nism through which heparin induces bone loss is not
completely understood, but it likely involves the resorption
of bone by osteoclasts, an effect that is stimulated by heparin.
At the same time osteoblast function is suppressed, together
leading to decreased bone mass. Few data are available on the
incidence of heparin-induced skin lesions, but a study from
2009'°0 estimated that 7.5% of patients receiving subcutane-
ous heparin developed skin lesions, which makes heparin-
induced skin lesions relatively common. In all these patients a
delayed-type hypersensitivity reaction was the cause of the
lesion which occurred after prolonged heparin use.

Conclusion and Outlook

Discovered about a century ago as a water-soluble anticoagu-
lant obtained from animal tissues, heparin has ever since been
used in the clinic because of its anticoagulant properties.
Clinical use became widespread after Kakkar showed that
systematic administration after surgical interventions dramat-
ically decreased postoperative thrombosis with acceptable
bleeding risk. Research over the past decades has unveiled
diverse nonanticoagulant properties of heparin that potentially
have therapeutic value in a variety of diseases with inflamma-
tory components. UFH is a mixture of polysaccharides with
variable saccharide compositions and molecular weights. So far
ithas not been demonstrated that all the polysaccharides in the
mixture contribute to the nonanticoagulant properties. Further
research is required to delineate the structure-function rela-
tionship of the various nonanticoagulant properties, in stark
contrast to the structure-function knowledge available in the
anticoagulant properties of heparin. Nevertheless, the antico-
agulant property of heparin will impact its use in nonanticoa-
gulant applications by limiting the dose due to bleeding risk.
One strategy to exploit fully the nonanticoagulant properties
therapeutically encompasses the continued formulation of
heparins that have no or limited anticoagulant activity.
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