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Abstract 27 

Marine microorganisms are a promising source of innovative compounds for medical 28 

applications. The present study aimed to investigate anticancer potential of oversulfated low 29 

molecular weight derivatives, named OSIDs, prepared from infernan, a marine bacterial 30 

exopolysaccharide. In order to identify a lead, OSIDs with different sulfate contents and 31 

molecular weights were firstly evaluated in vitro in a large series of human and murine tumor 32 

cell lines. Amongst all derivatives tested, OSID4 was the most effective, showing a 33 

significant dose-dependent inhibitory effect on the viability of cancer cells. OSID4 was then 34 

able to significantly slow down progression of lung and melanoma tumor growth in 35 

immunocompetent tumor-bearing mouse models. In immunodeficient mice bearing a human 36 

lung carcinoma, a notable inhibitory effect of OSID4, comparable to doxorubicin, was 37 

observed. In combination with doxorubicin, OSID4 did not exhibit any drug interaction. The 38 

activity of OSID4 was confirmed by its modulatory effect on the transcriptomic profile of 39 

human lung cancer cells. Finally, toxicity and pharmacokinetic parameters disclosed that 40 

OSID4 presented no toxicity and no bleeding risk. In conclusion, by combining its notable 41 

anticancer and moderate anticoagulant activities, OSID4 may be promising for treatment of 42 

cancers associated with a high risk of thromboembolic events. 43 

 44 

Keywords: exopolysaccharide, GAG-mimetic, antitumor, allograft mouse model, xenograft 45 

mouse model, drug combination, toxicity, bleeding, thromboembolism 46 
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1. Introduction 48 

Cancer is among the leading causes of mortality in developed countries with major 49 

economic impact [1, 2]. Despite the endeavors and achievements made in treating cancers 50 

during the past decades, disease recurrence and progression remain a major obstacle to 51 

therapy. One of the main clinical issues is the development of drug resistance [3]. Many 52 

strategies have been designed to combat drug resistance, either by combining the currently 53 

available therapies or by developing novel therapies [4]. While the focus is shifting to the 54 

development and use of novel therapeutic agents for immunotherapy and targeted therapy, 55 

chemotherapy remains the standard of care for the treatment of most cancers and both new 56 

and effective chemotherapeutic agents are still needed. However, systemic chemotherapy 57 

induces severe side effects, has a low tumor specificity and has more a survival effect than a 58 

curative impact with a poor improvement of quality of life [5, 6]. Moreover, the incidence of 59 

venous thromboembolism (VTE) in cancer patients has strongly increased in the past decade 60 

probably due to the novel cancer therapies targeting more distant metastasis by using 61 

antiangiogenic therapy [7]. Prior to cancer surgery, pharmacological thromboprophylaxis with 62 

low-molecular-weight (LMWH) or unfractionated (UFH) heparin is the standard of care for 63 

patients with both a high risk of VTE and a low risk of bleeding [8]. However, the potent 64 

anticoagulant activity of LMWH and direct oral anticoagulants leads to adverse bleeding 65 

complications in some cancer patients, which limits their period of administration (up to 6 66 

months), as shown in recent clinical studies [9]. 67 

Glycosaminoglycans (GAGs), and especially heparins, are until now considered as 68 

good therapeutic candidates in oncology due to their multi-target mechanisms of action (e.g. 69 

growth factors, chemokine signaling, angiogenesis, distant metastasis) [10]. In this context, 70 

the therapeutic potential of heparins in cancer patients has been evaluated to improve their 71 

overall survival. However, besides their strong anticoagulant activity another disadvantage of 72 
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heparins is their animal origin, which can lead to a high risk of unknown cross-species 73 

contamination [11-13]. Consequently, the exploration of the therapeutic potential of heparin 74 

mimetics or analogs is booming. Through their weak anticoagulant activity by inhibiting not 75 

only thrombin generation, fibrin formation but also heparanase (enzyme involved in heparan-76 

sulfate metabolism and turnover), heparin analogs are often less anticoagulant than heparins 77 

and exhibit potential antimetastatic activities [14, 15]. These analogs, via a multi-target 78 

mechanism of action have inhibitory effects on heparanase, selectins, growth-factor receptor 79 

signaling with limited side effects. Sulfated oligosaccharides have been studied, such as a 80 

sulfated form of phosphomannopentaose and phosphomannotetraose named PI-88 81 

(muparfostat) but also a sulfated tetrasaccharide derivative named PG545 (pixamitod) and a 82 

glycol-split N-acetyl heparin derivative SST0001 (roneparstat) [16]. Among heparin analog 83 

drugs, PG545 is well tolerated [17] and this compound is still ongoing clinical trial. In clinical 84 

phase I trial SST0001 (roneparstat) did not show any direct anticancer effect [10]. 85 

In recent years, there has been a growing interest in isolation and identification of 86 

natural molecules that can replace animal products (e.g. heparins) and might have new 87 

applications in pharmaceutical industry and particularly in oncology [18, 19]. Microbial 88 

polysaccharides compete with polysaccharides from other sources such as animals, higher 89 

plants, algae, microalgae or fungi [20-26]. Interest in mass culture of microorganisms from 90 

marine environment has increased considerably, representing an innovative approach to 91 

biotechnological use of under-exploited resources. When sulfated, bacterial anionic 92 

polysaccharides from different microorganisms can share some biological properties with 93 

GAGs and especially heparins, without exhibiting the same bleeding risk and with a low risk 94 

of contamination by a non-conventional transmissible agent such as prions or emerging 95 

viruses due to a large “species-barrier” [27-29]. Marine bacteria associated with deep-sea 96 

hydrothermal conditions have demonstrated their ability to produce, in an aerobic 97 
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carbohydrate-based medium, unusual extracellular polysaccharides or exopolysaccharides 98 

(EPS). They present original structural features that can be modified to design bioactive 99 

compounds and improve their specificity [30, 31]. In particular, an EPS, recently named 100 

infernan and produced by a deep-sea hydrothermal bacterium assigned Alteromonas infernus 101 

(GY785 strain), presents a very complex structure. Infernan EPS chains are all composed of 102 

branched disulfated octasaccharide repeating units providing a homogeneous structure unlike 103 

most other natural polysaccharides [32, 33]. Chemical modifications (depolymerization and 104 

sulfation) of infernan EPS have been undertaken with the aim of promoting biological 105 

activities. Indeed, highly oversulfated LMW infernan derivatives (called OSIDs) have shown 106 

previously multiple biological properties. In particular, an infernan derivative of 24 kDa and 107 

40 wt% sulfate, tested in clotting assays, was found to be 10 and 2 times less active to prolong 108 

clotting time than UFH and LMWH, respectively. In activated partial thromboplastin time, 109 

the same anticoagulant effect was obtained for the 24 kDa infernan derivative, UFH and 110 

LMWH with respectively a concentration of 10, 1.5 and 4 µg/mL [34]. Another highly 111 

sulfated LMW infernan derivative of 15-20 kDa named OSID1 displayed antimetastatic 112 

properties. The in vivo experiments showed no effect on the primary osteosarcoma tumor 113 

growth but OSID1 was very efficient to inhibit the establishment of lung metastases in a 114 

mouse model receiving murine osteosarcoma cells [35]. 115 

In this context, the objective of the present study was to explore for the first time 116 

whether OSIDs, presenting different molecular weights (Mws) and different contents of 117 

sulfate groups, could directly inhibit in vitro and in vivo cell proliferation and tumor growth of 118 

a large series of human and murine cancer cell lines. As well described for sulfated 119 

polysaccharides, both sulfate content and Mw are key parameters that can modify their 120 

mechanism of action. Multidrug therapy, based on the administration of at least two agents 121 

with often various mechanisms of action (e.g. polychemotherapy, chemotherapy and 122 
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immunotherapy), became progressively treatments of reference in numerous oncological 123 

entities [36]. In this context, OSID effect in tumor bearing mice was investigated alone or in 124 

combination with doxorubicin, a chemotherapeutic agent frequently used in oncology. 125 

Complementary functional studies were carried out in vitro to better understand the biological 126 

activities of these derivatives on cancer cells. Finally both toxicity and pharmacokinetic 127 

studies were conducted in murine models to evaluate the potential risks and side effects for 128 

future pre-clinical and clinical studies. 129 

2. Materials and Methods 130 

2.1. Preparation and characterization of infernan derivatives 131 

The bacterial EPS, named infernan, was produced by fermentation of Alteromonas 132 

infernus (strain GY785), a deep sea aerobic, mesophilic and heterotrophic marine bacterium 133 

isolated in the vicinity of an active hydrothermal vent of the Guaymas Basin (Gulf of 134 

California) during the Guaynaut cruise in 1991. Soluble native high Mw (HMW) infernan 135 

EPS was isolated from culture medium by high speed centrifugation, purified by frontal 136 

filtration, concentrated by ultrafiltration, freeze dried and characterized as previously 137 

described [37]. The preparation, purification and characterization of highly oversulfated 138 

LMW infernan derivatives (OSIDs) were performed as previously reported [38, 39]. Briefly, 139 

native HMW EPS was depolymerized first using a free-radical depolymerization process to 140 

obtain LMW EPS with different Mws. Copper (II) in aqueous solution was added with 141 

stirring to HMW EPS dissolved in water at 60°C and pH 7.5; then diluted hydrogen peroxide 142 

was added. After depolymerization step, LMW EPS chains were reduced with sodium 143 

borohydride, purified on Chelex resin, ultrafiltered and freeze dried. LMW EPS, in a 144 

pyridinium salt form, were then oversulfated in dimethylformamide (DMF) using pyridine 145 

sulfate as sulfating agent leading to obtain oversulfated LMW EPS derivatives (OSIDs). First 146 

100 mg of LMW EPS in its pyridinium salt form was solubilized in extra dry DMF over 147 
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molecular sieve (20 mL) for 2h at 45°C under continuous stirring and then sulfated for the 148 

next 2h at 45°C in the presence of pyridine sulfate. The final aqueous solution (pH 7) was 149 

dialyzed against water for three days before freeze-drying. Mws before and after sulfation 150 

were determined by HPSEC-MALS and sulfur content (wt% S) by HPAEC chromatography 151 

[38, 39]. Heparin and Dalteparin were purchased from Sigma Aldrich (Saint-Quentin 152 

Fallavier, France).  153 

2.2. Tumor cell lines and cell culture 154 

All experiments were conducted at 37°C in a humidity-saturated controlled atmosphere 155 

and 5% CO2. All human tumor cell lines used in the present study were obtained from the 156 

American Tissue Cell Collection (ATCC, Molsheim, France) and were mycoplasma free. 157 

Adherent human cell lines: MNNG/HOS osteosarcoma, A375 melanoma, CaCO2 colon 158 

cancer and DU145 prostate adenocarcinoma lines were cultured with DMEM 4.5 g/L high 159 

glucose (Sigma Aldrich), pyruvate, non-glutamine from Gibco (Thermo-Fisher, Saint-160 

Herblain, France). LnCap prostate adenocarcinoma cell line was expanded in RPMI1640 161 

(Sigma Aldrich). A549 non-small cell lung cancer cell line was cultured with DMEM/F12 162 

(Sigma Aldrich, Saint-Quentin Fallavier, France). MDA-MB-231 breast carcinoma cell line 163 

was cultured with L-15 media from Gibco. All culture media were supplemented with 164 

glutamine and 5% of FBS.  165 

Adherent murine cell lines: MOS-J osteosarcoma cell line was provided by Dr Shultz [40]. 166 

4T1 mammary cancer, CMT-167 lung cancer and B16-F10 melanoma cell lines were 167 

purchased from ATCC. All mouse cell lines were cultured in DMEM supplemented with 168 

glutamine and 5% of FBS.  169 

2.3. MTT cell viability assay 170 

Cell viability assay was performed by seeding 3,000 cells of each cancer cell line per well 171 

for 4 hours at 37°C in a 96-multiwell plate before adding increasing doses of OSIDs (from 1 172 
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µg/mL to 1 mg/mL). Each plate was incubated at 37°C in a humidity-saturated atmosphere 173 

and 5% CO2 for 72 hours. After 3 days of treatment, a volume of 10 µL of 5 mg/mL MTT 174 

(Sigma-Aldrich) per well was added and incubated for 3 hours at 37°C under 5% CO2 [41]. 175 

The supernatants were then removed and 200 µL per well of DMSO were added to dissolve 176 

the formed formazan crystals before proceeding to the colorimetric quantification by 177 

spectrophotometry (Victor 3x, PerkinElmer, Villebon-sur-Yvette, France) at the wavelength 178 

of 500-600 nm. Experiments were done in triplicate and repeated twice. 179 

2.4. Real-time cell proliferation assay 180 

Cell proliferation was analyzed by xCELLigence technology (Agilent, Les Ulis, France) as 181 

previously described [42]. Background was measured by adding 50 µL of corresponding 182 

media into an E-Plate view 96 (Agilent). Before the beginning of treatment, cells were seeded 183 

in triplicate at 5,000 cells per well (50 µL) for 4 hours at 37°C before adding increasing 184 

concentrations of OSIDs (from 1 to 500 µg/mL). The choice of these concentrations for each 185 

particular cell line was determined as a function of the IC50 established by the MTT assay. 186 

Proliferation curves were normalized with respect to the time point of drug incorporation. The 187 

plate was monitored for 5 days using a RTCA instruments (Agilent) using a RTCA device 188 

(Agilent). Experiments were done in triplicate and repeated twice. 189 

2.5. NanoString
TM 

analysis 190 

Transcriptomic profile of the human A549 lung adenocarcinoma cells line was assessed in 191 

the presence or the absence of 100 µg/mL of OSID4 for 24 hours by NanoString technology 192 

as previously described [43]. Briefly, RNA from treated and untreated cells was extracted 193 

using Macherey-Nagel's NucleoSpin RNA Plus XS kit (Macherey-Nagel, Hoerdt, 194 

Allemagne). RNA concentration was quantified on a NanoDrop. For NanoString
TM

 analysis, 195 

50 ng of RNA in a maximum volume of 5 µL was required per sample. Cell messenger RNAs 196 

were extracted and a differential analysis of 814 genes (NH_Hs_TumorSig_v1.0) was 197 
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performed by NanoString technology. Hybridization of capture and reporter probes with 198 

target RNAs was performed according to the manufacturer's recommendations. The solution 199 

containing the RNA samples and probes was placed in a thermocycler at 65°C for at least 16 200 

hours. Following hybridization, the samples were put in an automated nCounter Prep Station 201 

to remove excess probes and mRNA. The purified samples were then loaded onto a cartridge, 202 

where they could bind via the biotin of the capture probe. The fixed samples were then loaded 203 

into a second automated system, the nCounter Digital Analyze, a multi-channel 204 

epifluorescence scanner. The scanner took as many images as the number of reporter probes 205 

detected. These images were then converted into digital values for analysis. The data obtained 206 

were analyzed using NanoString nSolver Analysis Software, and statistical tests were 207 

performed. The experiments were conducted in triplicate. 208 

2.6. Tumor models in immunocompetent and immunodeficient mice 209 

All procedures involving mice were conducted in accordance with EU Directive 210 

2010/63/EU for animal experiments after reviewing and validation by the institutional 211 

guidelines of the French Ethical Committee (CEEA-6-PDL, agreement APAFlS#28216-212 

2020111915429758v6). Mice were housed under pathogen-free conditions in Atlanthera 213 

Preclinical Center (Saint-Herblain, France). Melanoma and lung cancer models were induced 214 

in 8 week-old female C57/BL6 and NMRI nude mice (Charles River, Ecully, France). Both 215 

oncological entities being hormone-independent, cancer cells were inoculated in females 216 

which are easy to maintain than males. 500 x 10
3
 mouse CMT167 (n = 8-9 mice per group) or 217 

100 x 10
3 

mouse B16F10 (n = 5-6 mice per group) cell suspension in Matrigel
TM

 were 218 

inoculated subcutaneously in the right flank of C57/BL6 immunocompetent mice. Similarly, 219 

10
6
 human A549 cells were injected subcutaneously in nude mice. For cell injection and 220 

tumor monitoring, mice were anesthetized by inhalation of isoflurane at 2% in air with a flow 221 

of 1 L/min. OSID4 (Mw 60 kDa and sulfate content 40 wt%) showing the best in vitro effect 222 
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was evaluated in vivo. Mice were then distributed randomly in 2 groups of control and treated 223 

groups. The dose of OSID4 used referred to the previous work carried out on osteosarcoma 224 

[35]. OSID4 was injected by subcutaneous route at a dose of 10 mg/kg per day (treated 225 

group), five times a week and compared to a solution of NaCl (control group). The treatment 226 

started 3 days post inoculation of cancer cells. 227 

OSID4 combined to doxorubicin was assessed in human A549 non-small cell lung cancer 228 

in vivo mouse model (n = 6 mice per group). Nude mice were then distributed randomly in 4 229 

groups of 8 mice allocated at the following treatments: i) Control group: NaCl by 230 

subcutaneous route 5 times a week; ii) OSID4 group: 4 mg/kg by subcutaneous route 5 times 231 

a week; iii) Doxorubicin group: 3 mg/kg by intravenous route 3 consecutive days (cumulative 232 

dose showing no cardiotoxicity [44]); iv) Combined group: doxorubicin 3 consecutive days + 233 

OSID4 5 times a week. Sixty-four mice were used in the present study. The treatment started 234 

3 days post inoculation of cancer cells. The weight of the animals and the tumor volume 235 

measured with a caliper were monitored twice a week. Tumor volume (V) was calculated 236 

using the formula: length × width × depth × 0.5 [45]. Mice under anesthesia (see description 237 

above) were sacrificed by cervical dislocation. 238 

2.7. Pharmacokinetic studies 239 

Studies to obtain pharmacokinetic data on OSID4 was carried out. These studies were 240 

conducted by the “Glyco-mix” platform of the University of Paris Est Créteil (UPEC, Créteil, 241 

France). All aspects of this work, including housing, experimentation, and disposal of animals 242 

were performed in general accordance with the European Guidelines for the Care and Use of 243 

Experimental Animals. The animal care and used protocols were reviewed and approved with 244 

agreement number #19838 by the SBEA ethics committee of the University Paris Saclay, 245 

France. All animals were 4 week-old male SWISS mice weighing 20 + 2 g provided by 246 

Laboratoires Janvier (Le Genest, St. Isle, France). The choice of male mice is in accordance 247 
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with the principle of "3Rs alternatives" (reduction, refinement and replacement). In brief, the 248 

quantification of OSID4 was carried out using a colorimetric assay specific for sulfated 249 

molecules of GAG type [46, 47]. The OSID4 was detectable and quantifiable with good 250 

linearity in an aqueous solution at concentrations from 12.5 to 250 µg/mL and in plasma at 251 

concentrations from 6.3 to 100 µg/mL. The OSID4 was also detectable in plasma by its 252 

anticoagulant activity by measuring the inhibition of Factor Xa activity using anti-Xa 253 

chromogenic assays [48]. The conversion of Xa factor activity to IU/mL was performed by 254 

considering that 0.19 IU is equivalent to 1 µg of factor Xa as it mentionned in the instructions 255 

provided by Diagnostica Stago laboratories. Two pharmacokinetic studies were conducted in 256 

male mice on OSID4: one study with an injection by intravenous route at 10 mg/kg and 257 

another one with an injection by subcutaneous route at 30 mg/kg. After intravenous 258 

administration, blood was collected at different time points following the injection: 15, 60, 259 

120, 180 and 240 minutes (groups of 5 mice per time point + 5 control mice 15 minutes after 260 

NaCl solution injection), and the concentration of OSID4 in mice plasmas was determined. 261 

After subcutaneous administration, blood was collected at different time points after the 262 

injection: 30, 60, 90, 120, 180, 240, 480 and 1440 minutes (groups of 5 mice per time point). 263 

The concentration of OSID4 in plasma was evaluated at the different time points and 264 

compared to result obtained in plasma from control mice (n = 5) 30 minutes after 265 

subcutaneous injection of a NaCl solution. At the end of the experiment, mice under 266 

anesthesia (see description above) were sacrificed by cervical dislocation. 267 

2.10. Toxicological study 268 

A toxicity study was performed using a mouse model by intravenous injection of OSID1 or 269 

OSID4 at doses of 10, 30 and 100 mg/kg. This study was conducted by Eurofins Discovery 270 

Partner Lab. All aspects of this work, including housing, experimentation, and disposal of 271 

animals were performed in general accordance with the Guide for the Care and Use of 272 
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Laboratory Animals: Eighth Edition (National Academy Press, Washington, D. C., 2011) in 273 

AAALAC-accredited laboratory animal facility. The animal care and use protocol were 274 

reviewed and approved by the IACUC at Pharmacology Discovery Services Taiwan, Ltd. A 275 

14 day toxicity study was performed following OSID administration every other day for 3 276 

days (day 1, 3 and 5) in male and female ICR mice (group of 4 males + 4 females per dose 277 

and control). Body weights, clinical observations and mortality were recorded from days 1 to 278 

14. On day 14, all animals were necropsied for histopathological analysis of 6 organs (heart, 279 

lung, brain, kidney, spleen and liver). Mice under anesthesia (see description above) were 280 

sacrificed by cervical dislocation. 281 

2.11. Statistical analyses 282 

Independent experiments have been done in triplicate and data are given as a mean ± SD. 283 

Results were considered significant at p values ≤ 0.05, p values ≤ 0.01 and p values ≤ 0.001. 284 

Corresponding groups were compared using Tukey’s HSD test. The data analysis for this 285 

paper was generated using the Real Statistics Resource Pack software (Release 8.9.1). 286 

Copyright (2013 – 2023) Charles Zaiontz. www.real-statistics.com. 287 

For pharmacokinetic studies, data were presented as means ± SD of five independent 288 

experiments. Data were analyzed by one-way analysis of variance (ANOVA), and the 289 

student’s t test were used to determine the level of significance of differences; a significant 290 

difference was accepted from p < 0.05. 291 

3. Results and discussion 292 

3.1. Characteristics of infernan derivatives 293 

Different productions of infernan EPS by fermentation of Alteromonas infernus have been 294 

conducted at laboratory and pilot scales (from 1- to 20-L fermenters) at 25 °C, neutral pH, 295 

under atmospheric pressure in Zobell medium supplemented in glucose (30 g/L). The EPS 296 

isolated after each fermentation was produced with a yield close to 4+1 g/L without any batch 297 

https://real-statistics.com/


14 
 

variability. The structure of native infernan EPS has been totally described, its repeating unit 298 

is a branched disulfated octasaccharide presenting 3 adjacent uronic acids (one galacturonic 299 

acid and two glucuronic acids) and 2 sulfate groups (at O-2 of galacturonic acid of the main 300 

chain and at O-6 of terminal galactose in the side chain) as presented in Fig. 1 [32, 33]. 301 

Recent NMR analysis allowed to determine that sulfate groups are distributed in both 302 

backbone and side chain of OSIDs with all primary hydroxyl groups substituted with sulfate 303 

groups (Fig. 1). After modifications, the OSIDs showed unchanged repeating unit [49]. 304 

 305 

 306 

Fig. 1. Octasaccharide repeating unit of infernan EPS. Sulfated positions in LMW sulfated derivatives are 307 

indicated in red [49]. 308 

A previous study showed that OSID1 (15 kDa and 40 wt% sulfate) was very efficient to 309 

inhibit in vivo establishment of lung metastases without any effect on the primary 310 

osteosarcoma tumor, a bone tumor presenting a high potency to induce lung metastases [35]. 311 

With the aim of exploring if OSIDs could have an effect on the tumor growth in different 312 

types of cancer such as lung, breast, colon, prostate and skin cancers, four OSIDs presenting 313 

various Mws and sulfate contents were prepared and characterized (Table 1). Among different 314 

derivatives, OSID1 had both Mw and sulfate content close to those of heparin whereas 315 

OSID2, OSID3 and OSID4 displayed a three-fold higher Mw with increasing sulfate contents 316 

10, 20 and 40 wt%, respectively. 317 
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 318 

 319 

Table 1: Characterization of oversulfated infernan derivatives (OSIDs) and two commercial 320 

heparins. 321 

Name Mw 

Da 

I 

Mw/Mn 

Sulfate 

% (w/w) 

OSID1 20,000 < 2 40 

OSID2 60,000 < 2 10 

OSID3 60,000 < 2 20 

OSID4 60,000 < 2 40 

Heparin (UFH) 15,000 np 30 

Dalteparin (LMWH) 5,000 np 30 

Mw: weight-average molecular weight; Mn: number-average molecular weight; I: 322 

dispersity; np: not provided by manufacturer. 323 

3.2. In vitro effects of four OSIDs on a panel of human cancer cell lines 324 

3.2.1. OSIDs modulate cancer cell viability and proliferation 325 

The in vitro effect of the four OSIDs, compared to heparin and dalteparin (control 326 

compounds), on both viability and proliferation of cells for five human tumor cell lines were 327 

evaluated by MTT assay and xCELLigence technology, respectively. The results on cell 328 

viability for human osteosarcoma and human lung cancer were presented in Fig. 2 and 3, 329 

respectively. Both heparin and dalteparin did not show any inhibitory effect on the viability of 330 

MNNG-HOS human osteosarcoma cell line (Fig. 2). Conversely, an inhibitory effect was 331 

observed for all OSIDs, the most important effect on cell viability was found with OSID4 in a 332 

dose-dependent manner. The same results were obtained on A549 human non-small cell lung 333 

cancer cell line (Fig. 3). For both human cell lines treated with OSID4, 40% of inhibition of 334 

cell viability were noted at a concentration of 100 µg/mL and a strong inhibition (>80%) 335 

above 500 µg/mL, pointing a moderate sensibility after 3 days of treatment. 336 
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 337 

Fig. 2. Effect on the viability of MNNG-HOS human osteosarcoma cell line measured by MTT assay. (A) 338 

Heparin and dalteparin. (B) OSID1 and OSID2. (C) OSID3 and OSID4. *p< 0.05; **p<0.01; ***p<0.001. 339 

The viability of the other human cell lines treated 3 days with OSID4 was either slightly 340 

inhibited (colon cancer, breast cancer and melanoma) or inhibited without a clear dose-341 

response (prostate cancers) (Fig. S1). The effect of OSIDs was also evaluated on various 342 

murine cancer cell lines (mammary, lung cancers, melanoma and osteosarcoma) and similar 343 

results to those observed on human cells were obtained (Fig. S2). 344 
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 345 

Fig. 3. Effect on the viability of A549 human non-small cell lung cancer cell line measured by MTT assay. (A) 346 

Heparin and dalteparin. (B) OSID1 and OSID2. (C) OSID3 and OSID4. *p< 0.05; **p<0.01; ***p<0.001. 347 

The results on cell proliferation for human prostate cancer and human osteosarcoma were 348 

presented in Fig. 4. After more than 4 days (> 100 hours) of treatment with OSID4 a total 349 

inhibition of cell proliferation was obtained for human prostate cancer and human 350 

osteosarcoma cell lines at doses of 25 µg/mL and 500 µg/mL, respectively. OSID4, 351 

presenting both the highest Mw and sulfate content, was the most potent derivative to inhibit 352 

cell viability and proliferation. OSID4 exhibited a remarkable inhibitory effect on 353 

proliferation of human prostate cancer cells at relatively low concentrations (below 50 354 

µg/mL). Compared to OSID1, displaying 3-times lower Mw but the same sulfate content, 355 

OSID4 exhibited a more pronounced activity as shown on DU145 human prostate cancer cells 356 

(Fig. S3). 357 
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 358 

Fig. 4. OSID4 reduced significantly proliferation of cancer cells in a dose-dependent manner. (A) DU145 human 359 

prostate cancer cells. (B) MNNG-HOS human osteosarcoma cells. Cells were seeded in triplicate at 5,000 cells 360 

per well (E-Plate view 96) for 4 hours prior to the addition of increasing doses of OSID4. Cell proliferation was 361 

followed by real-time measurement of cell impedance using xCELLigence technology (RTCA Instruments). 362 

Proliferation curves were normalized to the time of drug incorporation. Experiments were performed in triplicate 363 

and repeated twice. 364 

Similar results were reported for chemically oversulfated polysaccharides, extracted from 365 

Artemisia sphaerocephala seeds, presenting the same range of Mw and a narrow 366 

polydispersity, against human non-small cell lung cancer A549 cells, human hepatocellular 367 

carcinoma HepG2cells and human cervical cancer Hela cells. IC50 values around 150 µg/mL 368 

were obtained in a dose-dependent manner [50]. In a previous study, an OSID (Mw 27 kDa 369 

and sulfate content 45 wt%) showed also, at doses ranging from 50 to 200 µg/mL after a time 370 

of contact above 100 hours, a significant inhibitory action on cell proliferation of human 371 

osteosarcoma, melanoma, lung cancer, and breast cancer cell lines; a slight antiproliferative 372 

effect on colon cancer cell lines and no effect on glioblastoma cells whereas heparin did not 373 

shown any antiproliferative effect on all cell lines. The antiproliferative effect of this OSID 374 

was dose dependent but not associated with a significant effect on cell viability [42].  375 

3.2.2. Effect of OSID4 in combination with doxorubicin 376 

Cell viability was measured to evaluate the effect of OSID4 compared to heparin (100 377 

µg/mL) in combination with increasing concentrations of doxorubicin (from 0.1 ng to 10 378 
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µg/mL), a chemotherapy drug. The results obtained for 2 cell lines, after 5 days of treatment, 379 

were presented in Fig. 5. For human osteosarcoma cells, the effect of doxorubicin alone 380 

(control) showed practically a complete inhibition of cell viability, for a concentration above 381 

1,000 ng/mL (Fig. 5A). At 100 µg/mL of OSID4 alone, 30 % inhibition of cell viability was 382 

observed compared to control. In combination with doxorubicin at 100 ng/mL, a greater 383 

inhibitory effect of OSID4 was observed, compared to doxorubicin alone, with 50% inhibition 384 

of cell viability (yellow bars). This additive inhibitory effect was not noticed when heparin 385 

was used with doxorubicin. Indeed, in contrast to OSID4, heparin displayed a weak 386 

stimulating effect alone or combined with doxorubicin. The same results were obtained for 387 

human non-small cell lung cancer cell line (data not shown). In contrast to OSID4, OSID1 388 

combined with doxorubicin did not show any additional effect compared to single agent (Fig. 389 

S4). For human colon cancer (Fig. 5B), doxorubicin could not totally inhibit cell viability 390 

even at high doses (above 1,000 ng/mL), same inhibition profile was obtained when heparin 391 

was used, showing that heparin did not present any effect on this cell line. On the opposite, 392 

OSID4 alone had an inhibitory effect of 40% and in combination with doxorubicin, an 393 

additive effect was observed giving an inhibition rate about 50 %, even at low doses of 394 

doxorubicin (below 100 ng/mL). Both OSID1 and OSID4 did not show any additive effect 395 

combined with doxorubicin in A375 human melanoma cells (Fig. S4B). 396 
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 397 

Fig. 5. Effect of OSID4 and heparin combined with doxorubicin. (A) Human MNNG-HOS osteosarcoma cells. 398 

(B) CaCO2 colon cancer cells. Cells (n=3,000) were cultured in the presence or the absence of 100 µg/mL of 399 

OSID or heparin combined with increased concentrations of doxorubicin. After 96 hours of culture, cell viability 400 

was measured by MTT assay. *p< 0.05; **p<0.01; ***p<0.001. 401 
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According to the different cancer cell lines used, the effect of doxorubicin as well as 402 

OSID4 on cell viability was different although not demonstrating any drug interaction of 403 

OSID4 in combination with doxorubicin. These results allow to assume a low probability of 404 

unwanted effect with the view that OSID4 would be used as an adjunct to chemotherapy. The 405 

development of natural polysaccharides to improve efficacy of chemotherapy is a promising 406 

approach since they display antitumor activity with a low toxicity.  407 

Recently, a synergistic inhibitory effect of cisplatin (a chemotherapy drug) and a natural 408 

polysaccharide obtained from Astragalus membranaceus on an ovarian cancer cell line 409 

(SKOV3) treated at 24, 48 and 72 hours was described. The polysaccharide enhanced the 410 

sensitivity of cancer cells to the chemotherapeutic drug. The viability of cancer cells was 411 

inhibited in a time- and dose-dependent manner [51]. Similarly, a recent study using a natural 412 

polysaccharide from Ganoderma lucidum in combination with docetaxel (a chemotherapy 413 

drug) and the flumatide (anti-androgen drug used to treat prostate cancer) showed that the 414 

polysaccharide could synergistically increase the effect of both drugs on the sensitivity of 415 

prostate cancer cell lines [52]. 416 

3.3. In vivo effects of OSID4 on different cancer cell lines 417 

3.3.1. OSID4 slowed down the progression of lung carcinoma and melanoma in 418 

immunocompetent mouse models 419 

Based on the noticed in vitro effect of two OSIDs, their therapeutic potential in murine 420 

models of lung cancer and melanoma were then assessed (Fig. 6). OSID1 or OSID4, injected 421 

subcutaneously at a dose of 10 mg/kg once a day and 5 times a week, significantly slowed 422 

down the tumor growth in both studied models compared to the vehicle. Interestingly, in the 423 

two tumor-bearing mouse models, no apparent toxicity and no impact on animal weight were 424 

noticed. In addition, OSID4 was more efficient to inhibit the tumor progression than OSID1 425 

both in lung cancer and melanoma models. After 25 days of treatment, the tumor progression 426 
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in CMT167 lung cancer model was reduced by 55% in the OSID4 treated group compared to 427 

the control (Fig. 6A). Similarly, 50% inhibition of tumor growth rate was obtained in B16-428 

F10 melanoma model after 20 days of OSID4 treatment, compared to the control group. A 429 

delay of tumor initiation was clearly observed in melanoma-bearing mice treated with OSID4 430 

(Fig. 6B). These results demonstrated that OSID4 had a significant effect on the primary 431 

tumor development for both lung carcinoma and melanoma. 432 

 433 

Fig. 6. OSIDs significantly slowed down progression of lung cancer and melanoma in immune competent 434 

models. Tumor-bearing immunocompetent mouse model initiated by s.c inoculation of (A) mouse CMT167 lung 435 

carcinoma cells (n = 8-9 mice per group) and (B) mouse B16-F10 melanoma cells (n = 5-6 mice per group). 436 

Mice were treated 5 times a week at 10 mg/kg of OSID1 or OSID4 by subcutaneous route from 3 days post cell 437 

inoculation. Tumor volumes were manually measured twice a week by using a caliper. CT: control group 438 

corresponding to mice treated with NaCl as vehicle. ***p<0.001. 439 

Numerous studies reported the antitumoral effect of natural polysaccharides. An important 440 

group was constituted by unsulfated polysaccharides rich in neutral monosaccharides, 441 

extracted from plants and mushrooms and used in Chinese traditional medicine. Their 442 

antitumor effect was monitored in tumor allograft syngeneic mouse models (H22 cell line) 443 

and they were administered by gavage before and during treatment, especially for the HMW 444 
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polysaccharides (>10
6
 Da), once a day at doses above 100 mg/kg [53, 54]. From these studies, 445 

inhibition rates were below 50%. In another study, a HMW polysaccharide composed of 446 

neutral monosaccharides (mainly mannose, glucose and galactose) could suppress tumor 447 

growth with a tumor inhibition rate close to 50% at a dose of 100 mg/kg in S180 mouse 448 

sarcoma tumor-bearing mice [55]. For naturally sulfated polysaccharide extracted from 449 

macroalgae, such as fucoidan, their antitumor effects have been extensively studied for more 450 

than 30 years [25]. Sulfated GAGs such as heparins and also heparin analogs were described 451 

for their ability to interfere with cancer progression [10, 16, 56]. A HMW chemically sulfated 452 

bacterial polysaccharide (capsular polysaccharide from E. coli K5), with a low anticoagulant 453 

activity, was effective to reduce tumor burden in bone in a mouse model of breast bone 454 

metastasis at a dose of 5 mg/kg administered intravenously daily (after cell inoculation) for 4 455 

weeks per treatment course [57]. 456 

3.3.2. OSID4 inhibited the development of human lung cancer in an immunodeficient mouse 457 

model 458 

After injection of human non-small cell lung cancer A549 cells, immunodeficient mice 459 

were treated for 6 weeks by OSID4 or doxorubicin alone or OSID4 combined with 460 

doxorubicin. Tumor size and weight of each mouse were monitored regularly during 42 days 461 

(Fig. 7). Interestingly, individual treatment with doxorubicin (P<0.001) and OSID4 (P<0001) 462 

resulted in a potent reduction of tumor volume compared to control group. OSID4 exhibited 463 

similar antitumor activity when compared to doxorubicin in this cancer model. The very 464 

significant effect of OSID4 on human lung carcinoma tumor progression did not allow to 465 

show any significant additive effect of the combined treatment (Fig. 7A). However, the 466 

combined treatment did not exhibit any critical toxicity in treated mice. The monitoring of 467 

mouse body weight did not reveal any side effect of doxorubicin, OSID4, and combination 468 

treatment thereof (Fig. 7B). 469 
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 470 

Fig. 7. In vivo effect of OSID4 in a tumor-bearing immunodeficient mouse model of human lung cancer, alone 471 

or combined with doxorubicin. (A) Tumor volume follow-up after 10
6
 A549 human lung carcinoma cell 472 

inoculation. OSID4 was injected 5 times a week at 4 mg/kg by subcutaneous route from 3 days post cell 473 

inoculation; doxorubicin was injected 3 consecutive days at 3 mg/kg by intravenous route from 3 days post cell 474 

inoculation. Tumor volumes were manually measured twice a week by using a caliper. (B) Corresponding body 475 

weight of treated mice. N= 6 mice per group. ***p<0.001. 476 

After in vitro screening on human cancer cell lines, ectopic tumor xenograft model is 477 

considered as a good in vivo model for preclinical assessment of an anticancer drug candidate, 478 

because the same human cancer cells are used [58]. Moreover even if some components of 479 

immune system are missing, some cells are relatively intact (e.g. dendritic cells, B cells, 480 

granulocytes) with a compensatory increase in both natural killer cell and tumoricidal 481 

macrophage activities [59]. There are very few studies relating to the antitumor properties of 482 

polysaccharides combined with doxorubicin in xenograft tumor mouse model. A 483 

polysaccharide extracted from Chinese herb, injected intraperitoneally at the dose of 50 mg/kg 484 

with doxorubicin (2 mg/kg) every 3 days until day 28, showed in Hep3B xenograft mouse 485 

model a tumor growth inhibitory effect higher than doxorubicin alone, the polysaccharide 486 
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alone did not exhibit any inhibiting effect. In this study, a synergistical effect was clearly 487 

observed suggesting that the Astragalus polysaccharide could enhance the sensibility of 488 

human hepatocellular carcinoma to doxorubicin and was able to promote doxorubicin 489 

efficiency [60]. The same synergistical effect was observed in allograft tumor mouse model 490 

with different polysaccharides and chemotherapeutic agents such as cyclophosphamide [55, 491 

61]. UFH-doxorubicin conjugates, injected by intravenous route (11 mg/kg/3days) for 20 days 492 

per treatment course in allograft colorectal CT26 tumor mouse model, were very potent to 493 

inhibit tumor volume, whereas UFH or doxorubicin alone had only a weak inhibitory effect 494 

[62]. In our present study, even if OSID4 and doxorubicin were not injected by the same 495 

administration route and at the same time, a stable interaction between highly negatively 496 

charged hydrophilic OSID4 and positively charged doxorubicin could occur promoting the 497 

enhanced permeability and retention effect at the tumor site [62]. This interaction could also 498 

be the consequence of the synergistic effect observed in vitro with the different cancer cell 499 

lines. In the present study, OSIDs were firstly assessed in non pre-established tumor models 500 

and each compound was administered 3 days post cell inoculation (Fig. 6, 7), these conditions 501 

representing a limitation in our study. Based on the high efficacy of OSID4 observed on lung 502 

cancer development close to the effects of a conventional chemotherapeutic agent 503 

(doxorubicin), it would now justify to assess OSID compounds on pre-established tumor. In 504 

addition, all tumor cells were inoculated subcutaneously. It would be interesting to evaluate 505 

each OSID in orthotopic models as well as in patient derived xenografts. Indeed, the tumor 506 

microenvironment may impact not only the tumor growth but also the drug response and the 507 

metastatic process [44, 63]. 508 

3.4. OSID4 modulated the transcriptomic profile of A549 human lung cancer cell line 509 

Transcriptomic profile of the A549 human lung adenocarcinoma cell line treated or not 510 

with OSIDs was carried out by using NanoString technology (Fig. 8). After 24 hours of 511 
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treatment, both compounds OSID1 and OSID4, modulated significantly the transcriptomic 512 

profile of lung cancer cells as shown by Heatmap visualization and clustering analysis (Fig. 513 

S5). More than 30 genes, under 814 genes analyzed, were significantly modulated in the 514 

presence of 100 µg/mL OSID4 (Fig. 8A, B). The bioinformatics analyses (KEGG enrichment) 515 

showed that the PI3K-Akt and MAPK signaling pathways, proteoglycan regulation in cancer 516 

and cell cycle control are among the most modulated by OSID4 (Fig. 8C, D). When A549 517 

lung cancer cells were treated with 100 µg/mL of OSID1, 25 genes related to the same KEGG 518 

enrichment pathways were significantly modulated by OSID1 (Fig. S6) and 14 genes (CD274, 519 

PTGS2, ADM, TNFAIP3, IL11, PMAIP, CDK1, HLOX1, ALDH1A3, MSH2, 4GALNT1, 520 

SOS1, TN4, PDGF) were similarly modulated by both OSIDs. Overall, these results 521 

demonstrated that cancer cells are direct targets of OSIDs which modulate specific gene 522 

profiles. 523 
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 524 

Fig. 8. OSID4 modulated the transcriptomic profile of human lung adenocarcinoma A549 cells. A549 cells were 525 

treated or not with 100 µg/mL of OSID4 for 24 hours before RNA extraction. 814 genes were analyzed by using 526 

the NH_Hs_TumorSig_v1.0 panel provided by NanoString
TM

. (A) Transcriptomic signature obtained by 527 

Nanostring™, comparing A549 cells treated with vehicule or OSID4 for 24 hours. (B) Main genes significantly 528 

up or down regulated by OSID4 treatment. (C) Functional predictive analysis of gene clusters modulated by 529 
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OSID4. KECG term enrichment analysis of cellular components, biological processes and molecular functions 530 

were performed on each gene cluster identified. The size of colored circles is related to the number of genes 531 

identified. The color panel corresponds to the variation of the statistical significance. (D) Gene networks related 532 

to the main functional pathways regulated. The experiments were conducted in triplicate. 533 

The antitumoral effect of OSID4 observed may be explained by various complementary 534 

mechanisms. In a previous study, the regulation of expression of matrix metalloproteinases 535 

and their inhibitors by OSID1 in osteosarcoma cells was demonstrated, possibly through 536 

modulation of the kinetic of tumor growth and the remodeling of local environment (e.g. 537 

extracellular matrix, angiogenesis) [35]. More recently, another OSID (8 kDa and 45 wt% 538 

sulfate) tested in a mucopolysaccharidosis IIIA cell line model was shown to prevent heparan 539 

sulfate degradation by inhibiting heparanase activity [64]. Heparanase plays important 540 

enzymatic and non-enzymatic functions and could contribute to the tumor progression [65]. 541 

The regulation of local protease activities by OSIDs, confirmed by the KEGG enrichment 542 

pathways analysis (proteoglycans in cancer, focal adhesion), may explain the significant 543 

effect observed in the presented cancer models. Rojiani et al. [66] observed a functional 544 

relationship between TIMP-1 overexpression in lung cancer and disease progression that 545 

strengthens the role of protease regulation in cancer. The functional regulation of MAPK, 546 

PI3K-Akt and cell cycle expressed by cancer cells that control the proliferation of cancer cells 547 

may complete the potential impact of OSIDs on the local microenvironment. Heparins and 548 

heparin mimetics may have immune functions and are functionally based at the cross road of 549 

the coagulation and inflammation [67]. Numerous growth factors contain a heparin-binding 550 

domain leading to their interactions with polysaccharides. Such interactions exacerbate or 551 

repress their biological activities that may explained the potential impact of OSIDs on local 552 

microenvironment, immune and cancer cells [68-71]. The interactions between growth factors 553 

and integrins expressed at membrane of cancer cells can lead to altered control of mitogenic 554 

function of growth factors [72]. In addition by inhibiting the coagulation cascade and 555 
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reducing thromboembolic events, polysaccharides could include direct effect of lymphoid 556 

organs [73]. VTE became progressively the second-leading cause of death in cancer patients 557 

[8]. Their incidence estimated at around 4-20% of cancer depends on the cancer types with a 558 

higher risk for lung, pancreas and stomach cancers [7]. In this context, both anti-inflammatory 559 

and anticancer activities of anticoagulant drugs are of major interest [74]. All biological 560 

properties described for the OSIDs indicate that these derivatives can be considered as heparin 561 

analogs and should present advantageous effects for cancer treatment. 562 

3.5. Pharmacokinetic studies 563 

Pharmacokinetic data are essential to enable clinical development of a drug candidate. A 564 

study to obtain pharmacokinetic data on OSID4 was then carried out. OSID4 was detectable 565 

and quantifiable with good linearity in plasma. After intravenous (iv) injection of 10 mg/kg of 566 

OSID4 in male mice, blood was collected at different times and the concentration of OSID4 567 

in mouse plasma was determined (Fig. 9A). Like heparin, dextran sulfate and other 568 

heparinoids, OSID4 was found to be rapidly eliminated (less than 4 hours) from the body, 569 

possibly due to its high solubility. OSID4 exhibited an anticoagulant activity detectable in 570 

plasma. In agreement with the biochemical evaluation, OSID4 anticoagulant activity 571 

(corresponding to its concentration in plasma) was no longer detectable after 4 hours 572 

following iv injection (Fig. 9C). 573 

A pharmacokinetic study was also conducted after subcutaneous (sc) injection of OSID4 at 574 

a dose of 30 mg/kg. The concentration of OSID4 in the plasma was evaluated at the different 575 

time points (Fig. 9B). Starting at time point 30 minutes, OSID4 concentration in the plasma 576 

increased to reach a maximum at 90 minutes. Then, OSID4 concentration decreased to reach, 577 

at 1440 minutes (24 hours), the concentration observed in the control group suggesting its 578 

complete elimination from blood. Evaluation of anticoagulant activity also allowed possible 579 
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the monitoring and quantification of OSID4, giving an almost identical profile (Fig. 9D) as 580 

observed following iv injection. 581 

 582 

Fig. 9. Pharmacokinetic parameters of OSID4 in mice. Kinetic of plasma concentration of OSID4 after (A) iv 583 

injection of 10 mg/kg and (B) sc injection of 30 mg/kg. Anticoagulant activity of OSID4 determined by the 584 

follow up of anti-Xa activity after (C) iv injection of 10 mg/kg and (D) sc injection of 30 mg/kg. 585 

The pharmacokinetic parameters of OSID4 were calculated for the two different modes of 586 

injection tested (iv and sc) and are presented in Table 2. For the two modes of administration, 587 

the maximum concentration (Cmax) of OSID4 in plasma was determined to be 32.8 µg/mL 588 

and 30.1 µg/mL, respectively. OSID4 was found to quickly reach the Cmax value and was 589 

eliminated with a short half-life. These results indicated that OSID4 had a poor tissue 590 

distribution and that its clearance could explain the poor extraction yields at longer times after 591 

its administration. Moreover, OSID4 exhibited a high solubility with a high affinity for 592 

plasma proteins, which could justify its high bioavailability after sc administration in mice. 593 

OSID4 showed similar pharmacokinetic parameters to LMW heparin and therefore renal 594 

elimination should be expected as previously observed for LMW heparin [75]. As shown in 595 
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the pharmacokinetic study, OSID4 had a moderate anti-Xa activity (below 0.12 IU/mL) at a 596 

dose (30 mg/kg sc) higher than those showing a strong tumor volume reduction (10 and 4 597 

mg/kg sc). A low anticoagulant heparin after sc injection at a dose of 20 mg/kg and with a 598 

maximum plasma anti-Xa activity of 3 IU/mL did not provoke bleeding [75]. 599 

Table 2. Mean pharmacokinetic parameters of OSID4 following its intravenous (iv) or 600 

subcutaneous (sc) administration in mice. 601 

Administration pathway and dose iv 10 mg/kg sc 30 mg/kg 

Ke (g/mL/h) 0.25 ± 0.13 0.11 ± 0.04 

Cmax (g/mL) 32.8 ± 1.7 30.1 ± 0.9 

Tmax (h) - 1.5 ± 0.5 

T1/2 (h) 2.69 ± 1.06 6.65 ± 2.30 

AUC (g.h/mL) 45.3 ±16.2 143.6 ± 48.5 

AUMC (g.h/mL) 2,549 ± 1,331.8 35,945.3 ± 17,043.8 

CL (L/h/kg) 0.24 ± 0.09 0.23 ± 0.08 

Vd (L/kg) 0.88 ± 0.28 2.00 ± 0.05 

MRT (h) 0.89 ± 0.18 4.03 ± 0.66 

F (%) - 105.6 ± 2.6 

Ke: Elimination constant rate. Cmax: Maximun drug concentration. Tmax: Time to reach 602 

maximum concentration. T1/2: Half-life. AUC: Area under the curve. AUMC: Area under the first 603 

moment curve. CL: Clearance. Vd: volume of distribution. MRT: AUMC/AUC Mean resident 604 

time. F: subcutaneous bioavailability. 605 

3.6. Toxicological study 606 

The toxicity studies conducted on OSID1 and OSID4, using a mouse model demonstrated 607 

that both polysaccharides showed no toxicity at doses of 10 and 30 mg/kg. Histopathological 608 

analyses confirmed these observations. No hemorrhagic effect was detected and few side 609 

effects such as diarrhea and piloerection were observed at 100 mg/kg. At this very high doses 610 

(100 mg/kg), OSID1 caused the death of 2 male mice, one on the 5
th

 day and one on the 6
th

 611 

day of the study (group of 8 mice). However, no mortality was observed with OSID4 even at 612 
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the very high dose of 100 mg/kg. Overall, these data demonstrated that OSIDs were well 613 

tolerated and did not induce any deleterious side effects when administrated by iv or sc route 614 

in mice. These results were favorable enough to warrant the use of OSIDs for prolonged 615 

thromboprophylaxis after cancer surgery in cancer patients at high risk of venous 616 

thromboembolism. In contrast to heparins, OSIDs should prevent any risk of bleeding and 617 

should be safe and effective at the doses at which they inhibit tumor growth [8, 76]. 618 

In the present work, the method of production used leads to bacterial EPS derivatives with 619 

controlled size and sulfation rate. These compounds were shown to be active against a range 620 

of human and mouse cancer cell lines using highly sensitive in vitro real-time techniques such 621 

as impedance monitoring (xCELLigence technology). The activities of these EPS derivatives 622 

were confirmed by transcriptomic approaches (Nanostring
TM

 approach without DNA 623 

amplification step), which allowed to identify several modulated functional pathways. 624 

Immunocompetent and immunodeficient mouse models demonstrated the anti-tumor activities 625 

of these compounds, with no toxicity observed. Among these EPS derivatives, OSID4 (60 626 

kDa, 40 wt% sulfate) emerged as a lead with a dual spectrum of biological activities: 627 

anticoagulant and anticancer. OSID4 thus offers therapeutic value in oncological entities 628 

associated with a risk of thromboembolic events. 629 

4. Conclusion 630 

OSIDs are oversulfated LMW bacterial EPS derivatives, with a homogenous structure, 631 

from non-animal origin and produced by a highly reproducible biotechnological process. Our 632 

study showed that OSID4 candidate (60 kDa, 40 wt% sulfate) presents a weak anticoagulant 633 

activity, as observed in the pharmacokinetic study, combined with a direct inhibitory effect on 634 

cell viability, cell proliferation and also on tumor growth for a large series of human and 635 

murine cancer cell lines in both in vitro and in vivo models, in contrast to UFH and LMWH. 636 

Indeed in tumor-bearing immunodeficient mouse model of human lung cancer, OSID4 637 



33 
 

exhibited antitumor activity comparable to that of doxorubicin, a chemotherapy drug. As well 638 

described for some heparins and GAG-mimetics, various mechanisms, highly dependent of 639 

the cancer type, can be involved to influence the cancer progression. In A549 human lung 640 

cancer cell line, PI3K-Akt, proteoglycans, miRNA and cell cycle regulation are the main 641 

molecular pathways regulated by OSID4 indicating a functional impact of OSID4 on cancer 642 

cell survival, growth, proliferation and cell adhesion associating an epigenetic regulation, 643 

respectively. Pharmacokinetic and toxicity data indicate that OSID4 is readily compatible 644 

with drug development in cancerology. Moreover, its weak anticoagulant activity did not 645 

induce any bleeding events in treated mice and toxic responses. Interestingly, combined 646 

therapies are frequently used in cancer treatments and here the association of chemotherapy 647 

and OSID4 did not show any deleterious side effects in the assessed murine models. With a 648 

controllable moderate anticoagulant activity, pharmacokinetic parameters comparable to 649 

heparins and a notable in vivo anticancer activity, OSID4 constitutes a promising agent for the 650 

treatment of cancer patients with high incidence of thrombosis. The absence of toxicity 651 

confirms this potential. The data obtained in this study encourage the consideration of OSID4 652 

as a new natural anticancer agent that could be used in combinatorial therapies to treat 653 

patients at high risk of thromboembolic events undergoing chemotherapy or prior to cancer 654 

surgery. In combination with chemotherapy, immunotherapy or targeted therapy, OSID4 655 

should reduce serious side effects such as bleeding and improve quality of life. Overall, the 656 

present study identified the therapeutic value of OSID4 in oncologic entities associated with a 657 

risk of thromboembolic events (e.g. lung, pancreatic, stomach cancer or glioblastoma). 658 

  659 
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