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In memory of Benito Casu
The editors and authors of Chapter 20 dedicate this chapter to the memory of 

Benito Casu (1927–2016), remembering his pioneering contributions in 
Glycoscience starting from his early studies on the structure and conformation of 
glucopolymers up to seminal papers of SARs of heparins and their “non-anticoagu-
lant derivatives inhibiting heparanase, endowed with potential anticancer and anti-
inflammatory therapeutic applications”.

Benito Casu joined the “G. Ronzoni Institute” in Milan, with an ‘organic chem-
istry’ degree of the University of Pavia, in 1951 pioneering chemo-physical studies 
of natural glucopolymers, using innovative spectroscopic methods including NMR.

In 1968 he obtained the professorship in Chemical Spectroscopy and the nomi-
nation. The next year he joined, as visiting scientist, the Chemistry Department of 
McGill University at Montreal (Canada) directed by prof. A. Perlin. In a fruitful 
sabbatical year, he contributed, primarily through early NMR studies of heparin, to 
the notion that the flexibility of its chains, fundamental for binding proteins and 
biological activities, are mediated by different conformations of L-iduronic acid 
residues (H). These studies earned him an international reputation, the direction of 
the Institute and an invitation to join a French Academic/Industrial research project 
succeeding in identifying the heparin antithrombin binding region (ATBR) funda-
mental for its anticoagulant activity. This discovery paved also the way to the pres-
ent important clinical applications of Low Molecular Weight Heparin (LMWH). 
Under his direction the Ronzoni Institute promoted a number of important transla-
tional projects, including projects supported by EC grants: BRIGHS: 
Biotechnological Routes In Generating Heparin-like Saccharides; BANG: 
Biologically Active Novel Glycosaminoglycans, focusing on the preparation of 
“bioheparin” through chemo enzymatic processes starting from a bacterial biosyn-
thetic precursor; and “Heparanase inhibitors for cancer therapy”, joining the teams 
and editors of this book.
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Abbreviations

2OdesH or ODSH	 2-O,3-O-desulfated heparin
AT	 antithrombin
ATBR	 (heparin) antithrombin binding region
CHS	 chondroitin sulfate
DCoxH	 dicarboxylated oxy heparin
DeS	 dermatan sulfate
D-Gal	 galactose
D-GlcA	 glucuronic acid
D-GlcN	 glucosamine
DS	 sulfation degree
ECM	 extracellular matrix
GAG	 glycosaminoglycan
gs	 glycol split
HBP	 heparin binding protein
HMW	 high molecular weight
HS	 heparan sulfate
HSBP	 heparan sulfate binding protein
HSPG	 heparan sulfate proteoglycan
IdoA-L	 iduronic acid
K5PS	 E.coli K5 polysaccharide
LMWH	 low molecular weight heparin
NA	 N-acetylated domain
NAH	 N-acetyl heparin
NS	 highly sulfated domain
NS-K5	 N-sulfated K5PS
NS-OSK5	 N,O sulfated K5PS

In the framework of this preface it is impossible to assess the content and the 
breath of the contributions (articles, book chapters, invited plenary lectures) of prof. 
Casu and his coworkers, all had also the merit of sharing time and knowledge with 
visiting scientists and young students. Prof. Casu was the Coordinator of the carbo-
hydrate group of the Italian Chemical Society, National member of the International 
Advisory Board of the most important carbohydrate chemistry and Biochemistry 
Journals and books. He received many distinctions and Awards most remarkable, in 
1998, the “Honorary Doctorate in Medicine” from the University of Uppsala 
(Sweden) for his studies in glycoscience.

Let’s conclude this preface remembering an almost unknown creative talent of 
Benito Casu in sculpturing rocky stones, and his eclectic performance in dosing and 
shaking “gin-fizz” for friends and in the drink-mill of Villa Vigoni as an evening 
closing event of participants at the annual GAG Symposium in Loveno, organized 
by Benito from 1991 together with prof. Job Harenberg and Ronzoni coworkers.
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OS-K5	 O-sulfated K5PS
oxyH	 oxyheparin
PS	 polysaccharide
PST	 pentasulfated trisaccharide
ROH	 reduced oxy-heparin
SAHS	 sulfoamino heparosan sulfate
ssLMW	 supersulfated LMWH
TSD	 trisulfated disaccharide
UFH	 unfractioned heparin

20.1  �Introduction

Heparan sulfate proteoglycan (HSPG) physiological functions, fundamental for 
development, homeostasis and signaling, are dependent on the integrity of heparan 
sulfate (HS). Heparanase is an endo-β-D-glucuronidase which cleaves chains of HS 
present at both cell surfaces and the extracellular matrix (ECM). Early on, its dereg-
ulation appeared to be involved in tumor cell growth, migration and metastasis, and 
later on in other pathologies such as inflammation, diabetes, atherosclerosis, and 
nephropathy [1–4].

Heparin, exclusively produced by mast cells, is a highly sulfated form of 
HS. Early studies evidenced the HS higher charged congener unfractionated heparin 
(UFH) as an efficient heparanase inhibitor as well as substrate [5, 6]. Then, investi-
gations were mainly oriented to identify non-anticoagulant heparin derivatives to 
overcome the UFH anticoagulation and bleeding side effects as well as to improve 
its pharmacokinetics and bioavailability. This chapter describes how heparin-
derivative heparanase inhibitor research has evolved referring to landmark [7] and 
more recent contributions focusing on structure-activity relationship. Perspectives 
for the development of new agents of this class as potential drugs in cancer and 
other pathologies are also illustrated.

20.2  �Heparan Sulfate

Heparanase targets are the HS chains covalently linked to core proteins of the ubiq-
uitous and multifunctional HSPGs, present at cell surfaces and ECM and involved 
in cell signaling, survival, proliferation, migration, and invasion. The HSPG bio-
logical functions are mostly carried out through electrostatic binding/interaction of 
the negatively charged HS chains with a multitude of proteins including chemo-
kines and cytokines, growth factors and their receptors as well as enzymes. HS is 
expressed in almost all cells of mammalian species as linear polyanionic chains, 
differing in size (20 up to 100 kDa) and sulfated domain distribution among species 
and tissues of the same species. The composition of natural physiological HS chains 
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can be altered in several pathological conditions [8–11]. Heparin and HS-like gly-
cosaminoglycans (GAGs) have been isolated from avian intestinal mucosa [12], 
terrestrial invertebrates [13, 14], marine crustacean and mollusk species [15–17] as 
well as bacterial and virus species [12]. In the Golgi compartment of all animal cells 
and mast cells of connective tissue, biosynthesis of HS and heparin chains, respec-
tively are completed through common steps leading to the formation of a specific 
tetrasaccharidic linkage region (D-GlcA β-1-3-O-D-Gal β-1-3-O-D-Gal1-β-3-O-D-
Gal-1-β-4-O-D-xylopyranosyl-1-α) to join L-serine of the HSPG core protein. The 
following elongation steps lead to a common linear high molecular weight (HMW) 
homogeneous GAG, N-acetyl-heparosan, constituted by 4-O-β-D-glucopyranosyl 
1–4-O-N-acetyl- α D-glucosamine.

A sequence of incomplete enzymatic reactions induces modifications and hetero-
geneity in terms of composition and size distinct for HS and heparin chains. The 
highly sulfated domains (NS), constituted by sequences of the trisulfated disaccha-
ride 4-O-L-IdoA2S 1α-4-O-D-GlcNS6S are prevalent in heparin chains, while in 
the N-acetylated domains (NA), the disaccharide 4-O-α-D-GlcA-1β-4-O-D-
GlcNAc) is more abundant in HS chains. NS and NA domains in both HS and hepa-
rin are disseminated among mixed transition regions (NS/NA) [9–18].

Experimental studies showed that the heparin chains can interact with a 
great number of proteins, classified as heparin binding proteins (HBPs). Taking into 
consideration the ubiquitous presence of HSPGs and their multifunctional interac-
tions in physiological media with a great variety of proteins, these should be better 
classified as HS binding proteins (HSBPs) [10]. However, functional studies are 
hampered by the fact that samples of pure HS are very expensive and difficult to 
isolate. The first HS rich preparation was isolated in 1948 as by-product of heparin 
manufacturing process and named “heparin monosulfate” for its low sulfate content 
[19]. On the other hand, the presently available pharmaceutical heparin is mainly 
derived from the porcine intestinal mucosa extracts which contain other linear 
GAGs, [dermatan- (DeS) and chondroitin-sulfate (ChS)] which are difficult to 
separate from HS [12]. In fact, DeS and ChS are present as minor components of an 
antithrombotic drug (Danaparoid sodium) containing 80% of low molecular weight 
(LMW) HS, and known in the EC market as Orgaran [20].

20.3  �Heparanase: Discovery and Characterization

The term “heparanase” appeared for the first time in a paper of 1978 [21] to define 
a “heparitinase”-like endoglucuronidase, present in guinea-pigs basophil leuko-
cytes, able to cleave GAGs resistant to chondroitinase ABC, such as HS but not 
heparin. However, three years earlier in 1975, a heparanase-like endoglucuronidase 
from murine mast cells was found able to cleave macromolecular heparin to func-
tional heparin [22] and in 1983 lymphoma cells were found able to degrade HS 
chains of HSPGs of subendothelial ECM [23]. Finally, in 1984 other authors 
reported for the first time in the title of their paper the term heparanase to design an 
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endoglucuronidase, able to degrade HS, produced by the highly invasive lung meta-
static murine B16-BL6 melanoma cells [24]. Endoglucuronidase activities were 
previously described in other mammalian tissues and cells such as rat liver tissues 
[25], human skin fibroblasts and placenta [26], human platelets [27] and activated T 
lymphocytes [28]. A partially purified human platelet enzyme was found able to 
cleave both HS and heparin [29]. In the following years, the increasing interest in 
heparanase function and role in several pathological contexts has been documented 
by an ever-growing number of reports summarized and commented in [3] and in 
Vlodavsky et al., Chap. 1 in this volume. Since 1984 heparanase-like activity was 
detected in several human normal and malignant cells and tissues. However, the 
lack of selective activity assays along with the low concentration and instability of 
crude enzyme have hindered heparanase isolation and characterization until 1999 
when five teams have independently reported the cloning and functional expression 
of the human heparanase gene in mammalian and insect cells [30–34] (Vlodavsky 
et al., Ilan et al., Gaskin et al., Pinhal et al., Chaps. 1, 7, 9 and 36 in this volume). 
Heparanase, at present the only known mammalian endo β-D-glucuronidase, is 
physiologically expressed primarily in platelets, activated white blood cells and pla-
centa. The heparanase human gene encodes for a pre-proenzyme which undergoes 
removal of the N-terminal signal peptide in the endoplasmic reticulum to give rise 
to the pro-enzyme of 65 kDa. Cleavage of a 6 kDa linker peptide by cathepsins in 
the lysosomes leads to an active enzyme constituted of two subunits of 50 and 8 kDa 
that are not covalently linked, as also confirmed by X-ray crystal structures [35–39] 
and (Vlodavsky et al., Gaskin et al., Chaps. 1 and 7 in this volume).

Modeling investigations on heparanase interactions with HSPGs, HS/heparin, 
and related oligosaccharides have also been reported along with molecular model of 
human heparanase proposing the binding mode of HS oligosaccharide to catalytic 
amino acids [40]. Early studies identified the minimal HS sequences recognized by 
heparanase in a GlcA flanked by two NS,6S D-GlcN units, the second one can be 
also 3-O-sulfated [41, 42] (Fig. 20.1a).

The disaccharide sequence GlcAβ1–4-GlcNS,3,6S [42], is a constituent of the 
pentasaccharide heparin-antithrombin binding region (ATBR) and of the synthetic 
mimic α-methyl glycoside of N-sulfated pentasaccharide Fondaparinux (Fig. 20.1b) 
clinically used as antithrombotic agent [43]. As a good heparanase substrate, it has 
been included as a component of heparanase activity assay kit particularly useful for 
kinetic analysis and screening of enzyme inhibitors [44, 45]. The heparanase cleav-
age site was described to be also dependent on the sulfation pattern of the neighbor-
ing sequences [46]. The same team identified the most suitable cleavage site in the 
pentasaccharide GlcNAc6S-GlcA-GlcNS-Ido2S-GlcNS6S [46]. Other common 
cleavage sites have been identified by the analytical profiling of heparanase digests 
of HS of different origin and sulfation degree [47].

HS cleavage is affected by heparanase expression levels and proteolytic activa-
tion but can also be influenced by the activity of other HS biosynthetic and modify-
ing enzymes. Notably, the multiple substrate recognition allows heparanase to 
degrade HS chains independently of cell specificity and environment [9]. Hence, 
heparanase localization and activating processes are relevant in determining its 
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biological function in a variety of healthy and malignant cells and tissues [35]. 
Moreover, heparanase upregulation has been described in several malignancies and 
pathological conditions including acute and chronic inflammation, fibrosis, amyloi-
dosis, diabetes and related nephropathies, osteoarthritis, atherosclerosis and other 
vessel wall pathologies [3, 6] and (Vlodavsky et al., Ilan et al., Elkin; Simeonovic 
et al., Masola et al. Li and Zhang, Chaps. 1, 9, 17, 24, 25 and 27; in this volume).

The first evidence of heparanase activity in the murine melanoma B16-BL6 [24] 
and T-lymphoma [23] experimental models, were provided by Nakajima et al. [24] 
and Vlodavsky et al. [23] associating the in vivo metastatic potential of these cells 
with HS degradation. Excellent reviews [2, 3, 6, 7, 11] reported findings on heparan-
ase overexpression in several malignancies and functional studies in cancer models 
highlighting its causal relevant role in sustaining tumor growth and progression.

Of note, heparanase overexpression was shown to accelerate HSPG turnover 
along with upregulation of their HS N- and O-sulfation degree suggesting a func-
tional correlation between the endo-β-D-glucuronidase expression level and HS 
oversulfation [48, 49]. Interestingly, the N-unsubstituted D-glucosamine (GlcNH3

+) 
in the disaccharide GlcA-β1–4-GlcNH3

+6S, very uncommon (0.7 to 4% of total 
GlcN) in natural HS chains [50], was quite abundant in HS of mammary carcinoma 
cells [51, 52]. More recently, the same disaccharide was also found in a significant 
amount in HS chains of highly invasive breast cancer cell lines expressing heparan-
ase. These findings suggest a possible role of GlcNH3

+6S in imparting heparanase 
degradation resistance to HS chains in these malignant cells. Indeed, the synthetic 
tetrasaccharide (TD 4–143,1): GlcAβ1–4-O-GlcNH3

+6S-1α-4-O-GlcAβ1–4-O-
GlcNH3

+6S α-octyl glycoside (Fig.  20.2 a) inhibited heparanase and suppressed 
cancer cell invasion in vitro [53].

Also, the synthetic pseudopentasaccharide [ED 80061] (Fig. 20.2b), bearing at 
the reducing end a 2-deoxy-1 N-imido D-glucuronic acid moiety, was shown to be 
a potent heparanase inhibitor (IC50 11 nM) with antimetastatic activity in the B16-
F10 and MAT 13702 experimental models [54].

Fig. 20.1  (a) minimal heparanase recognized sequence: R = H; SO3
−; R1 and R2 uronic acids of 

Hep/HS chain. (b) Antithrombin binding site: R = SO3
−; NAc R1 and R2 = uronic acids of Hep/HS 

chain; R3 = SO3; Fondaparinux: R = SO3
−; R1 = H; R2 = Me; R3 = SO3

−
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Overall, these findings provide useful information concerning the heparanase-
HS interaction and structural determinants to be exploited for the design of efficient 
heparanase inhibitors devoid of side effects.

20.4  �Heparosan-Related Heparanase Inhibitors

20.4.1  �Natural and Semi-Synthetic Derivatives

Invertebrate and bacterial N-acetyl heparosan derivatives endowed with a peculiar 
structural chemo-diversity have provided the opportunity to perform in-depth SAR 
study and to define structural determinants responsible for different biological 
activities.

A heterogeneous HS (Mw ~ 27 KDa), mainly constituted of N-acetyl heparosan 
sequences (GlcA-GlcNAc)n was isolated from viscera of the bivalve mollusk 
Nodipecten nodosus. NMR analysis indicated that the major disaccharide 4-O-D-
GlcAβ1–4-D-GlcNAc showed a low sulfation degree due to partial and random 2- 
and/or 3-O-sulfation of D-GlcA along with partial N- and 6-O sulfation of GlcNAc 
(Fig. 20.3). Endowed with heparanase and P-selectin inhibitory activity and a low 
anticoagulant activity (five-fold lower than porcine heparin), the mollusk HS 
showed anti-metastatic and anti-inflammatory effects in vivo without bleeding 
effect [55].

A capsular polymeric (Mw 35–49 kDa) GAG of the Escherichia coli strain K5 
showed the same structure of the HS/heparin natural biosynthetic precursor N-acetyl 
heparosan constituted by a regular sequence of [GlcAβ1–4-GlcNAc α1–4]n [56]. 
This discovery was extremely useful in the search for new anticoagulant and anti-
thrombotic heparins endowed with better pharmacokinetic and fewer side effects 

Fig. 20.2  Structures of two synthetic oligosaccharide heparanase inhibitors: (a) TD 4–143,1 [53]; 
(b) pseudopentasaccharide [ED 80061] [53]
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and analogously, in the identification of non-anticoagulant congeners to be evaluated 
in other therapeutic fields. The progress in the knowledge of the HS/heparin biosyn-
thetic pathway [57, 58] has opened the way for chemo-enzymatic synthesis of poly-
mers called “bioheparin” [59] and “bioengineered heparins” [60]. These novel 
approaches were stimulated, at the end of the nineties, by the “mad-cow crisis”, 
which urged the search for new animal sources of heparin or semisynthetic deriva-
tives to compensate the withdrawal of bovine heparin from the market. Looking for 
heparin-like GAGs, several N-deacetylated N-sulfated sulfoamino heparosans were 
firstly obtained and then subjected to O-sulfation at the 6-O position of GlcNS and 
2-O, 3-O sulfation of GlcA [59]. A number of semisynthetic O-sulfated sulfam-
ino heparosans (SAHSs), differing in degree and pattern of O-sulfation as well as 
molecular size, were tested in the mouse B16-BL6 melanoma model. Among these 
compounds, the two high Mw SAHS-2 (Mw 25,7 kDa) and SAHS-4 (Mw 22.7 kDa) 
and a low molecular weight derivative SAHS-5 (Mw 3.2 KDa), showed a remark-
able anti-metastatic activity, with the sole SAHS-4 displaying a modest anticoagu-
lant activity [61]. Highly N,O-sulfated heparosans were found to bind FGF-2 and 
inhibit FGF-2-induced endothelial cell proliferation and angiogenesis likely inter-
fering with the formation of FGF-2/FGFR/HS complexes [62–64]. Various species 
of O-sulfated N-acetyl heparosan (OSK5) (Fig. 20.4) were reported to bind FGF-1, 
−2 and − 8 with different FGF signaling antagonist activity influenced by the type 
of FGF and FGFR expressed and by the cellular context [65]. This class of deriva-
tives (OSK5), along with new preparations of O-sulfated sulfamino  heparosans 
(NSOSK5), were also tested as heparanase inhibitors in a translational project 
“Heparanase” supported by the EC, which recognized the enzyme as a potential 
therapeutic target for cancer. New powerful analytical tools, such as 2-D NMR 
spectroscopy, have allowed a better characterization of the component profile and 
sequence of heparosan derivatives and complex GAGs [66]. Focusing on their bio-
logical activities, the most representative are the HMW derivatives NSOS-K5 and 
OS-K5 (11–15 kDa) which displayed a stronger heparanase inhibitory in vitro in 
comparison with the corresponding ultra LMWH (2–3 kDa) [67].

The anticoagulant activity of LMW NS,OS and OS derivatives was found negli-
gible and lower than that of HMW NS,OS congener. The HMW OS-K5 and 
NS,OS-K5 preparations were shown to inhibit metastatic dissemination of human 
breast cancer MDA-MB-231 cells [65]. Interestingly, the same K5 derivatives, 

Fig. 20.3  Major disaccharide units of Nodipecten nodosus HS. D-GlcA:glucuronic acid; D-GlcN: 
glucosamine
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endowed with heparanase inhibitory activity, inhibited HIV replication in T cells and 
macrophages, likely preventing the virus attachment to the host cells [63], an event 
that implicates interaction of the virus with cell surface HS (Agelidis and Shukla, 
Chap. 32 in this volume). A very HMW (35 kDa) NS,OS-K5, endowed with moder-
ate anticoagulant activity, was reported to inhibit in vivo bone osteolysis and tumor 
growth of the highly metastatic human breast cancer MDA-MB-231 (SA)  cell 
line [68].

The project “bioheparin” by chemoenzymatic processes led to derivatives 
endowed with modest or low anticoagulant activity, tested as potential antiangio-
genic, antiviral, and anti-inflammatory agents [69]. The other project of chemoen-
zymatic synthesis of GAGs starting from N-acetyl heparosan led to a “bioengineered 
heparin” [70] and to some intermediate oligosaccharides which have allowed to 
define the substrate specificity of heparanase [46, 70–72].

20.5  �Heparin Derivatives

Early studies showed an effective heparanase inhibition by UFH, even if some of 
UFH sequences can be recognized and cleaved by heparanase [4, 5, 41]. However, 
its unwanted anticoagulant activity hampered its safe use as an inhibitor of heparan-
ase. The elimination or at least the reduction of the anticoagulant activity can be 
obtained through different types of chemical modifications of the structure of hepa-
rin such as oversulfation, partial desulfation, reduction of Mw or selective modifications 
of the residues at the antithrombin binding site representing the major determinant 

Fig. 20.4  Predominant disaccharide units of capsular polysaccharide from E. coli K5 (K5PS) (a), 
its sulfated variants (b, c) and typical heparin trisulfated disaccharide (d)
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of anticoagulant activity. Among heparins endowed with heparanase inhibitory 
activity, N-acetylated and O-desulfated species of non-anticoagulant heparins were 
the first to be tested and found active in vivo in the metastatic B16 melanoma model 
whereas carboxy reduced heparin was almost inactive [4, 5]. Moreover, UFH frag-
ments, consisting of at least 16 units, were found active both in vitro and in vivo [5].

20.5.1  �LMWs, Ultra LMWHs and Derivatives

The clinical use of LMWHs in oncology has been approved for preventing venous 
thromboembolism as well as for their better pharmacokinetic and pharmacody-
namic properties compared with UFH [73]. Results of randomized studies concern-
ing the benefits of UFH and LMWHs in cancer patients were published since the 
early 1980s without a clear conclusion on their real impact on cancer patients’ 
response to therapy. Heparanase and selectins are inhibited by LMWHs, albeit with 
a somewhat lower efficacy than UFH. Taking into consideration the heterogeneity 
of the starting UFH chains in term of size, beyond the anticoagulant activity, their 
depolymerization can offer other compositional and interaction differences affect-
ing the pharmacological properties of LMWH. For example, early in vivo evalua-
tion of antimetastatic effects evidenced a significantly higher activity of dalteparin 
(Fragmin) in comparison with that of nadroparin or enoxaparin [5]. Size fraction-
ation of tinzaparin allowed separation of HMW fractions whose components, not 
present in the other two LMWHs, are endowed with high selectin inhibitory activity 
but low antiXa activity [74]. Preclinical in vivo evaluation in tumor xenografts mod-
els evidenced that tinzaparin was able to sensitize cis-platin resistant ovarian cancer 
[75]. A non-anticoagulant ultra LMWH (2.5 kDa), obtained by hydrogen peroxide 
catalyzed radical heparin hydrolysis assisted by ultrasonic waves, exhibited anti-
heparanase activity intermediate compared with those of tinzaparin (Mw 7 kDa), 
dalteparin (6.3 kDa) and enoxaparin (5.5 kDa) [76]. A glycopolymer constituted by 
a N-sulfated poly2-aminoethyl methacrylate carrying the heparin disaccharide 
ΔU2S-GlcNS,6S, was reported to inhibit heparanase, B16 melanoma cell migra-
tion, and adhesion to platelets and microvascular endothelial cells [77]. Of note, the 
old orally active Sulodexide, constituted by LMWH and DeS in a 80:20 mixture, 
isolated from porcine intestinal mucosa, has been used since 1974 as antithrombotic 
drug, displayed low anticoagulant activity and bleeding effects [78]. More recent 
studies evidenced that Sulodexide provided benefits in patients with diabetic 
nephropathies through inhibiting heparanase [79].

20.5.2  �Supersulfated Heparins

A supersulfated LMWH (ssLMWH), prepared by controlled depolymerization of 
UFH and endowed with low anticoagulant activity was demonstrated to inhibit hep-
aranase, proinflammatory molecules such as leukocyte elastase, cathepsin G and 
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hepcidin [80–82]. Tested in vivo in the metastatic B16 melanoma model, it exhib-
ited antimetastatic activity similar to that of UFH [61]. Recently, a remarkable anti-
tumor activity of ssLMWH has been demonstrated both in vitro and in vivo in 
synovial sarcoma experimental models [83]. Inhibition of synovial sarcoma cell 
growth and invasion was associated with downregulation of the activity of receptor 
tyrosine kinases of the EGFR, PDGFR and IGFIR families and heparanase inhibi-
tion. The combination of ssLMWH with an inhibitor of IGF receptors, synergisti-
cally inhibited cell proliferation and motility and promoted apoptosis. In vivo 
ssLMWH synergized with the receptor tyrosine kinase inhibitor to suppress ortho-
topic synovial sarcoma growth and spontaneous lung metastatic dissemination [83]. 
However, it is necessary to consider the risk that derivatives with a high degree of 
sulfation, may stimulate other competitive biological mechanism or cause unwanted 
reactions such as the activation of prekallikrein as observed with oversulfated chon-
droitin sulfate, known as OSCS [84, 85].

20.5.3  �O-Desulfated Heparins

The presence of 2-O and 6-O sulfation, with at least one of the two positions retain-
ing a high sulfation degree, was found to be essential for inhibition of heparanase. 
As shown in Fig.  20.5, effective heparanase inhibition was exhibited by fully 
2-O-desulfated heparin whereas two intermediates bearing modified 2-O-desulfated 
IdoA units, namely 2,3 epoxy L-uronic acid and GalA, were practically inactive 
[86, 87].

Fig. 20.5  Heparanase inhibitory activity of heparin (Hep) and desulfated heparin derivatives: (a) 
heparin (Hep), 6-O desulfated heparin (6OdeSH), 2,3-O desulfated heparin (2O-deSH), 2,3-O 
desulfated heparin with change of configuration (L,GalA), N-acetyl heparin (NAH); (b) Inhibition 
of heparanase by N-acetyl heparins with different acetylation degree and corresponding 25% 
glycol-split derivatives
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Basic conditions needed for 2-O-desulfation can cleave also the 3-O-sulfate of 
GlcN, fundamental for the AT binding thus, producing a further decrease in the 
anticoagulant activity of the 2,3-O-desulfated heparin (2OdesH / ODSH). Along 
with a high potency in inhibiting heparanase, 2OdesH showed in vivo antitumor 
activity in CaPan-2 pancreatic adenocarcinoma xenografts and antimetastatic activ-
ity in the B16-F10 mouse melanoma experimental model [88, 89]. Recently, 
2OdesH has been described to block the release of the inflammation mediator, high 
mobility group box 1, by inhibition of p300 acetyltransferase activity [90]. A 
2OdesH is currently under clinical investigation as CX01 in combination treatment 
of acute myeloid leukemia [Sect. 20.7.5].

6-O-desulfated heparin (6OdesH) also showed selectin inhibitory activity [86, 
87] along with low anticoagulant activity. Interestingly, its LMW congener inhib-
ited the aggregation of Plasmodium falciparum-infected red blood cells with unin-
fected erythrocytes to form rosettes [91].

Regarding other glycoconjugates and their applications, a 6-O-desulfated nad-
roparin conjugate with deoxycholic acid was orally active and able to suppress neo-
vascularization and bone destruction in murine arthritis experimental models [92].

20.5.4  �N-Acyl-N-Desulfated Heparins

Heparin N-desulfation can be modulated from 10 up to 100% and the products used 
as intermediates to obtain N-acyl heparins. When the remaining N-sulfation degree 
is low, compounds were non-anticoagulant and generally endowed with low hepa-
ranase inhibitory activity (Fig. 20.5b). In vivo antimetastatic activity was reported 
for fully N-acetyl [4, 5], N-hexanoyl [5], low and ultra low N-succinyl heparins 
[93]. Beside of being almost non-anticoagulant, the advantage of N-acetyl deriva-
tives over UFH is their incapacity of releasing active bFGF from cells and ECM 
[94], an event that promotes tumor growth and angiogenesis [95].

A SAR study on N-acetyl heparins with N-acetylation degree ranging from 29 up 
to 100% showed a drastic decrease of heparanase inhibitory activity with degree of 
N-acetylation higher than 50%. These findings suggest that the interaction with the 
enzyme needs at least one N-sulfated glucosamine per tetrasaccharide [87]. 
Surprisingly, the formation of flexible joints inside the chain obtained by periodate 
oxidation of the non-sulfate uronic acid residues showed increased anti-heparanase 
activity (Fig. 20.5, 5b). This result has highlighted the glycol split (gs) derivative of 
fully N-desulfo-N acetyl heparin (G4000, 100NA-ROH, SST0001) for the develop-
ment of a potential drug (Roneparstat) which will be discussed in more detail in the 
next section. In a follow-up study, N-acetyl heparins, ranging from 39 up to 100% 
N-acetylation were tested as P- and L-selectin inhibitors in comparison with 
UFH. The 58% N-acetylated heparin displayed a good selectin inhibitory activity as 
well as anti-metastatic activity when tested in vivo in murine MC38 colon carci-
noma and B16 melanoma experimental models [95].
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20.5.5  �Glycol-Split Heparins: Semisynthesis and Activities

Controlled depolymerization of UFH by periodate oxidation which cleaves the link-
age between the hydroxylated C(2)-C(3) of non-sulfated hexuronic acid gives oxy-
heparin (oxyH), susceptible to be reduced with NaBH4 leading to reduced oxyheparin 
(ROH). This approach incorporates the gs-residues while preserving the sulfation 
pattern and degree with a low reduction of Mw [96]. Structural characterization of 
ROHs obtained from UFH from different animal sources are reported by Alekseeva 
et al. [97]. They displayed a significant reduction of anticoagulant activity mainly 
related to the periodate oxidation of the GlcA residues linked to tri-O-sulfated GlcN 
of the ATBR, whose integrity is essential for the anticoagulant activity of heparin 
[98, 99]. Early investigations suggested that, other than temperature and pH values, 
neighboring residues could influence and differentiate the periodate oxidation rate 
of IdoA versus GlcA [100, 101]. Other studies evidenced that mild acid hydrolysis 
of ROH gave oligomers bearing at the non-reducing end of non-anticoagulant 
LMWH, the N,3,6 trisulfated glucosamine residues [102]. In a recent kinetics study 
of enoxaparin periodate oxidation, NMR-HSQC showed that the complete IdoA 
oxidation occurred in 2 hr. while GlcA was only partially oxidized after 8 hr. This 
difference may be explained by the higher conformational flexibility of gs IdoA 
suitable for the periodate cyclic complex intermediates whose formation could be 
partially hindered by the GlcA neighboring residues [103]. A number of non-
anticoagulant ROH were tested in a variety of therapeutic areas where UFH was 
active. The residual anticoagulant activity of ROH as well as of N- and O-desulfated 
heparins may result from interactions outside the ATBR, mediated by heparin cofac-
tor II and the release of vascular tissue factor pathway inhibitor [104]. Investigators 
of Glycomed (Alameda) and the University of Boston observed severe bleeding in 
mice harboring human pancreatic adenocarcinoma Ca Pan-2 xenografts and murine 
B16-F10 melanoma administered with s.c. ROH, an effect likely due to antiplatelet 
and heparin cofactor II activity [88]. A modified preparation of ROH (Mw 11 kDa), 
with a cofactor II activity comparable to that of heparin, but lower (10–15%) anti-
Xa activity was developed by Glycomed as an adjuvant in cardiovascular interven-
tion to prevent vascular restenosis [105].

A non-anticoagulant oxy-heparin fragment carrying a hydrophobic polystyrene 
chain (NAC-HCPS) exhibited in vitro and in vivo antiangiogenic and antimetastatic 
activities in murine B16 melanoma and Lewis lung cancer (3LL) models. NAC-
HCPS also inhibited 3LL tumor growth and vascularization, likely by means of 
inhibiting endothelial cell proliferation stimulated by VEGF165, FGF-2, or HGF 
[106]. ROH prepared according to the method of Casu et al. [96] inhibited P-selectin-
mediated cell adhesion of human colon carcinoma cells to immobilized platelets 
[107]. ROH preparation, designated as low anticoagulant heparin (LAC), showed 
good tolerability without bleeding complication when given s.c., i.p. and i.v. to mice 
at dosages able to inhibit tumor cell dissemination in several murine metastatic 
models. LAC activity was associated with inhibition of cancer cell adhesion and 
extravasation in lung capillary by competing with cell-surface HS interaction [108].
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The seminal report of Folkman et al. 1983, disclosing the inhibition of angiogen-
esis and tumor growth by heparin and its fragments, was the start-up for investigating 
the molecular mechanisms underlying tumor neovascularization (neoangiogenesis) 
[109]. Heparin chains bind with high-affinity FGFs and in particular, FGF-2, recog-
nized as one of the major angiogenesis promoting factors. The heparin minimum 
FGF binding fragment was identified in the pentasulfated trisaccharide GlcNS6S-
Ido2S-GlcNS6S (PST) followed by IdoA2S (Fig. 20.6 (2) mainly present in the high 
sulfated region of UFHs [110]. With the aim of generating 2-O-sulfation gaps along 
heparin chains, alkaline treatment of UFH led to heparin derivatives bearing epoxy 
uronic acid units that were then hydrolyzed to L-galacturonic acid units. These hepa-
rin derivatives were converted by periodate oxidation/NaBH4 reduction to gs-deriva-
tives. Graded 2-O-desulfation led to a heparin derivative characterized by a 1:1 ratio 
IdoA2S: (GlcA+IdoA) residues. The following periodate oxidation/NaBH4 reduc-
tion gave a heparin chains bearing 50% gs uronic acids which showed a low antico-
agulant activity due to glycol-splitting of GlcA essential for the binding to ATBR. The 
gs-residues generating flexible joints along the chains improved the FGF-2 antago-
nist and angiostatic effect as well as anti-heparanase activity [111, 112].

Derivate 2 in Fig. 20.6 named ST1514 (Mw 11 kDa), was further investigated as 
along with its LMW derivatives 3 ST2184 (Mw 5.8 kDa). ST2184 displayed in vitro 
antiangiogenic and VEGF165 antagonist activity by interfering with the binding of 
the growth factor to its receptors [112]. ST1514 and ST2184 inhibited in vivo metastatic 

Fig. 20.6  Prevalent sequences in regular regions of heparin and chemically modified heparins. (1) 
heparin; (2) 50% 2-O-desulfated heparin (prevalently PST.U sequences), ST1514; (3) 50% 
2-O-desulfated and glycol-split LMW heparin (prevalently PST.sU sequences); ST2184. R = SO3

− 
or Ac; TDS trisulfated disaccharide; PTS pentasulfated trisaccharide
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lung dissemination of B16-BL6 melanoma cells in mice. ST2184 was also reported 
to reduce angiogenesis in human MeVo melanoma xenografts and to potentiate the 
antitumor activity of a camptothecin derivative [113]. In addition, ST1514, being a 
potent heparanase inhibitor, was able to reduce wound vascular density and inflam-
mation in heparanase overexpressing transgenic mouse model of wound healing and 
delayed-type hypersensitivity [114, 115].

To evaluate new potential heparin applications, N-acetyl and gs-heparin and their 
LMW derivatives were assessed as HS competitors and anti-inflammatory agents in 
chronic airway diseases caused by Pseudomonas aeruginosa. Indeed, HS has been 
recognized as cellular receptor for Pseudomonas aeruginosa and binding site for its 
flagella. HS competitions by heparin derivatives can reduce bacterial burden acting 
as adjuvants with clinically used antibiotics. N-acetyl heparin (C23, Mw 17.2 kDa), 
its LMW derivative (8 kDa), ROH (C3gs20, Mw 16,5) and three LMW derivatives 
(8,12.6, 9.6 kDa, respectively) were tested in a mouse model of chronic Pseudomonas 
aeruginosa air way inflammation. Only the HMW products were able to reduce the 
inflammatory response, an effect mediated by reduction of cyto−/chemo-kine levels 
and of neutrophil elastase activity, and by inhibition of neutrophil recruitment [116] 
that correlated with anti-heparanase activity.

To dissect structural determinants for effective heparanase inhibition, a library of 
non-anticoagulant heparins was prepared by graded or fully O-desulfation, 
N-acetylation of N-desulfated of UFH. Periodate oxidation and borohydride reduc-
tion were also applied to give the corresponding gs ROHs. Preliminary tests showed 
that some derivatives from this library, including the gs derivative of fully 
N-desulfo-N acetyl heparin (100NA-ROH), were effective in inhibiting lung metas-
tasis from B16-BL6 mouse melanoma cells [117]. Further experiments showed that 
both the heparanase and selectin inhibitors 58NAH (58% N-acetyl heparin) and ROH 
were able to inhibit lung metastasis formation in MC38 colon carcinoma mouse 
model expressing selectin ligands [72].

The choice of fully N-acetyl ROH as the lead compound was based on its inabil-
ity to release FGF-2 from ECM, its low anticoagulant activity, its remarkable inhibi-
tion of heparanase enzymatic activity and its in vivo antimetastatic activity in the 
B16-BL6 melanoma model. Conversely, it was found inactive in vivo on the MC38 
colon carcinoma model correlating with a lack of P- and L-selectin inhibitory activ-
ity [72]. Likewise, the low anticoagulant and weak heparanase inhibitor NAH was 
inactive as a selectin inhibitor. Nevertheless, it displayed a higher antimetastatic 
activity than UFH, in the MC38 colon carcinoma model. These findings suggested 
that its antimetastatic effects could be independent of inhibition of coagulation, 
heparanase, and selectins [72]. Indeed, other studies evidenced an anti-inflammatory 
activity of NAH which inhibited the function of inflammatory mediators such as 
human neutrophil elastase, IL-8 and TNFα [118–120]. Two non-anticoagulant 
LMW-ROH (8 and 10 kDa) obtained by heparinase I depolymerization of UFH fol-
lowed by glycol-splitting, showed in vivo antimetastatic activity in the B16-F10 
metastatic model. Conversely, only the 8 kDa LMW-ROH was able to inhibit spon-
taneous lung dissemination when B16-F10 cells were inoculated s.c. without affect-
ing the primary tumor growth [74].
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The increase of heparanase inhibitory activity produced by glycol splitting of 
UFH, LMWH and ultra LMWH [76, 87] was confirmed by assessing the effect of 
the heparin-related synthetic trisaccharide 4-OMeGlcNS6S-GlcA-α1,6 anhydro 
GlcNS. Strikingly, its gs derivative showed an increase of one order of magnitude in 
inhibiting the enzyme (IC50 = 30 μg/ml versus IC50 = 2 μg/ml for the gs derivative). 
Both trisaccharides were used for molecular modeling studies validated by NOESY-
NMR data, the first evidencing the gs-GlcA conformation [122].

Of note, in comparison with the previously described LMW-ROHs, the structural 
peculiarities of 100NA-ROH reside in a semisynthetic process based on reactions 
which preserve the UFH natural 2,3,6-O sulfation as well as the Mw range. The 
structural characterization showed the presence of both gs-GlcA within the ATBR 
sequence and the gs-uronic acid residues mainly interspersed within 6-O-N-sulfated 
disaccharides. Indeed, the reduced (~30%) overall sulfation degree lowered protein 
unspecific interactions and the chain higher flexibility, induced by the gs-residues, 
conferred to 100NA-ROH an enhanced heparanase inhibitory activity and a more 
selective proteins interaction [123]. A recent study reported kinetic analysis and 
modeling of the heparanase-inhibiting mechanism of Roneparstat. Dose-inhibition 
kinetics confirmed its high potency in inhibiting heparanase enzymatic activity 
(IC50 = 3 nM) and suggested different interaction features implicating a complex 
binding mechanism, involving one or multiple 100NA-ROH molecules depending on 
concentration ratios. Analysis of docking solutions indicated that a single chain of 
the inhibitor (e.g., Roneparstat) could interact with both heparin-binding domains 
of the enzyme or two different sequences of Roneparstat can interact with each of 
the heparin-binding domains, depending on the inhibitor/enzyme binding stoichi-
ometry [124].

20.6  �New Glycol-Split Non-anticoagulant Heparin 
as Heparanase Inhibitors

A follow-up translational project entitled “Novel heparanase inhibitors for cancer 
therapy” proposed and developed by teams of the Ronzoni Institute (Milan, Italy), 
the Technion University (Israel Institute of Technology, Haifa, Israel) and the 
University of Alabama at Birmingham (USA), was supported by the National 
Institutes of Health (NIH). This project was mainly devoted to optimizing ROHs 
inhibiting heparanase and multiple myeloma growth in experimental models [125]. 
Some compounds that emerged in these studies are described below.

20.6.1  �N-Desulfated ROHs

Periodate oxidation of GlcN residues of N-deacetylated heparin to obtain non anti-
coagulant heparin was reported in a patent [126]. For the preparation of new hepa-
ranase inhibitors, periodate oxidation of N-desulfated heparins was performed in 
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aqueous neutral media to split C2-C3 linkages of both N-desulfo GlcN units and of 
non-sulfated uronic acid residues. A previous study has reported a graded 
N-desulfation of UFH (from 20 up to 100%) by known modification methods [87, 
127]. The N-desulfated gs-compounds were obtained by a final borohydride reduc-
tion [128]. Physical and biological properties of three representatives of this new 
class of ROHs are shown in Table 20.1.

The significant reduction of Mw values can be explained by the instability 
induced by depolymerization due to the formation of two adjacent gs residues gen-
erated by nonsulfated uronic acids and N-desulfated glucosamines naturally present 
in UFH. When compared with Roneparstat, the newly generated compounds exhib-
ited a somewhat lower but still significant heparanase inhibitory effect, which can 
be explained by their lower Mw. Regardless, the new compounds displayed a com-
parable antimyeloma activity. As previously observed with substitution of N-sulfate 
groups with nonpolar N-acetyl groups [87], the addition to gs-uronic acid residues 
of further flexible joints, randomly generated from the gs-glucosamines, maintained 
the heparanase inhibitory activity, suggesting that the unmodified sequences can 
still bind and inhibit the enzyme.

20.6.2  �Dicarboxylated Oxy-Heparins (DCoxyHs)

Periodate oxidation of UFH nonsulfated uronic acid residues led to oxy-heparins 
(oxyHs), characterized by the split of the C2-C3 linkage and the formation of two 
aldehyde groups which were further oxidized to carboxy groups yielding dicarbox-
ylated oxy heparins (DCoxHs). A number of oxy-heparins obtained by periodate 
oxidation of UFH or of its derivatives, such as partially or fully 2-O-desulfated 
fully-acetyl-N-desulfated and partially N-desulfated heparins [87], were used as 
intermediates. The oxidation of aldehyde to carboxyl was performed using sodium 
chlorite (NaClO2) in aqueous media, pH 4, 0 °C for 24 h or at a neutral pH in the 
presence of oxidation catalysts [129]. The data in Table 20.2 show that the majority 
of the reported DCoxHs exhibited high efficacy in inhibiting in vitro heparanase and 
CAG multiple myeloma growth in vivo, independently of the Mw. It is noteworthy 

Table 20.1  Comparison of physical and biological properties of RO-N desulfated heparins

Code description
% gs/
monomers

Mw 
kDa

Anti-Heparanase 
activity IC50 ng/mL

In vivo % CAG 
tumor inhibition∗

G8340 RO-N-desulfated 
heparin

62 8.4 20 75

G8438 RO-N-desulfated 
heparin

44 6.8 60 n.d.

G9578 RO-N-desulfated 
heparin

47 6.3 75 63

G4000 Roneparstat 25 16.0 3 62
∗in vivo human CAG multiple myeloma growth inhibition after 14  days treatment with drugs 
administered at 60 mg/Kg/day by subcutaneous continuous delivery [128]
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that the random presence of about 40% of dicarboxylated gs-uronic acid residues, 
instead of both 2-O-sulfated and non-sulfated uronic acid, along the heparin 
sequences, did not affect the interaction with the enzyme or its inhibition. 
Accordingly, these modifications did not significantly change the in vivo tumor 
growth inhibition in comparison with Roneparstat.

The interaction with heparanase and its inhibition by a tricarboxylate moiety was 
first demonstrated with the natural enzyme inhibitor trachyspic acid, a metabolite of 
Talaromyces trachyspermus [130], and was later confirmed by its synthetic (+) 
enantiomer (Fig. 20.7) [131].

20.6.3  �New Biotin-Conjugated N-Acetyl-Glycol Split Heparins

Recently, different classes of biotinylated N-acetyl gs-heparins were obtained by sev-
eral approaches. Taking advantage of diverse reactive functions of oxy-N-acetyl hepa-
rins, intermediate spacers with different size have been used for coupling and keeping 

O

O

OH3C(CH2)8

CO2H

CO2H

CO2H

Fig. 20.7  Structure 
of trachyspic acid

Table 20.2  ROHs and DCoxHs. Comparison of physical and biological properties

code description
%RO/
UA

Mw 
KDa

Anti-Heparanase 
activity IC50 ng/mL

In vivo % CAG 
tumor inhibition

G8223 RO heparin 25 17 2–8 n.d.
G8249 50%RO heparin 50 9.8 18 60
G4000 Roneparstat 25 16.0 3 62

%DC/
UA

G10810 DCoxy heparin 15.0 10 50
G9685 DCoxy 

heparin50%2Odes
38 11.7 10 68

G8767 DCoxy 
heparin50%2Odes

40 9.1 n.d 52

G7927 DCoxy 
heparin50%2Odes

47 6.4 10 n.d.

G8733 DCoxy 
heparin100%2Odes

14 5.5 n.d. 53

G10847 DCoxy 
heparin100%2Odes

63 5.5 n.d. 25

∗UA = uronic acid
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the biotin moiety at different distances from the heparin chains. The advantages of the 
biotin coupling are related to its chemical moiety and its easy detection by chemico-
physical methods useful for pharmacokinetic studies. As biotin receptors are overex-
pressed in several cancer cell lines and solid tumors, biotin-conjugation not only 
improves bioavailability but can also contribute to tumor targeting and drug delivery 
[132]. All the biotin conjugates prepared showed heparanase inhibiting IC50 in the nM 
range similar to Roneparstat [133]. Likewise, these compounds displayed a similar 
efficacy comparable to that of Roneparstat in inhibiting CAG myeloma tumor growth 
and metastatic dissemination of B16-F10 melanoma cells.

20.7  �Clinical Candidates and New Applications

20.7.1  �Heparin Derivatives and Oligomers Interacting 
with Viral Envelope

The role of heparanase enzymatic activity in supporting viral infection has recently 
emerged, suggesting new potential applications of heparanase inhibitors [134] 
(Angelidis and Shukla, Chap. 32 in this volume). As reported by Skidmore [135], 
UFH inhibited the interaction of dengue, Herpes simplex, yellow fever and T lym-
phocyte viruses with HS, known to favor viral entry. UFH and heparosan deriva-
tives, including N-acetyl and de-O-sulfated derivatives were assayed upon H5N1 
virus infection. 2-O-desulfated and ssLMWH showed an anti-viral activity compa-
rable to that of UFH whereas N-acetylation was detrimental [91]. In a recent study 
investigating the interaction of GAGs with the Zika virus envelop protein (Zikave), 
porcine intestinal UFH was shown to bind Zikave more efficiently than other 
GAGs (ChS, DeS). Among the UFH oligomers, the binding with Zikave was inhib-
ited starting from the 18-mer [136]. A number of derivatives, including heparin 
and N-acetyl heparin and their 2-O, 6-O, 2,6 di O desulfated derivatives, were 
assayed for effect on H5N1 influenza virus invasion comprising a H5 pseudo typed 
HIV system. In comparison with UHF, 2-O-desulfation increased the activity, 
supersulfation led to a comparable activity, and N-desulfation-N-acetylation 
exhibited somewhat lower activity [135].

20.7.2  �Sevuparin (DF F01) and Tafoxiparin (DFX232)

Early studies evidenced that strains of Plasmodium falciparum associated with severe 
forms of malaria use HS as a host adhesion receptor. Taking into consideration the 
structural and functional analogies between HS and UFH, the latter was used to treat 
severe malaria with overall positive outcomes. However, UFH administration was dis-
continued due to severe intracranial bleeding [137]. It was demonstrated that inhibition 
of interactions between parasite and erythrocytes can be achieved by heparin fragments 
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sizing more than 3.5 kDa (dodecasaccharide) bearing natural N,6-O and 2-O sulfation 
[138]. A nonanticoagulant LMW ROH, Sevuparin (Mw 7.4 kDa), obtained by mild 
acid hydrolysis of ROH, showed the same activity of UFH both in vitro and in vivo in 
severe malaria models [139]. Clinical trials are evaluating the adjuvant activity of 
Sevuparin both in malaria patients and subjects with sickle cell disease, an inherited 
form of anemia [140, 141]. Another LMW ROH, Tafoxiparin (Mw 6.0 kDa) obtained 
by mild alkaline β-elimination, was found to disrupt rosettes, especially in the majority 
of fresh blood isolated from children with complicated malaria. Tafoxiparin represents 
potential adjuvant agent in the treatment of severe malaria [139]. As previous in vitro 
studies have demonstrated that Tafoxiparin increased both myometrial smooth muscle 
cell contractility and IL-8 activity  in cervical fibroblasts [142], it is currently being 
evaluated in Phase II trial in pregnant women with slow progressing labor or labor 
arrest. In addition, with humanitarian approval, two pediatric patients suffering from 
Gorham-Stout syndrome, a rare bone disorder characterized by progressive bone loss 
and lymphatic vessel leakage, were successfully treated with Tafoxiparin [143].

20.7.3  �Necuparanib (M 402)

A rationally designed LMW ROH (M 402, Mw 5.5–6.0 kDa) obtained by nitrous 
acid controlled depolymerization of UFH followed by glycol splitting, showed a 
reduced anticoagulant activity. Through its high-affinity binding, it displayed the 
ability to interfere with the function of several HS-binding proteins, such as chemo-
kines, pro-angiogenic factors, P-selectin and heparanase (IC50 = 5 μg/mL). It showed 
an efficient in vivo antitumor, antiangiogenic, and antimetastatic activity in preclini-
cal models [144, 145]. It underwent clinical evaluation in breast and pancreatic 
cancer, but the subsequent Phase 2 trial was discontinued after interim futility anal-
ysis for insufficient efficacy [146].

20.7.4  �Roneparstat (G4000, 100NA-ROH, SST0001)

Preclinical studies evidenced the pleiotropic effects of this N-acetyl ROH heparin 
including interference with heparanase-syndecan-1 axis relevant in multiple 
myeloma development, [125, 147, 148]. Roneparstat was also shown to interfere 
with the function of several HS-binding proteins other than heparanase. Indeed, 
other studies indicated its ability to interfere with receptor tyrosine kinase signaling 
and heparanase-induced expression of genes associated with aggressive tumor phe-
notypes [149, 150]. This NA-ROH (Mw 16 kDa) demonstrated a remarkable antitu-
mor, antiangiogenic, immunomodulatory and antimetastatic activity in several 
preclinical models of both hematological (e.g., multiple myeloma, lymphoma) and 
solid tumors (e.g., sarcomas, pancreatic and breast carcinoma). It was safely admin-
istered in mice in prolonged treatment schedules both alone and in combination 
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with other antitumor agents [151–159]. An excellent safety profile was also emerged 
by recent results of Phase I clinical trial in advanced relapsed/refractory multiple 
myeloma [160] (Noseda and Barbieri, Chap. 21 in this volume). A recent study has 
assessed the role of heparanase in developing renal fibrosis arising in transplanted 
organ as a consequence of ischemia/reperfusion damage. In vivo tests showed that 
active doses of Roneparstat were well tolerated in animal models. A recent study 
evidenced that Roneparstat, by inhibiting heparanase, almost restored renal func-
tion, plasma creatinine and albuminuria. These results opened the way to further 
investigations on the potential efficacy of Roneparstat in reducing acute kidney 
injury and preventing chronic pro-fibrotic damage induced by ischemia/reperfusion 
injury [161].

20.7.5  �CX-O1 (ODSH)

The low anticoagulant CX-01 retaining most of the anti-inflammatory properties of 
heparin is under clinical evaluation as adjuvant in acute myeloid leukemia and 
in refractory myelodysplastic syndrome [https://clinicaltrials.gov/ct2/show/
NCT02995655]. It has recently received Orphan Drug and Fast Track Designations 
from the FDA for the treatment of acute myeloid leukemia [162]. It has been shown 
to interfere with CLC12/CXCR4 axis, inhibiting leukemia stem cell homing in the 
marrow stromal niches by competitive interaction with HS. Moreover, a random-
ized phase II trial in untreated metastatic pancreatic cancer has assessed that the 
combination of CX-01 with gemcitabine/nab-paclitaxel appears beneficial in term 
of disease control [163]. Worthy of note, local treatment with CX-01, significantly 
reduced neutrophil elastase in cystic fibrosis patients in combination with dor-
nase [164].

20.8  �Concluding Remarks

UFH remains the main source of semisynthetic efficient heparanase inhibitors. 
Non-anticoagulant heparin derivatives endowed with heparanase inhibitory activity 
reported in this chapter, retain part of the pleiotropic pharmacological effects of the 
starting heparin. This class of heparin derivatives interferes with the emerging role 
of heparanase in inflammatory diseases and other pathologies. All show good safety 
and tolerability along with hints of efficacy on several pathologies. On the other 
hand, the anticancer agents under clinical trials, namely Roneparstat and CX-01, 
given their HMW and low sulfation degrees, compositionally better mimic 
HS. These peculiarities allow these compounds to better interfere and inhibit the 
interactions between HSPGs and heparanase overexpressed by tumor cells and 
present in their environment. Given the need for long-term treatments, the develop-
ment of orally active agents of this class represents an attractive research field.
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