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Introduction

Heparins, naturally occurring glycosaminoglycans, are widely used for thrombosis prevention. Upon application as anticoagulants in cancer patients, heparins were found to possess additional antitumor activities. Ectonucleotidases have recently been proposed as novel targets for cancer immunotherapy.





Methods and results

In the present study, we discovered that heparin and its derivatives act as potent, selective, allosteric inhibitors of the poorly investigated ectonucleotidase NPP1 (nucleotide pyrophosphatase/phosphodiesterase-1, CD203a). Structure-activity relationships indicated that NPP1 inhibition could be separated from the compounds’ antithrombotic effect. Moreover, unfractionated heparin (UFH) and different low molecular weight heparins (LMWHs) inhibited extracellular adenosine production by the NPP1-expressing glioma cell line U87 at therapeutically relevant concentrations. As a consequence, heparins inhibited the ability of U87 cell supernatants to induce CD4+ T cell differentiation into immunosuppressive Treg cells.





Discussion

NPP1 inhibition likely contributes to the anti-cancer effects of heparins, and their specific optimization may lead to improved therapeutics for the immunotherapy of cancer.
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1 Introduction

Heparin is a heterogeneous mixture of linear, sulfated glycosaminoglycan polymers naturally occurring in the body. It prevents the formation of blood clots, and has therefore been established since decades as a subcutaneously applied anticoagulant drug. While other, orally available anticoagulants are becoming increasingly important, heparin has retained its outstanding role as a drug of choice in oncology for the prophylaxis and treatment of cancer-associated thrombosis (1–5). Several clinical studies suggest that heparins have a survival benefit for cancer patients (6). Moreover, heparin’s potential to inhibit cancer proliferation and metastasis has been demonstrated in various animal models (7, 8). Several potential targets for heparin have been postulated to be responsible for its antimetastatic activity. Apart from its anticoagulant activity, which is mediated by antithrombin, the inhibition of heparanase and thus tumor cell invasiveness (9), and the attenuation of adhesion receptor functionality, e.g. the suppression of P- and L-selectin and of selected integrins, are discussed as mechanisms of action (10). However, the precise mechanism by which heparins exert their anti-cancer effects and enhance cancer patient survival is still unknown.

We recently observed that sulfopolysaccharides isolated from sea algae can inhibit the ATP-hydrolyzing ectonucleotidases NPP1 (CD203a; CD, cluster of differentiation) and NTPDase1 (CD39) (11), enzymes whose important role in cancer proliferation, angiogenesis, metastasis, and immune escape is increasingly recognized (12, 13). Ectonucleotidases are expressed on cancer cells, catalyzing the hydrolysis of ATP released by the cells due to hypoxic conditions and cell death, producing cancer-promoting, immunosuppressive adenosine (see Figure 1) (12, 13). These surface-bound ectonucleotidases include ectonucleoside triphosphate diphosphohydrolases (NTPDases, EC 3.6.1.5), ectonucleotide pyrophosphatases/phosphodiesterases (NPPs, EC 3.6.1.9), and ecto-5′-nucleotidase (CD73, EC 3.1.3.5) (12, 13). NTPDases convert nucleoside 5′-triphosphates (NTPs) to nucleoside 5′-diphosphates (NDPs) and further to nucleoside 5′-monophosphates (NMPs) (14). The NPP subfamily of ectonucleotidases degrades NTPs directly to NMPs, releasing diphosphate (pyrophosphate, PPi) (12, 14). CD73 further hydrolyzes NMPs to nucleosides, primarily AMP to adenosine (12, 14). The main substrate of human NPP1, or CD203a, previously known as PC-1 (plasma cell membrane glycoprotein-1), is ATP (15). In addition, it hydrolyzes further nucleotides, e.g. nicotinamide adenine dinucleotide (NAD+), diadenosine polyphosphates and cyclic dinucleotides such as cyclic guanosine-(2′,5′)-monophosphate-adenosine-(3′,5′′)-monophosphate (2′,3′-cGAMP) (see Figure 1). This cyclic dinucleotide is a natural agonist of the stimulator of interferon genes (STING), which is crucial for the induction of a type I interferon response by the innate immune system (15–17). Inhibiting the hydrolysis of immunostimulatory ATP and cGAMP and the subsequent production of immunosuppressive, cancer-promoting adenosine has been proposed as a novel strategy to treat cancer and infections (18).




Figure 1 | Ectonucleotidases present in cell membranes catalyze the hydrolysis of extracellular nucleotides finally yielding cancer-promoting, immunosuppressive adenosine. NPP1 (CD203a): ecto-nucleotide pyrophosphatase/phosphodiesterase-1; CD39: ecto-nucleoside triphosphate diphosphohydrolase-1 (NTPDase1); CD73: ecto-5’-nucleotidase. CD, cluster of differentiation; NMN, nicotineamide mononucleotide; Pi, inorganic phosphate; PPi, diphosphate (pyrophosphate). The cleavage sites of NPP1 are indicated by dashed lines.



In the present study, we investigated the potential of heparin and heparin-derived sulfopolysaccharides to inhibit ectonucleotidases. In fact, we discovered that heparin and its derivatives are potent and selective allosteric inhibitors of NPP1. This mechanism of action may contribute to the anti-cancer effects observed for heparins. The present results and the observed structure-activity relationships provide the basis for the future development of more potent NPP1 inhibitors lacking the associated anti-thrombotic activity.




2 Materials and methods



2.1 Chemicals

Nucleotides (AMP, ADP, ATP, cAMP), nucleosides (adenosine, inosine, uridine), dipyridamole (DP), EHNA (erythro-9-(2-hydroxy-3-nonyl)adenine), disodium hydrogen phosphate, and sodium dodecyl sulfate were purchased from Sigma-Aldrich®, Merck KGaA, Darmstadt, Germany. Sodium chloride, potassium chloride, potassium dihydrogen phosphate, sodium hydrogencarbonate, D-glucose, HEPES (N-[2-hydroxyethyl]-piperazine-N’-[2-ethanesulfonic acid]), calcium chloride, and magnesium sulfate were purchased from PAN Biotech GmbH (Aidenbach, Germany). Dulbecco’s Modified Eagle Medium, fetal calf serum (FCS), penicillin/streptomycin (P/S) mixture, and L-glutamine were also obtained from PAN Biotech GmbH. The commercially available heparins were purchased from the following sources: unfractionated heparin-sodium (UFH, 1): Heparin-5000-ratiopharm from Ratiopharm GmbH, Ulm, Germany; LMWHs: tinzaparin (2), Innohep® from LEO Pharma, Ballerup, Denmark, dalteparin (3), Fragmin® from Eurim Pharma GmbH, Saaldorf-Surheim, Germany, nadroparin (4), Fraxiparin®, Berenga Arzneimittel, Baden-Baden, Germany; enoxaparin (5), Clexane® from Sanofi-Aventis Deutschland GmbH, Frankfurt, Germany; fondaparinux (6), Arixtra® from Aspen Pharma Trading Ltd, Dublin, Ireland. The non-commercial compounds 7-15 were synthetized as described (see Table 1 and Figure 2 for details) (19).


Table 1 | Investigated heparins and their inhibitory potency at human NPP1.






Figure 2 | Structures of investigated sulfopolysaccharides. For details see Table 1.






2.2 NPP1 assay

Concentration-inhibition curves of the test compounds at human NPP1 were performed with ATP as substrate at a final concentration of 400 μM. Several different dilutions of the test compounds were prepared in assay buffer (10 mM N-cyclohexyl-2-aminoethanesulfonic acid (CHES), 2 mM CaCl2, 1 mM MgCl2, pH 9.00) and incubated with 20 ng of human recombinant soluble NPP1 (Val191 - Leu591) expressed in murine myeloma NS0 cells obtained from R&D Systems GmbH (Wiesbaden, Germany, purity 95%, purified by using an N-terminal His-tag). For initial screening and selectivity analysis, NPP1 prepared as previously described (20), diluted in assay buffer, was used. The mixture of enzyme, substrate and test compound or buffer without test compound was incubated for 30 min at 37°C, and the reaction was terminated by heating at 90°C for 5 min. Capillary electrophoresis (CE) analysis was carried out to analyze the formation of the product. Data collection and peak area analysis were performed by the P/ACE MDQ software 32 KARAT obtained from Beckman Coulter (Fullerton, CA, USA). A polyacrylamide-coated capillary was used [30 cm (20 cm effective length) × 50 μm (id) × 360 μm (od) purchased from Chromatographie Service GmbH (Langerwehe, Germany)]. Samples were injected electro-kinetically by applying a voltage of -6 kV for 30 s. Finally, analytes were separated by applying a separation voltage of -20 kV, and detected by UV at 260 nm. The IC50 values were determined by nonlinear curve fitting using the GraphPad Prism Software 7.0. The mechanism of inhibition at human NPP1 was determined employing different concentrations of the investigated compounds 6 (at 0, 0.4, 4.0 µM), and 7 (at 0, 0.4 and 40 µM) versus four different substrate concentrations ranging from 50 to 500 μM of ATP. The assay procedure and operation conditions were the same as described above. The experiment was conducted twice, each in triplicates. A Lineweaver-Burk was calculated using GraphPad Prism 7.0 for predicting the inhibition type of the compound.




2.3 NPP3 and NPP5 assay

Compounds 1, 2, 5, 6, and 7 were screened at different concentrations using 400 μM of p-nitrophenyl thymidine monophosphate (p-Nph-5´-TMP) as substrate to study potential inhibition of NPP3 and NPP5 using a colorimetric assay as previously described (21). Soluble and purified human NPP3, prepared as previously described (22), and human NPP5 (23) were diluted in the assay buffer (50 mM TRIS HCl, 2 mM CaCl2, and 0.2 mM ZnCl2, pH 9.00), and 0.09 µg of NPP3, or 0.4 µg of NPP5 were employed. The mixtures were incubated for 30 min at 37°C in case of NPP3, and for 100 min at 37°C in case of NPP5, and the reactions were subsequently terminated by adding 20 μL of 1.0 N aq. NaOH solution. The assay is based on the enzymatic ester hydrolysis of p-Nph-5’-TMP which results in the formation of the yellow p-nitrophenolate anion. The absorption was measured at 400 nm using a BMG PheraStar FS plate reader (BMG Labtech GmbH, Ortenberg, Germany). Each analysis was repeated three times with triplicate measurements.




2.4 NPP4 assay

Selectivity studies on NPP4 were performed using a published luminescence-based assay versus 20 μM of diadenosine tetraphosphate (Ap4A) as a substrate and human soluble NPP4 (24). The assay buffer consisted of 10 mM HEPES, 1 mM MgCl2, and 2 mM CaCl2 (pH 8.00). The enzyme reaction was started by adding 0.14 μg of purified human NPP4 to the reaction mixture, which was incubated at 37°C for 90 min. The released product ATP was quantified using the luciferin-luciferase reaction. The firefly luciferase reacts with D-luciferin in the presence of the formed ATP and Mg2+. The resulting luminescence is a measure of the enzymatic activity, and the luminescence was read at 560 nm using a microplate reader (BMG PheraStar). Three independent experiments were performed, each in duplicate measurements; positive and negative controls were included.




2.5 NTPDase assays

For monitoring the activity of human NTPDases (subtypes 1, 2, 3 and 8) in the presence of test compounds, a CE-based assay system was used, according to a published procedure (11, 25). The following concentrations of test compounds were investigated in initial screening studies: 63 IU/mL of compounds 1 and 2, 30 µM of compound 6. For selectivity studies, the following concentration were employed: 50 IU/mL of 1, 12 µM of 6, and 48 µM of 7. The amount of enzyme was selected according to previously performed enzymatic titration, and adjusted to ensure a 10–20% conversion rate. Enzymes were obtained by transfection of COS-7 cells using plasmids encoding human NTPDase1 (GenBank accession number U87967) (26), NTPDase2 (NM_203468) (27), a kind gift of Dr. A.F. Knowles (San Diego, CA), NTPDase3 (AF034840) (28), a kind gift of Dr. T.L. Kirley (Cincinnati, OH) and human NTPDase8 (AY430414) (29) and purified as previously described (30, 31). The reaction buffer consisted of 10 mM HEPES, 2 mM CaCl2, and 1 mM MgCl2, pH 7.4. In the CE assay, the selected substrate concentration (ATP) was 100 µM for all studied human NTPDases (-1, -2, -3 and -8). Mixtures of enzymes with substrate and test compounds were incubated at 37°C for 30 min, and the enzymatic reaction was stopped by heating for 10 min at 95°C. The released products were separated by CE and quantified by their UV-absorption at 260 nm with ADP and AMP as external standards, as previously described (11); positive and negative controls were included.




2.6 CD73 assay

The assay was performed essentially as previously described (32). The enzymatic reaction was performed by mixing 0.36 ng of human CD73 (33) with test compound in assay buffer (25 mM Tris, 140 mM sodium chloride, 25 mM sodium dihydrogen phosphate, pH 7.4) and 5 µM of [2,8-3H]AMP [(specific activity 7.4x108 Bq/mmol (20 mCi/mmol)), American Radio-labeled Chemicals, MO, USA, distributed by Hartmann Analytic, Germany]. Compound 7 was used at 800 µg/mL and compound 6 at 20 µg/mL for the selectivity test, while for initial screening compound 5 was tested at a concentration of 55 µM and 6 at 30 µM, and 1 and 2 were tested at 50 IU/mL (Supplementary Figure 1). The enzymatic reaction was performed for 25 min at 37°C in a shaking water bath. Then, 500 µL of cold precipitation buffer (100 mM lanthanum chloride, 100 mM sodium acetate, pH 4.00) was added to stop the reaction and to facilitate precipitation of free phosphate and unconverted [2,8-3H]-AMP. After the precipitation was completed (after at least 30 min on ice), the mixture was separated by filtration through GF/B glass fiber filters using a cell harvester (M-48, Brandel, MD, USA). After washing each reaction vial three times with 400 µL of cold (4°C) demineralized water, 5 mL of the scintillation cocktail (ULTIMA Gold XR, PerkinElmer, MA, USA) was added and the radioactivity was measured by scintillation counting (TRICARB 2900 TR, Packard/PerkinElmer; counting efficacy: 49-52%). Positive and negative controls were included.




2.7 mRNA gene expression of ectonucleotidases in human glioblastoma cell lines

The mRNA isolated from several primary human glioblastoma cell specimens, namely 46Z, 78Z, 106Z, 138Z, from adults’ human brain-derived neural progenitors, 155Z and 167Z, and mRNA isolated from human glioblastoma cell lines T98G, LN229, U138, and U87, were studied with respect to gene expression of ectonucleotidases. A two-step RT-qPCR (quantitative reverse transcription polymerase chain reaction) technique was used. The reverse transcription and PCR amplification steps were performed in two separate reactions. mRNA samples from the cell lines (1 µg) were treated with 1 µL of DNase I (NEB; Cat. No. M0303S) for the removal of contaminating genomic DNA, incubated at room temperature, followed by addition of 25 mM of EDTA (ethylenediaminetetraacetic acid) and incubated at 65°C for 10 min. Then, the reverse transcription was achieved with the iScript cDNA Synthesis Kit (Bio-Rad; Cat. Num: 170-8891) using 0.5 µg of reaction mix available from the manufacturer, 1 µL of reverse transcriptase and RNA templates. Subsequently, 1 µL (5000 U/µL) of RNase H digest (NEB; Cat. No. M0297S) was added to each cDNA sample and incubated for 20 min at 37°C. Finally, the cDNA samples were diluted to a final concentration of 2.5 ng/µL, and qPCR was performed using SYBR Green (Bio-Rad iQ SYBR Green Supermix; Cat. No. 170-8887); the cDNA (5 ng) was mixed with 250 nM of the respective sequence-specific primers of the different investigated ectonucleotidases, which have been checked for their efficiency (Supplementary Figure 3), and positive and negative controls together with reference genes were tested in parallel. The qPCR cycle started with polymerase activation and DNA denaturation at 95°C for 3 min, followed by 49 cycles of amplification at 95°C for 20 s, 60°C for 20 s and 40 s at 68°C, finishing with 95°C for 30 s and 30 s at 65°C; melt curve: 60°C to 95°C, increments of 0.5°C and finally the plate was read (hard shell, thin wall white 96-well plates from Bio-Rad Cat. No. HSP9655). The data were collected and analyzed using CFX manager 2.0 software provided by Bio-Rad using their system C1000Thermal Cycler + CFX96 Real-Time System.




2.8 cDNA sequencing of NPP1 in U87 cells

Total RNA was extracted from 5 × 106 U87 cells using the Direct-zol RNA Miniprep Kit (Zymo Research; Cat. No. R2050). The isolated RNA was subsequently used for first strand cDNA synthesis, which was performed with the SuperScript Reverse Transcriptase IV kit (ThermoFisher Scientific; Cat. No. 18091050). The reverse transcription was carried out according to the manufacturer’s instruction with 1 µg of total RNA and 50 pmol of oligo d(T)20 primer. PCR amplification of the NPP1 cDNA was achieved with the gene-specific forward primer 5’-GCCAAGGACCCCAACACCTATAAAG-3’ that binds downstream of the initial GC-rich region of the coding sequence (CDS) of NPP1 thereby omitting the first 204 bp of the CDS, and the following reverse primer 5’-CGACAGTTTCTGAACAATGCAATAG -3’. The PCR product was purified and extracted from a 1% agarose gel using the Zymoclean Gel DNA Recovery Kit (Zymo Research; Cat. No. D4001). Afterwards, the purified cDNA was cloned into the pJet1.2 vector (ThermoFisher Scientific CloneJET PCR Cloning Kit; Cat. No. K1231) following the manufacturer’s blunt-end cloning protocol. Then, the reaction product was transformed into competent DH5α cells. Multiple clones were sequenced using the standard pJet1.2for and pJet1.2rev primers, as well as the NPP1 gene specific primer 5’-GGATTGTATCCAGAATCTCATGGC-3’. The sequences were analyzed using SnapGene software (www.snapgene.com) and Clustal Omega (34). For sequencing results see Supplementary Figure 4.




2.9 Membrane preparation of U87 cells

U87 glioblastoma cells were grown in cell culture dishes until reaching a fully covered confluent cell layer. Cells were cultivated at 37°C and 5% CO2 in DMEM with additions of 10% FCS, 1% penicillin/streptomycin (P/S) mixture and 1% L-glutamine. When confluent, the cell culture media was carefully removed and cells were frozen at -20°C overnight. The cells were then scraped off with a cell scraper using 2-3 mL of buffer (5 mM Tris, 2 mM EDTA, pH 7.4), homogenized and centrifuged for 10 min at 1000 g. The supernatant was collected and centrifuged for 60 min at 48000 g and 4°C. The pellet was then resuspended twice with Tris buffer, pH 7.4, followed by vortexing and centrifugation. The whole procedure was performed on ice. Finally, the pellet was resuspended and homogenized. A protein concentration of 1.5 mg/mL was determined with the Bradford method (35), and the protein was kept at -20°C until used. The enzymatic assay was performed by incubating the membrane preparation and the substrate at 37°C and 500 rpm for 30 min, followed by heat inactivation at 95°C for 5 min. For the determination of kinetic parameters, several substrate concentrations (from 6 to 500 µM of ATP or AMP) were utilized and incubated with 10 µg of membrane preparation for 30 min at 37°C, followed by heat inactivation. Capillary electrophoresis (CE) was used for analysis and quantification of the enzymatic product according to published procedures (11, 36). For the determination of the enzymatic activity 400 µM of ATP were employed, and three different amounts of membrane preparation (6, 10 and 30 µg of protein) were utilized. A positive control using the known NPP1 inhibitor PSB-POM-141 (20 µM) was performed (19). Data were obtained from three independent experiments each in duplicate measurements. Subsequently, compounds 6 and 7 were studied for their potency to reduce adenosine formation, at 3 and 30 µM (Compound 6, fondaparinux), and at 35 µM (Compound 7, G9694). Controls were run in parallel.




2.10 U87 cell culture, and cell-based assay

U87 human glioblastoma cells were grown in cell culture flasks until reaching a fully covered confluent cell layer. Cells were cultivated at 37°C and 5% CO2 in DMEM with additions of 10% FCS, 1% penicillin/streptomycin and 1% L-glutamine. The cells were rinsed with phosphate-buffered saline (PBS) and detached with EDTA. Thereafter, they were counted by a Cell Counter CASY® 1 Model TT (Schärfe System GmbH, Reutlingen, Germany) to retrieve the number of viable cells, and washed three times with PBS before they were resuspended in Krebs-HEPES buffer at a concentration of 106 cells/mL (37). Then, 1 mL of cell suspension was transferred into a 24-well plate. The cells were pretreated with the nucleoside transport inhibitor dipyridamole (20 µM) for 30 min (38). Adenosine deaminase (ADA) activity was inhibited by the addition of 1 µM of the inhibitor EHNA (erythro-9-amino-β-hexyl-α-methyl-9H-purine-9-ethanol hydrochloride) (39). Heparins, their non-anticoagulative analogs, and the known ectonucleotidase inhibitor PSB-POM-141 (20) were added. The samples were incubated with 300 µM of ATP for 3 h at 37°C and 5% CO2. Then, an aliquot of 300 µL of solution from each vial was transferred into 1.5 mL Eppendorf tubes and heated at 95°C for 10 min to inactivate enzymes to avoid further nucleotide degradation. Before performing capillary electrophoresis (CE) measurements, the samples were centrifuged at 600 g to remove insoluble material like cell debris from the supernatant. Until measurement, samples were stored at -20°C. Nucleotides (ATP, ADP, AMP, cAMP) and nucleosides (adenosine, inosine, uridine), which were used as standard compounds to monitor efficient separation by CE, were dissolved in Krebs-HEPES buffer at a concentration of 10 µM and stored at -20°C (37). All CE measurements were performed on a P/ACE capillary electrophoresis system MDQ glycoprotein (Beckman Coulter Instruments, Fullerton, CA, USA) using a fused silica capillary without coating, according to a published method (40). The capillary dimensions were 40 cm in length (30 cm effective length to detection window) and 75 µm in diameter. Preliminary to the measurement, the capillary was rinsed with 0.1 N aq. NaOH solution, Millipore water and running buffer to establish consistent conditions. The running buffer consisted of sodium dodecyl sulfate (SDS, 100 mM) and disodium hydrogen phosphate (10 mM) at pH 8.0. SDS creates a pseudo-stationary phase, which enables the separation of the uncharged nucleosides. The hydrodynamic injection for 30 s with a pressure of 0.1 psi. A constant current of -90 µA, 10 kV and a pressure of 0.1 psi were required for the separation. The detection was performed by a UV diode array detector which allowed to identify the UV spectra of the nucleosides and nucleotides at a wavelength of λ = 260 nm (40).




2.11 Induced Treg differentiation assay

Human CD4+ T cells were extracted from buffy coats by positive selection using the StraightFrom™ Buffy Coat CD4 MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany). CD4+ T cells were stimulated by ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator at day 1. At days 1 and 3, the indicated compounds or U87 cell supernatant, either of untreated or of heparin-treated cells were added to CD4+ T cells. Cells were harvested at day 5 and were investigated for CD25 and FoxP3 expression. Therefore, cells were washed once with staining buffer (1% BSA, 0.01% NaN3 in PBS). To avoid nonspecific binding, cells were blocked for 15 min with 3% BSA in PBS. Anti-CD25 antibody (PerCP/Cyanine5.5 anti-human CD25 antibody, RRID : AB_2125478, BioLegend Inc, San Diego, CA, USA) was added and the cells were incubated for 30 min in the dark. Subsequently, cells were washed once with staining buffer and fixed in 150 µL of fixation buffer (3% paraformaldehyde (PFA), 0.1% saponin, and 0.5% Tween-20 in Dulbecco's phosphate-buffered saline) for 30 min at 4°C. Samples were washed once with permeabilization buffer (0.5% saponin, 0.5% Tween-20 in staining buffer). Next, cells were permeabilized in 75 µL of permeabilization buffer for 30 min at 4°C. Samples were spiked with anti-FoxP3 antibody, fluorescein isothiocyanate ((FITC-labeled), RRID : AB_439752, BioLegend Inc.) diluted in 25 µL of permeabilization buffer. After an incubation period of 30 min at 4°C, cells were washed twice with 150 µL permeabilization buffer and finally resuspended in 500 µL of staining buffer and transferred into a suitable plate. Samples were measured in triplicates using the Guava® easyCyte HT Flow Cytometer (Merck Millipore, Billerica, MA, USA). Compensation and FMO (fluorescence minus one) controls were conducted. The gating strategy is displayed in Supplementary Figure 6. Data were evaluated using the FlowJo™ v10.5.3 Software (RRID : SCR_008520, BD Life Sciences, Franklin Lakes, NJ, USA) and Graphpad PRISM 8.4.0.





3 Results

Heparin is a complex mixture of naturally occurring anionic, sulfated glycosaminoglycans extracted from pig gut mucosa. Unfractionated heparin (UFH, 1, heparin sodium) whose molecular weight is ranging from 8-25 kDa, is a linear polymer made up of 1→4 linked disaccharide repeating units, consisting of α-D-glucosamine, 2-deoxy-2-sulfamino-D-glucose, 2-acetamido-2-deoxy-D-glucose, α-L-iduronic or β-D-glucuronic acid with 2.7 (average number) sulfated groups per disaccharide repeating unit. Low molecular weight heparins (LMWHs) are obtained from UFH by chemical or enzymatic depolymerization resulting in polysaccharide fragments of smaller size. Three commercially available heparins, UFH (1), the LMWHs tinzaparin (2), and enoxaparin (5), and the synthetic pentasaccharide fondaparinux (6) (for structures see Figure 2) were initially evaluated as potential inhibitors of prominent members of the ectonucleotidase family, namely NTPDase1 (CD39) and its isoenzymes NTPDase2, -3, and -8, NPP1 and its isoenzyme NPP3, and ecto-5’-nucleotidase (CD73). We observed almost complete inhibition of human NPP1 by all four compounds, at a concentration of 63 IU/mL for heparin-Na (1) and tinzaparin (2), and at 250 µg/mL and 50 µg/mL of enoxaparin (5) and fondaparinux (6), respectively. For the other investigated ectonucleotidases, only low or very low inhibition was observed under the same conditions, indicating selectivity of the heparins for NPP1 (Supplementary Figure 1).



3.1 NPP1-inhibitory potency

Due to the observed selective inhibition of NPP1 by the initially tested heparins, we decided to study a broader range of heparin derivatives as potential inhibitors of NPP1. In addition to UFH (heparin sodium salt; compound 1) and tinzaparin (compound 2), dalteparin (sodium salt; compound 3), and nadroparin (calcium salt; compound 4) were applied as further representatives of LMWHs, in addition to enoxaparin (compound 5), displaying decreasing molecular weights in this order. Fondaparinux (compound 6) is a fully synthetic anticoagulant, which is based on the pentasaccharide sequence that represents the antithrombin binding site of heparin that is responsible for the anticoagulant effect. In addition to commercially available drugs, we tested the non-commercial heparin derivatives 7-15 (see Figure 2). To study the impact of the molecular size on NPP1 inhibitory potency, we applied defined fractions of dalteparin (compound 10-12) representing an octa-, deca- and dodecasaccharide fraction of this LMWH. Furthermore, chemically modified UFH derivatives were included that were synthesized to reduce or abolish the anticoagulant activity. Thus, we applied compound G9694 (7), a glycol-split derivative with ring-opening of non-sulfated uronic acids (reduced oxyheparin), G5945 (8) as a 2-O-desulfated heparin, and compound 9 that is desulfated in position 6 of glucosamine. Compounds 7, 8 and 9 have similar molecular weights of around 16 kDa, with degrees of sulfation of 2.2, 1.1, and 0.7, respectively. Furthermore, the 2-O-desulfated heparin has been size-fractionated yielding compounds G4271A (13), G4271B (14), and G4185 (15), which is a mixture of 13 and 14. Altogether, 15 heparin derivatives were pharmacologically characterized, and their potencies in inhibiting ATP hydrolysis by human NPP1 were determined using a capillary electrophoresis(CE)-based assay (see Table 1, Figure 3, and Supplementary Figure 2).




Figure 3 | pIC50 values in mol/L (A) and g/L (B) of compounds 1-15 as inhibitors of the human ectonucleotidase NPP1 are shown. Error bars represent SD values. For details see Table 1. ATP was used as a substrate, and a CE-UV-assay was used for detection and quantification of the enzymatic reaction product AMP. For details see Experimental Section.



The IC50 values ranged from 0.503 µM for UFH (compound 1) to 73 µM for G4271B (compound 11). Among the clinically used heparins, UFH (compound 1) and fondaparinux (6) appeared to be the most potent ones in inhibiting NPP1 activity with IC50 values of 8.29 µg/mL and 4.99 µg/mL, respectively, followed by tinzaparin (2) with an IC50 value of 18.4 µg/mL. These compounds have 2.7, 3.2 and 2.5 sulfate groups per disaccharide repeating unit on average. LMWHs possess a lower total number of sulfate groups compared to UFH; their IC50 values ranged from 20 to 190 µg/mL. Among the LMWHs, dalteparin (3) exhibits a MW of 6 kDa while nadroparin (4) and enoxaparin (5) have a lower MW of 4.5 kDa; compound 5 was found to be almost 5 times more potent than compounds 3 and 4.

Desulfation of position 6 (G6658, 9) instead of position 2 (G5945, 8) was advantageous, compound 9 being 35-fold more potent than 8. Compounds 10, 11, and 12, which differ by two or four units in length, displayed IC50 values in a similar range, however a dodecasaccharide of 3.6 kDa (compound 10) showed stronger inhibition of NPP1 activity compared with 8 or 10 units (G9694, 7). The non-anticoagulant heparin derivative (reduced oxyheparin) exhibited an IC50 value of 30 µM, thus, the ring-opening modification did not interfere with the compound’s inhibitory activity at NPP1. For direct comparison, the pIC50 values are depicted in Figure 3. Due to the large differences in the molecular weights of the compounds, a comparison based on g/L (Figure 3B) appears to be more meaningful than a comparison of molar concentrations (Figure 3A). These data confirm that different heparin derivatives are suitable to block NPP1 activity, and the size of the oligo/polysaccharides does not seem to be the main determining factor for inhibitory activity. The potency of the heparin derivatives depends significantly on charge density and is unrelated to anticoagulant activity. This offers the opportunity to develop heparin derivatives and analogs with improved NPP1 inhibition but lacking anti-coagulant activity.




3.2 Selectivity versus other ectonucleotidases

Next, we studied the selectivity of some heparins versus other members of the ectonucleotidase family. UFH (1), fondaparinux (6), and G9694 (7) were selected representatives for anticoagulant and non-anticoagulant heparin derivatives (Figure 4). A concentration was selected by which full inhibition of NPP1 was observed. All three compounds showed high selectivity for NPP1 versus other NPP subtypes, NPP3, NPP4, and NPP5, and versus the ecto-NTPDases NTPDases1, NTPDase2, NPTDase3, and NTPDase8, as well as the ecto-5’-nucleotidase CD73. Compound 7 (G9694), tested at 800 µg/mL (48 µM), inhibited NTPDase1 (CD39) by 60%, and slightly inhibited NTPDase3 and -8 by about 35%, but no effect was observed on the other enzymes. Fondaparinux (6), tested at 20 µg/mL (12 µM), showed ~35% inhibition of NTPDase1 and -2, but no effect on the other investigated enzymes was observed, while UFH (1), tested at 50 IU/mL (roughly 6 µM), inhibited only NTPDase1, blocking its activity by about 60% - in addition to full NPP1 inhibition.




Figure 4 | Ectonucleotidase inhibition by UFH (1), fondaparinux (6) and G9694 (7) selected as representatives of structurally diverse heparins. A concentration was selected by which full inhibition at NPP1 was observed. Compound 1 was tested at 50 IU (roughly 6 µM), compound 6 at 20 µg/ml (12 µM) and compound 7 at a concentration of 800 µg/mL (48 µM). NPP1 and NTPDase1, 2, 3 and 8 activities were analyzed using a CE-based assay employing ATP as a substrate; NPP3 and NPP5 were investigated using p-Nph-5′-TMP as a substrate; NPP4 was tested versus Ap4A as a substrate using a luciferase assay; for CD73 activity a radioactive assay was performed. The data are normalized with respect to positive (100%) and negative (0%) controls of each enzyme, for details see Experimental Section.






3.3 Determination of inhibition type

Next, we investigated the mechanism of inhibition for compound 7 (G9694) and compound 6 (fondaparinux) as group representatives for semisynthetic non-anticoagulative heparin derivatives and for commercially available anticoagulants. ATP hydrolysis by NPP1 was determined in the absence and in the presence of the inhibitors. Four different concentrations of the substrate ATP were employed (50, 100, 200 and 500 µM), each tested in the presence of 0, 0.4, and 4 µM of fondaparinux (6), or 0, 4, and 40 µM of G9694 (7). For the determination of the inhibition type, Lineweaver-Burk plots were computed (Figures 5C, D), and the kinetic parameters of ATP hydrolysis by NPP1, in the absence and presence of inhibitors 6 and 7, were calculated (Figures 5A, B). The results indicated a mixed-type of NPP1 inhibition by these heparin derivatives (Figure 5). This means that the investigated compounds bind to an allosteric site (a site different from the active site where the substrate binds), and the inhibitors may bind to the enzyme without substrate or to the substrate-bound enzyme. The presence of a mixed-type inhibitor decreases the apparent maximum enzyme reaction rate (see Vmax values in Figure 5). Furthermore, a mixed-type inhibitor can either lead to decreased Km values (see compound 6) indicating preferred binding to the enzyme-substrate complex, or to increased Km values indicating preferred binding to the free enzyme (see inhibitor 7).




Figure 5 | Investigation of the inhibition type of inhibitors 6 (fondaparinux) and 7 (G9694) at human NPP1. In (A, B), the Michaelis-Menten curves are shown without and in the presence of different concentrations of the inhibitor. Lineweaver-Burk plots are shown in (C, D) indicating the inhibition type. The kinetic parameters of ATP hydrolysis by NPP1, in the absence and presence of inhibitors 6 and 7, are provided in the table. The results indicate a mixed type of inhibition. Data were obtained from three independent experiments, each performed in duplicate.






3.4 Identification of cancer cell lines with high NPP1 expression

To test the compounds in a more complex system, we searched for a native cell line with high NPP1 expression. Thus, mRNA expression analysis of ectonucleotidases in several tumor cell lines was carried out. Altogether, 10 different cell lines were investigated with respect to 8 genes encoding members of the ectonucleotidase family. Expression of NPP1 was previously reported to be increased in human astrocytic brain tumors (glioblastoma), and NPP1 expression was observed to increase with tumor grade (40). NPP1 was also shown to be expressed in N2a mouse neuroblastoma cells, the expression level significantly decreasing upon differentiation into a neuronal-like phenotype (41). Therefore, we studied the gene expression of adult human brain-derived neural progenitor cells (155Z and 167Z), primary human glioblastoma cell specimens (106Z, 138Z, 46Z, 78Z) and established human glioblastoma cell lines (LN229, T98G, U138 and U87). mRNA expression for NPPs (ENPP-1, -2 and -3), NTPDases (ENTPD1, -2, -3 and -8) and 5’-ectonucleotidase/CD73 (NT5E) was determined by RT-qPCR (quantitative reverse transcription polymerase chain reaction).

In the initially performed broader screening (Table 2A) we observed very low or no mRNA expression for NTPDases, while relatively high mRNA expression for NPP1 was detected in all investigated cell lines, along with very high mRNA expression for ecto-5’-nucleotidase (CD73). Subsequently, the number of cell lines was reduced, and we specifically studied the expression of ENPP1, ENTPD1, -2 and -3, and NT5E mRNA. Indeed, we confirmed that 167Z, LN229, U87, 138Z and 46Z cells all have high mRNA expression levels encoding for NPP1 and CD73 compared to very low or no mRNA expression encoding for NTPDases. Based on the observed expression of the genes of interest in these cell lines, we selected the glioblastoma cell line U87 for further experiments. U87 is an established human glioblastoma cell line that expresses NPP1 and CD73, with no significant expression of any of the other investigated ectonucleotidases, thus making it suitable for our purpose (see Table 2B).


Table 2A | Preliminary quantitative mRNA expression analysis of ectonucleotidases in human cell lines determined by qPCR.a





Table 2B | Quantitative mRNA expression analysis of selected ectonucleotidases in specific human cell lines determined by qPCR.a







3.5 Sequencing of NPP1 in U87 glioblastoma cells

Cancer cell lines typically show many mutations. To investigate whether NPP1 expressed in the human glioblastoma cell line U87 corresponds to the wildtype sequence or bears mutations, we performed a sequencing analysis based on extraction of RNA (for details see Experimental 2.8). Our data clearly confirmed that the sequence of NPP1 expressed in U87 cells was identical to the wildtype human NPP1 sequence (see Supplementary Figure 4).




3.6 Studies on membrane preparations of the glioblastoma cell line U87

Next, the selected cell line U87 was biochemically characterized, and kinetic parameters were determined using cell membrane preparations. We investigated the enzymatic activity leading to the formation of adenosine upon incubation with ATP, or AMP, respectively, (Figure 3C). For the main natural substrates, Km values of 83 µM (for ATP), and of 38 µM (for AMP) were determined (Figures 3A, B). These data are in conformance with data obtained for the isolated enzymes NPP1 and CD73, respectively (12). Next, the inhibitory activity of compounds 7 (G9694) and 6 (fondaparinux) on the formation of adenosine from ATP by U87 cell membrane preparations was studied. Both heparin derivatives inhibited the formation of adenosine in a dose-dependent manner (see Figure 6).




Figure 6 | Enzyme kinetics for ATP (A) and AMP (B) as substrates of ectonucleotidases expressed in U87 cell membrane preparations. (C) Enzymatic activity: three different amounts of U87 cell membrane preparations were incubated with 400 µM ATP at 37°C for 30 min, followed by heating to deactivate the enzymes. As a control the known NPP1 inhibitor PSB-POM141 (20 µM) was tested (19). (D) Blockade of adenosine formation from ATP by compounds 6 (fondaparinux) and 7 (G9694) in human U87 glioblastoma cell membrane preparations. The potent NPP1 inhibitor PSB-POM141 (20 µM) was added which led to a full blockade of NPP1 activity thereby preventing the formation of AMP and consequently its hydrolysis to adenosine. Control: cell membrane preparation without any test compounds. CE-based methods were employed for the analysis and quantification of the products (for details see Experimental Section).






3.7 NPP1 inhibition and its impact on adenosine formation in U87 glioblastoma cells

As a subsequent step, extracellular ATP degradation by intact U87 cells was analyzed. A CE-based approach was applied to follow ATP degradation and to detect the final formation of adenosine. The cells were pretreated with 20 µM of dipyridamole (DP) to block cellular adenosine uptake by the solute carrier transporters SLC29, better known as equilibrative nucleoside transporters (ENT) (38, 42). Adenosine can be further degraded by adenosine deaminase (ADA) to inosine, a reaction that was observed to take place in U87 cells as indicated by the measured inosine levels (Supplementary Figure 5A). The ADA inhibitor erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) was therefore added to prevent adenosine degradation by ADA (43). Combined blockade of cellular adenosine uptake and its conversion to inosine by ADA allowed to confirm the crucial role of NPP1 in extracellular adenosine formation (Supplementary Figure 5B). In control experiments, NPP1 activity was inhibited by pretreatment with the potent NPP1 inhibitor PSB-POM-141 (20), which almost completely blocked AMP formation from ATP, and consequently also resulted in a complete blockade of adenosine formation (Supplementary Figure 5C).

Heparins were tested in a range of different concentrations. All investigated compounds led to a dose-dependent inhibition of adenosine formation. To be able to relate the tested concentrations to the clinically employed concentrations of these anticoagulants, we adapted them to the therapeutically applied amounts, given in international units (I.U.) for heparins 1, 2 and 3, and in µg for fondaparinux (6). To use a comparable scale and to select a mean therapeutic concentration, as well as a higher one that slightly exceeds the typical therapeutic doses, we selected 1 I.U./mL and 5 I.U./mL for UFH (1), tinzaparin (2) and enoxaparin (5), and 2 µg/mL and 10 µg/mL for fondaparinux (6). The non-commercial heparin derivatives G9694 (7), G5645 (8), G6658 (9) were tested at 50 µM and 100 µM, compounds A3875-H6 (11) and A3875-I6 (12) were studied at 20 and 50 µM, while A3875-G6 (10) was evaluated at 10 and 25 µM. All investigated heparin derivatives were able to inhibit adenosine formation from ATP in U87 glioblastoma cells (Figure 7). In fact, UFH (1), and LMWH 2 and 5 inhibited adenosine formation by 30-60% using 5 I.U., while fondaparinux (6) showed even stronger inhibition of adenosine formation, by 60% using 10 µg/mL (~ 6 µM) (Figure 7A). These results are comparable to the data obtained on soluble recombinant human NPP1, and on U87 membrane preparations, respectively (Figure 6D). They impressively demonstrate the relevance of this mechanism in a cellular system.




Figure 7 | Blockade of extracellular adenosine formation from ATP on human U87 glioblastoma cells (A) by compounds 1, 2, 5, and 6 as representatives of commercial heparin derivatives, and (B, C) by compounds 7, 8, 9, 10, 11, and 12 as representatives of non-commercial heparin derivatives. The cells were treated with 300 µM of ATP as substrate, and incubated for 3 h in the presence of DP (to prevent cellular uptake of adenosine) and EHNA (to prevent adenosine deamination). Adenosine was quantified by CE-UV and the inhibition calculated and normalized (for details see Experimental Section, Supplementary Figure 5). Statistical analysis: one-way ANOVA (normal vs treatment). * p-value ≤ 0.05, ** p-value ≤ 0.01, *** p-value ≤ 0.001, **** p-value ≤ 0.0001.



The non-commercial heparin derivatives showed a potent, but lower inhibitory activity on the formation of adenosine in U87 tumor cells compared to the commercial derivatives (Figures 7B, C). Notably, much higher concentrations were needed to achieve an inhibition in the range of 30 to 50%. Although a structural correlation of this finding appears complicated by the different parameters, a crucial impact of the charge density on inhibitory capacity appears likely, considering the low activities of the desulfated derivatives 8 and 9 (Figure 7B). The findings on the size-fractionated derivatives 10-12 (Figure 7C), which appear highly active at concentrations of 20 µM and 50 µM, indicate that a smaller heparin fragment is sufficient for NPP1 inhibition, see fondaparinux (6).

Finally, we studied whether adenosine accumulation in cellular supernatants will affect immune cell activity, and whether this can be reversed by NPP1 inhibition through heparins. To this end we utilized human CD4+ T cells. The differentiation of CD4+ cells into an immunosuppressive Treg subset is a crucial pathway of cancer immune evasion. The induction of Treg cells, detected as CD25/FoxP3 positive cells, was analyzed by flow cytometry. First, we measured the impact of supernatants of either untreated U87 cells ‘(U87 (-))’ or those preincubated with 20 µM of the ectonucleotidase substrate ATP ‘(U87 (+))’. The latter solution induced a stronger differentiation of CD4+ T cells in Treg cells than the controls, indicating the formation of extracellular adenosine from ATP by the U87 cells. This value was considered as maximum effect, defined as 100% (Figure 8). Notably, when the U87 cells preincubated with 20 µM ATP were additionally treated with one of the indicated heparin derivatives, the percentage rate of Treg formation was significantly reduced. All investigated heparins, UFH (1), tinzaparin (2), enoxaparin (5), and particularly fondaparinux (6), reduced Treg formation even below that of the control cells (treated with U87 cell supernatant without ATP addition), indicating that NPP1 expressed in T cells (44) is also inhibited by heparins.




Figure 8 | Induction of regulatory T cells from naïve CD4+ T cells by stimulation with antibodies and treatment with supernatants of U87 cells. U87 glioblastoma cells were pre-treated with the NPP1 substrate ATP (20 µM) in the presence of dipyridamole to prevent cellular uptake of adenosine, and EHNA to prevent adenosine deamination. The representative commercial heparins UFH (1), tinzaparin (2), enoxaparin (5) as well as the pentasaccharide fondaparinux (6) were added to block extracellular adenosine formation. Percentage of CD4+ T cell differentiation in Treg cells and the attenuation by the indicated heparin derivatives is shown. Further details of the flow cytometry analysis areas are shown in Supplementary Figure 6. Seven independent experiments were performed. Statistical analysis: one-way ANOVA (normal vs treatment). * p-value ≤ 0.05, *** p-value ≤ 0.001, **** p value ≤ 0.0001.



These data clearly confirm the immunosuppressive activity of adenosine formed from ATP by ectonucleotidases in U87 glioblastoma cells, and possibly also in T cells, as well as its reversal by the NPP1-blocking heparins.





4 Discussion

All investigated heparin derivatives and analogs exhibited significant inhibitory activity on NPP1 and were found to be NPP1-selective among a large array of investigated ectonucleotidases. Structure-dependent activities were observed, which provide a basis for future optimization, increasing NPP1 inhibition while decreasing or abolishing the compounds’ antithrombotic effect. NPP1 catalyzes the hydrolysis of antiproliferative ATP to produce, in conjunction with the AMP-hydrolyzing ectoenzyme CD73, adenosine, which has immunosuppressive and tumor-promoting properties. Indeed, we observed decreased adenosine production by human U87 glioblastoma cells treated with representative heparin derivatives. Heparins exhibited a significant effect on adenosine formation that was demonstrated to be NPP1-dependent, suggesting a role for immuno-oncological therapies.

Heparin and LMWH are well tolerated and safe anti-thrombotic drugs. UFH is used in a therapeutic range of 8,000-10,000 IU, i.v. or s.c. every 8 h, or 15,000-20,000 IU s.c. every 12 h with plasma concentrations reported to range from 0.2 IU/mL to 15 IU/ml on average (45, 46) and a half-life (T1/2) of 1-1.5 h (46). In the present study, compound 1 (UFH) was found to inhibit NPP1 with an IC50 value of ~ 4 IU/mL which is in the range of the plasma concentration reached in patients at therapeutic doses. It is worth mentioning that the IC50 value of UFH for inhibiting P-selectin is 24.5 µg/mL (47), while at NPP1 the compound is 3-fold more potent (8.26 µg/mL).

LMWHs (e.g., 2, 3, 4 and 5) reach the following Cmax values: Tinzaparin (2) dosed 175 IU/kg body weight s.c. once daily reaches ca. 0.5-1.0 IU/ml (48). Dalteparin (3), dosed once daily with 120 IU/kg s.c., or i.v., respectively, reaches 0.6-2.2 IU/ml (49). Nadroparin (4) applied s.c. in doses of 41 U/kg, or 166 U/kg, respectively, results in maximal concentrations of 0.61-1.34 IU/ml (50). Enoxaparin (5), applied s.c., or initially by i.v. bolus injection, in doses of 30 mg (corresponding to 3000 IU) once daily, or 1 mg/kg (depending on the indication), respectively, reaches levels of 0.2-1.3 IU/ml (51). After several days of therapy mean peak levels of about 1.2 IU are obtained (51). Thus, the average concentrations of these LMWHs appear to be below the levels required for significant NPP1 inhibition.

The therapeutic dosage for fondaparinux (6) is typically 2.5 mg daily, and plasma concentrations have been reported to range from 0.1 to 0.5 mg/L for adult patients on thromboprophylaxis treatment, and from 0.6 to 1.5 mg/L for adults on therapeutic doses, the compound showing a half-life of 17 h (52). These concentrations are also just below the IC50 value determined for NPP1 inhibition. However, the negatively charged sulfopolyglycosides may accumulate at the extracellular cell membrane, where NPP1 is located, and local concentrations might actually be higher.

NPP1 inhibition may be beneficial for personalized medicine to treat cancers that show high NPP1 expression. Besides some brain tumors (53), certain liver, thyroid, and head-and neck cancers may be NPP1-positive (54). For example, increasing bone metastasis in breast cancer patients has been associated with high NPP1 expression levels (55). Additional studies in further NPP1-expressing cancer cell lines should be performed. It is, however, unlikely that heparins will induce strong direct antiproliferative effects on cancer cells. Reducing adenosine levels in the microenvironment of cancer cells and tissues by NPP1 inhibition is expected to primarily activate immune cells enabling them to infiltrate and attack cancer tissues (56). Therefore, co-cultures, preferably cancer-immune cell organoids, should be employed (57), followed by in vivo studies in suitable animal models.

In humans, NPP1 is predominantly expressed in bone, cartilage, and adipose tissue, but also, for example, in heart, liver, kidney, placenta and testis (14, 54). It is an important source of PPi, and its inhibition will not only reduce adenosine, but also PPi concentrations. Since PPi is a key inhibitor of mineralization (58), NPP1 inhibitors might eventually lead to abnormal bone development and soft tissue including blood vessel calcification (59). In fact, chronic application of heparins has been associated with decreased bone stability and soft tissue calcification (60), although conflicting results have been obtained (61). The observed effects might be – at least in part – associated with the potent NPP1-inhibition of heparins. Utilizing heparins with decreased NPP1-inhibitory effects may reduce these side-effects of long-term anticoagulant therapy, e.g. in dialysis patients. In conclusion, we discovered that heparin and its derivatives are potent allosteric inhibitors of the ectonucleotidase NPP1. This mechanism of action might contribute to their clinically observed anti-cancer effects. Based on our results, further studies are warranted investigating the consequences of NPP1 inhibition by heparins in vivo on cancers, e.g. in immune-competent mouse models. Combination therapies with anti-cancer drugs should be performed to evaluate potential synergistic effects. In case of positive results, clinical trials applying one of the most potent NPP1-inhibiting heparins may confirm this hypothesis.
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14-16 m.u.
5 Enoxaparin 4.5 23 8.86 = 1.40 52.1£6.3
6 Fondaparinux 17 8 pentasaccharide 2.94 £ 061 4.99 + 0.98
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“SuD, sulfation degree (average number of sulfate groups per disaccharide repeating unit; for fondaparinux the total number of sulfate groups is given).
‘m.u, monosaccharide unit.

“Estimated; 1 U equals to 0.002 mg of heparin; a mean value of 16.5 kDa for heparin-sodium was considered for calculation.

9Cs value extrapolated.

“nd, not determined.
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