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Table of abbreviations 31 

AUC : Area under the curve 32 

Bax : Bcl2-associated protein X 33 

BCl-2 : B-cell lymphoma 2 34 

CTLA-4 : Cytotoxic T-lymphocyte associated protein 4 35 

DMSO : Dimethyl-sulfoxide 36 

DSPE-PEG : 1, 2-Distearoyl-sn-glycero-3-phosphoethanolamine-Poly(ethylene glycol) 37 

HBSS : Hank's Balanced Salt Solution 38 

LNC : Lipid nanocapsules 39 

mAb : Monoclonal antibody 40 

MeOH : Methanol 41 

MEK : Mitogen-activated extracellular signal-regulated protein kinase 42 

NaCl : Sodium chloride 43 

PBS : Phosphate buffered saline 44 

PD-1 : Programmed cell death protein 1 45 

PEG : Polyethylene glycol 46 

PdI : Polydispersity index 47 

ROS : Reactive oxygen species 48 

RPMI : Roswell Park Memorial Institute medium 49 

UPLC : Ultra Performance Liquid Chromatography 50 

  51 
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Highlights 52 

• p722-LNC induces a significant decrease of B16F10 melanoma cell viability 53 

• p722-LNC slows tumor growth and improves the survival of treated mice  54 

• Antitumor activities of p722-LNC are explained by a potentiation of intrinsic 55 

apoptotic pathway and an activation of CD8+ T lymphocytes 56 

  57 
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Abstract 58 

Metastatic melanoma is a malignant tumor with a poor prognosis. Recent new therapeutics 59 

improved the survival of patients at a metastatic stage. However, the low response rate to 60 

immunotherapy, explained in part by resistance to apoptosis, needs to develop new 61 

strategies. The ferrocifen family represents promising bioorganometallic molecules for 62 

melanoma treatment since they show potent anticancer properties. The aim of this study is 63 

(i) to evaluate the benefits of a strategy involving encapsulated p722 in lipid nanocapsules 64 

(LNC) in B16F10 melanoma mice models and (ii) to compare the beneficial effects with an 65 

existing therapy such as anti-CTLA4 mAb. Interestingly, LNC-p722 induces a significant 66 

decrease of melanoma cell viability. In vivo data shows a significant improvement in the 67 

survival rate and a slower tumor growth with p722-loaded LNC in comparison with anti-68 

CTLA4 mAb. Western blots confirm that LNC-p722 potentiates intrinsic apoptotic pathway. 69 

Treatment with LNC-p722 significantly activates CD8+ T lymphocytes compared to treatment 70 

with anti-CTLA4 mAb. This study uncovers a new therapeutic strategy with encapsulated 71 

p722 to prevent B16F10 melanoma growth and to improve survival of treated mice. 72 

Keywords: Ferrocifen, metastatic melanoma, CD8 T lymphocytes, apoptosis 73 

 74 

  75 
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Introduction 76 

Cutaneous cancers are among the most common cancers, with more than two to three 77 

million new cases around the world each year. The incidence of melanoma increased 78 

dramatically over the past 50 years [1]. Although it accounts for 5% of all skin cancers, 79 

cutaneous melanoma is responsible for 75% of skin cancer deaths. The survival rate of 80 

melanoma varies depending on the stage of the disease at the time of prognosis. Thus, 81 

overall relative survival rate at any stage is 97% at one year, 85% at five years while, in 82 

metastatic conditions, the median survival is six to nine months.  83 

Where melanoma is concerned, the difficulties of early dissemination and pronounced 84 

chemotherapy resistance remained completely unsolved for decades [2]. Since 2011, the 85 

situation has improved due to the development of new targeted therapies such as BRAF or 86 

MEK inhibitors and efficient immune-stimulating antibodies such as anti-CTLA4, anti-PD1 or 87 

anti-PDL1. Several mechanisms have been linked to CTLA4-mediated activities [3]. During 88 

native T cell activation, the expression of CTLA4 protein on the cell surface is upregulated 89 

and directly competes with the CD28 protein in binding with the CD80 and CD86 molecules 90 

[4]. The inhibitory signals from CTLA4 can also prevent the activation of self-reactive T cells 91 

by attenuating T cell signaling. These strategies lead to a significant increase in metastatic 92 

melanoma patients‘overall survival time [5;6]. Nevertheless, for many patients, tumor 93 

relapses and therapy resistance often follow within only a few months or years, after an 94 

initial tumor reduction phase [7;8]. Thus, new therapeutic strategies are still needed, which 95 

may further improve the clinical outcome. Many drug candidates have been investigated 96 

and metal-based drugs, particularly ferrocifen-based drugs, represent a promising family of 97 

anticancer compounds [9;10].  98 
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The bioorganometallic molecules are active molecules containing at least one carbon atom 99 

directly bound to a metal or metalloid. In ferrocifens, the metal studied is iron and the 100 

metallocene derivative is ferrocene chemically grafted onto a polyphenolic skeleton, 101 

resulting in ferrocenyl phenol derivatives [11]. In recent years, our group has demonstrated, 102 

through tumor-xenografted mice model, the beneficial effects of ferrociphenol on the tumor 103 

cell apoptosis or senescence in triple negative breast cancer [12] or in melanoma [10]. 104 

Furthermore, cytotoxic properties of ferrocifens have been reported through an increase in 105 

the production of reactive oxygen species (ROS) [13] and the generation of an active redox 106 

metabolite that interact selectively with nucleophilic  biomolecules such as glutathione or 107 

the thioredoxin reductase. However, due to their hydrophobicity, the use of lipid core 108 

vectors such as lipid nanocapsules (LNC), allows an optimal encapsulation and an 109 

intravenous administration of these molecules [14].  110 

Among the therapeutic strategies for melanoma, immunotherapy has a key role for several 111 

years. Thus, a significant improvement of the median overall survival has been observed 112 

after treatment with ipilimumab, a monoclonal antibody against cytotoxic T-lymphocyte 113 

antigen-4 (CTLA-4), which is able to exploit the natural ability of the immune system to 114 

eradicate primary cancer cells [7]. Furthermore, it has been reported the benefit of the 115 

combination of anti-CTLA4 antibodies and radiotherapy in metastatic melanoma. Thus, a 116 

median survival prolongation of 3 to 5 months and response rates of 25.7 vs 6.5% have been 117 

observed in anti-CTLA4 groups [15]. Taken together, these studies confirm the interest of 118 

using anti-CTLA4 antibodies to treat metastatic melanoma. 119 

The aim of this study was to evaluate the benefits of a strategy involving encapsulated p722 120 

in LNC in B16F10 melanoma mice models. For the first time, an increase in therapeutic 121 

efficacy was observed in LNC-p722 treated mice in comparison with anti-CTLA mAb treated 122 
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mice. Interestingly, LNC p722 is able to improve survival of murine xenografted-melanoma 123 

via a potentiation of apoptosis and an activation of CD8+ T lymphocytes 124 

 125 

Materials and methods 126 

Chemical materials 127 

p722 (Fig. 1) was synthesized according to the protocol from Pigeon et al. [16]. The lipophilic 128 

Labrafac® WL1349 (caprylic-capric acid triglycerides) was purchased from Gatefossé S.A. 129 

(Saint-Priest, France). Lipoid® S75-3 (soybean lecithin at 69% of phosphatidylcholine came 130 

from Lipoid GmbH (Ludwigshafen, Germany), Kolliphor®HS15 is a mixture of polyglycol 131 

mono- and di-esters of 12-hydroxystearic acid and of about 30% of free polyethylene glycol 132 

(BASF, Ludwigshafen, Germany), and NaCl from Prolabo (Fontenay-sous-bois, France). 133 

Deionised water was acquired from Milli-Q system (Millipore, Paris, France). DSPE-134 

mPEG2000 (Mean Molecular Weight, MMw = 2805 g.mol-1) was provided by Avanti Polar 135 

Lipids (Alabaster, USA).   136 

 137 

Formulation of p722-loaded lipid nanocapsules (p722-LNC) 138 

The LNC vehicle was formulated in accordance with a phase inversion method, as previously 139 

described[17]. Firstly, all the excipients were mixed (16.9% w/w Kolliphor®HS15 (BASF, 140 

Ludwigshafen, Germany), 1.5% w/w Lipoid®S75-3 (Lipoid GmbH, Ludwigshafen, Germany), 141 

20.6% w/w Labrafac® (caprylic-capric acid triglycerides, Gatefossé S.A. Saint-Priest, France), 142 

1.8% w/w NaCl (Prolabo, Fontenay-sous-Bois, France) and 59.2% w/w water (obtained from 143 

a Milli-Q system, Millipore, Paris, France)) under magnetic stirring and heated from room 144 

temperature to 60°C for 15 min. Three temperature cycles between 60 and 90 °C were 145 

performed to obtain phase inversions of the emulsion. Secondly, when the temperature was 146 
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in the phase inversion zone (73-78°C), ice-cold water was added (88.4%v/v) to induce 147 

irreversible shock and dilution, and to form the LNC suspension. The nanocapsules were 148 

stored at 4°C. To formulate p722-LNC, 0.5% w/w p722 powder (concentration at 2.35 mM) 149 

was added at step I, with all the excipients and the formulation process was the same as for 150 

empty LNC. To separate free p722 from p722-loaded lipid nanocapsules, the suspension was 151 

passed through 0.2 µm cellulose acetate filter.  152 

 153 

Post-insertion of DSPE-PEG 154 

The polymer used for post-insertion was 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-155 

N- [methoxy(polyethyleneglycol)-2000] (DSPE-mPEG2000) (Avanti Polar Lipids, Inc, 156 

Alabaster, USA).  DSPE-mPEG2000 and LNC were co-incubated for 4h at 37 °C, with a final 157 

polymer concentration adjusted to 5 mM. At this concentration, the post-insertion is total 158 

[18] and the number of DSPE-mPEG2000 molecules per LNC is around 3 [19]. 159 

 160 

Characterization of p722-LNC: size and zeta potential 161 

The mean diameter and polydispersity index (PdI) of LNC were characterized by using 162 

Dynamic Light Scattering (DLS) from a Malvern Zetasizer® apparatus (Nano Series ZS, 163 

Malvern Instruments S.A., Worcestershire, UK) at 25 °C, after dilution by 100 with UPW. The 164 

measured average values were calculated from 3 runs, with 10 measurements per run. 165 

The zeta potential of the nanocapsules was determined by laser Doppler micro-166 

electrophoresis using a Zetasizer Nano ZS system (Nano Series ZS, Malvern Instruments S.A., 167 

Worcestershire, UK) [20].  168 

 169 

Characterization of p722-LNC: encapsulation efficiency (EE) 170 
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The encapsulated p722 concentration was directly measured by quantifying p722 in the LNC 171 

using a supplier recommended UPLC method (Waters, France). For this purpose, the LNCs 172 

were broken via a dilution by 10 in methanol (VWR international, Fontenay-sous-bois, 173 

France). A BEH C18 analytical column (2.1 x 50 mm, 1.7 µm, Waters, France) was used at 174 

room temperature. DMSO (Thermofisher, Kandel, Germany) and MeOH were used as mobile 175 

phases (isocratic mode: 10:90, 10 min). The flow rate was 0.2 mL.min-1, injection volume was 176 

2 µL and p722 was quantified by a UV detector at a wavelength of 450 nm. Analysis of the 177 

data was performed by Empower 3 software (Waters). Calibration curves were established 178 

by quantifying the area under the curves (AUCs) of 0-200 µg.mL-1 solutions of p722 in DMSO 179 

and MeOH 10:90.  180 

 181 

Encapsulation efficiency, EE (%), was calculated using the following equation: 182 

�� �%� =  
����	
��	��� 
722 ����. �� ����  ×  100

�����	 
722 ����. �� ���
 183 

Drug loading, DL (% w/w), was calculated using the following equation: 184 

���� �	���� �%  / �185 

=  
�"	�� �# ���	
��	��� 
722 �� 1 $� �# ��� ���
�������  × 100

%��	 $	�� �# �&��
����� 	�� 
722 �� 1 $� �# ��� ���
������
 186 

 187 

Cell culture 188 

B16F10 mouse melanoma cell lines (gift from University of Brussels) were grown in RPMI-189 

1640 medium (Lonza, Verviers, Belgium) supplemented with 10% fetal bovine serum 190 

(Biowest, Nuaillé, France), 1% non-essential amino acid (Lonza, Walkersvill, USA), 10 units of 191 

penicillin and 10 mg of streptomycin (Sigma-Aldrich, Saint Louis, USA). B16F10 was cultured 192 

according to ATCC protocol and maintained at 37°C in a humidified atmosphere with 5% CO2. 193 
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Determination of cell viability 194 

B16F10 cells were seeded onto 96-well plates at a density of 5x104 cells/well and 195 

precultured overnight. Cells were treated with p722, empty PEG-LNC (“blank”) and p722 196 

PEG-LNC for 24 h at a concentration range from 10-4 to 100 mg/mL[10]. Cytotoxicity tests 197 

were performed using the MTT assay. The OD was evaluated by Multiskan Ascent 198 

(Labsystems, Fischer Scientific, Wilmington, USA) at 492 nm. 199 

 200 

In vivo tumor development 201 

Ethical approval 202 

All procedures involving animals, including the breeding protocols, were conducted in 203 

accordance with protocols approved by the ethical committee of the University of Angers 204 

and the regional ethics committee on animal testing (APAFIS#6540-2017012017467029v1). 205 

Furthermore, animal experiments were carried out in strict accordance with 206 

recommendations in the guidelines of the Code for Methods and Welfare Considerations in 207 

Behavioral Research with Animals (Directive 2010/63/UE). 208 

 209 

Orthotopic model of B16F10 melanoma 210 

C57BL/6 mice were housed at the university animal facility (Service Commun d’Animalerie 211 

Hospitalo-Universitaire; Université d’Angers, France) and were distributed in cages (4 212 

mice/cages). A syngenic, allograft model of melanoma was obtained by subcutaneously 213 

injecting a suspension of 106 B16F10 melanoma cells in 100 µL of HBSS with calcium and 214 

magnesium (Lonza, Walkersvill, Etats-Unis) into the right flank of mice. Before injecting cells, 215 

mice were anesthetized with isoflurane (isoflurane was chosen because it induced rapid and 216 

reversible anesthesia). Tumor size and tumor volume were monitored until the end of the 217 
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protocol and have been estimated using the formula: V=π/6 x L x W2 (L: length and W: 218 

Width). When the tumor volume was approximately 100 mm3, mice were treated according 219 

to the following protocol. 220 

The treatment of mice was randomized and was administrated blind. When tumor volume 221 

was around 100 mm3 (day 0), mice were treated, with intraperitoneal injections of PEG-222 

p722-LNC (7 mg/kg) – to limit the first-pass hepatic effect - or blank PEG-LNC, daily from day 223 

1 to day 5 at the beginning of the afternoon. Otherwise, mice were treated with anti-CTLA4 224 

monoclonal antibody (10 mg/kg) on days 2, 4 and 6. At the end of the protocol, mice were 225 

sacrificed (animals were anesthetized with isoflurane and then, euthanized by CO2), and 226 

tumors were removed, frozen and stored at -80°C. In accordance with ethical rules, the 227 

animals were sacrificed when the tumor volume was greater than 2500 mm3 or when the 228 

animals showed signs of suffering. 229 

 230 

Western blot 231 

For the in vitro protocol, proteins were extracted from cells by scrapping with a cell lysis 232 

buffer (10 mmol/L Tris-Base, 1 mmol/L Na3O4 and 1% SDS, pH 7.4). For the in vivo protocol, 233 

mice tumors were grinded with Ultra-turrax in the same lysis buffer. Twenty micrograms of 234 

proteins were resolved in 10% (v/v) SDS-PAGE gel and transferred onto a nitrocellulose 235 

membrane (0.45 µm pore size) (Amersham GE Healthcare). Mouse anti-Bcl-2 (ab694, 236 

Abcam) and rabbit anti-Bax (ab32503, Abcam), anti-Procaspase 9 (ab138412, Abcam), anti-237 

Caspase 9 (ab 202068, Abcam), anti-Procaspase 3 (ab 183179, Abcam) and anti-caspase 3 (ab 238 

184787, Abcam) were used as primary antibodies. A second mouse (goat anti-mouse IgG, 239 

secondary antibody, HRP conjugate, Life Technologies) and rabbit (61-6520, Invtrogen) 240 

antibodies were used. Detection (using LAS4000, GE HealthCare) was performed using 241 
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enhanced chemoluminescence (ECL; Fisher Scientific, Pierce). In each case, protein levels 242 

were normalized to the housekeeping protein actin and the protein expression fold 243 

differences, between treated and control conditions, were plotted by ImageJ software. 244 

 245 

Immunophenotyping of mice lymphocytes 246 

To analyze the composition of mouse lymphocytes, blood samples were collected on days 1 247 

and 9 (from the venous sinus) and at the end of the protocol (from a cardiac puncture). They 248 

were diluted into a staining buffer (PBS, pH 7.0 plus 1% fetal calf serum) and cells were 249 

stained with fluorescent-label CD3, CD8 and CD69 antibodies (BD Biosciences) for 45 min on 250 

ice, followed by two washes in the staining buffer. Then, the cells were subjected to flow 251 

cytometry analyses (PACEM platform, SFR ICAT, University of Angers, Angers, France). 252 

 253 

Statistical analysis 254 

Results were expressed as a median. For the in vitro study, statistical significance between 255 

control and treated groups was evaluated using a Mann-Whitney test. 256 

For the in vivo study, the statistical tests were performed with the R software. The tumoral 257 

growth analysis was performed thanks to a linear mixt model (longitudinal data), including 258 

the time influence (intra and inter day variability) and random intercept (intra and inter 259 

individual variability). In order to obtain a reliable statistical model, the tumoral volume was 260 

converted into a decimal logarithmic scale. Survival analysis was done using a log rang model 261 

to compare survival curves and to calculate survival medians. 262 

The significance threshold was defined at p value ≤ 0.05 for each statistical test. 263 

 264 

265 



 13 

Results 266 

Physico-chemical properties of lipid nanocapsules 267 

The p722 concentration into LNC was settled at 2.35 nM. At this concentration, the 268 

encapsulation efficiency was 65% and the drug loading reached 0.7%. Hydrodynamic 269 

diameter and zeta potential of the LNC suspensions are summarized in Table 1. The p722 270 

entrapment into LNC did not modify the diameter compared to empty LNC. The size of 271 

PEGylated LNC (unloaded or loaded with p722) showed a increase (of around 20 nm), 272 

attributed to the surface decoration by the PEG shell [18]. The zeta potential represents the 273 

apparent surface charge. The p722 entrapment did not modify the zeta potential compared 274 

to blank LNC. LNC PEGylation decreased the zeta potential from -5 mV to (-29 mV and -13 275 

mV) for unloaded and from -6 mV to -13 mV for loaded LNC (Table 1), respectively, due to 276 

the electrical dipole of ethylene glycol moiety. The different suspensions have a 277 

polydispersity index < 0.2, an important parameter illustrating the monodispersity of the 278 

suspension. The stability of loaded LNC was assessed at 4°C (storage condition) for 3 weeks: 279 

the hydrodynamic diameter, polydispersity index, zeta potential, entrapment encapsulation 280 

and drug loading were not modified (Fig.S1A-C).  281 

 282 

Ferrocifen activity on melanoma cell viability and cell apoptosis 283 

Free p722 had a significant cytotoxicity with an IC50 estimated at 0.09 mg/mL (corresponding 284 

to 1.68 x 10-4 M). Encapsulated p722 (p722-LNC) had the same toxicity profile as the free 285 

drug (IC50 = 0.10 mg/mL corresponding to 1.87 x 10-4 M), evidencing the capacity of LNC to 286 

deliver ferrocifen into B16F10 melanoma cells without additional toxicity. In addition, for 287 

blank LNC, IC50 was significantly increased (2.90 mg/mL i.e. 54.16 x 10-4 M) compared to free 288 

or encapsulated p722 (Fig. 2A). 289 
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As shown in Fig. 2B, the Western blot analysis revealed that Bax, pro-caspase 9, cleaved 290 

caspase 9 and pro-caspase 3 were found at higher levels in B16F10 cells under free p722 291 

exposure compared with untreated cells. Furthermore, in these experimental conditions, no 292 

difference in cleaved caspase 3 expression has been observed in cells treated with free p722 293 

in comparison to untreated cells. This same experiment was carried out with p722-pegylated 294 

LNC. No modification in the expression of Bcl2, Bax and cleaved caspase 3 was 295 

demonstrated. However, an increase of pro-caspase 9, cleaved caspase 9 and pro-caspase 3 296 

was found in comparison with untreated cells. Furthermore, no modification of expression 297 

of the different proteins was shown in the presence of pegylated LNC without p722 (Fig. 3B). 298 

 299 

Anti-tumor efficacy of ferrocifens on a mouse model of melanoma 300 

Due to the absence of a significant difference in the volumes of tumors isolated from treated 301 

mice, an analysis of the growth rate was considered; the final point chosen was the critical 302 

tumor volume of 2,500 mm3. It was reported that this critical tumor volume was more 303 

rapidly observed for mice treated with anti-CTLA4 mAb. Conversely, this critical tumor 304 

volume was evolving more slowly in mice treated with p722-pegylated LNC compared to 305 

mice treated with blank LNC (Fig. 3A). 306 

Moreover, in mice with melanoma, treatment with p722-pegylated LNC significantly 307 

improved their survival compared to mice treated with blank LNC (22 days versus 13 days of 308 

survival, respectively) (Fig. 3B). No difference was observed for mice treated with anti-CTLA 309 

mAb in comparison with blank LNC (Fig. 3C) while a significant difference was found in the 310 

survival of mice treated with p722-pegylated LNC in comparison with anti-CTLA4 mAb (Fig. 311 

3D).  312 

 313 
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 314 

Ferrocifen loaded LNC potentiate apoptosis via the intrinsic pathway 315 

As shown in Fig. 4, no difference was found in the expression of the different proteins tested 316 

both in tumors from mice treated with anti-CTLA4 mAb or anti-CTLA4 mAb and p722-317 

pegylated LNC compared to control mice. However, a significant increase in pro-caspase 9, 318 

cleaved caspase 9, pro-caspase 3 and cleaved caspase 3 has been observed in tumors from 319 

mice treated with p722-pegylated LNC in comparison with control mice. 320 

 321 

Ferrocifen loaded LNC potentiate the activation of CD8
+ T lymphocytes 322 

Quantification of CD8
+ T lymphocytes was conducted on mice blood samples at different 323 

times (day 0, day 9 and at the end of the in vivo protocol). As described in Fig. 5A, no 324 

difference in the percentage of CD8
+ T lymphocytes was observed whatever the time and 325 

treatments. No difference was found at day 0 and at the end of the protocol in the 326 

percentage of activated CD8
+ T lymphocytes. However, a significant increase of activated 327 

CD8
+ T lymphocytes has been shown, at day 9, in blood samples from mice treated with 328 

p722-pegylated LNC or p722-pegylated LNC and anti-CTLA4 mAb (Fig. 5B). 329 

 330 

  331 
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Discussion 332 

Because numerous preclinical and clinical studies focused on the analysis of innovative 333 

combinatory therapeutic [21];[22] in melanoma therapy, the main objective of the present 334 

work is to evaluate the therapeutic properties of p722, a new promising molecule from the 335 

ferrocifen family, encapsulated in LNC, in a mouse metastatic melanoma model. 336 

Furthermore, the secondary objective is to compare the therapeutic benefits of p722-LNC 337 

with a recognized therapeutic strategy using anti-CTLA4 antibody. Interestingly, a significant 338 

improvement in the survival rate and a slower tumor growth were found with p722 loaded 339 

LNC compared to anti-CLTA4 treatment. These data were supplemented by Western blot 340 

analyzes which confirmed that p722-LNC potentiates apoptosis by enhancing the intrinsic 341 

pathway. Furthermore, treatment with p722-LNC potentiates the activation of CD8+ T 342 

lymphocytes suggesting new properties for these promising encapsulated antitumor 343 

molecules. 344 

In the ferrocifen family, the key motif is [ferrocenyl-ene-phenol] leading to the formation of 345 

ferrocenyl quinone methides by oxidation on cancer cells. Chemically, this new functional 346 

group behaves as a selective electrophile that can react with a variety of nucleophiles [23]. 347 

At the biological level, the entity offers some new perspectives, inducing very low IC50 348 

values, between 0.03 to 0.5 µM, on a range of cancer cells including some resistant to 349 

coordination complexes of Pt2+ [16]. It operates by apoptosis and/or senescence. Inhibition 350 

of pluripotent cancer stem-cells by ferrociphenols has also been found. The potential for 351 

multisite activity shown by these species is of interest in precluding and/or sidestepping the 352 

phenomena of resistance. The role of the iron generating production of ROS, is initiate, 353 

control and modulate a series of novel molecular events within cancer cells. The system is 354 

not operative on healthy cells [23]. Amongst the synthetized ferrocifens, the succinimido-355 
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ferrociphenol compound p722 shows a strongest in vitro antiproliferative effets [24] while 356 

its in vivo behavior has not been evaluated so far. The exceptional antitumoral effect of this 357 

new derivative is related to the succinimide function, allowing an unprecedented 358 

stabilization of the transient quinone methide, via an interaction between the lone pair of 359 

one carbonyl of the heterocycle and the center of the aromatic quinone methide ring 360 

[16,24]. 361 

Considering the poor water-soluble property of ferrocifens, LNC represents a suitable drug 362 

delivery system thanks to its oily core [25]. Furthermore, encapsulation of ferrocifens 363 

enhances cellular and tumor delivery which represents an important challenge to treat 364 

cancer. Thus, previous studies on LNC encapsulating ferrocifens demonstrated the efficient 365 

encapsulation and the therapeutic benefits to treat. Our results confirm and improve 366 

previous findings conducted on glioblastoma [26] or melanoma [10] cells, especially 367 

concerning the characterization of nanovectors: as shown in Table 1, encapsulation 368 

efficiency, mean size, zeta potential data are consistent with formerly cited studies and 369 

these characteristics are stable over time, sustaining that these vectors are well adapted for 370 

the protocols conducted on mice models. 371 

Several studies evaluated the cytotoxicity of ferrocifen derivatives in various tumor cell 372 

models. Thus, in a previous study, it was reported that P5 and DP1, two ferrociphenol 373 

derivatives, exerted growth inhibitory effects, mainly via senescence, between 0.5 and 10 374 

µM against Hs683 and U373 human glioma cells or B16F10 mice melanoma cells [9]. 375 

Furthermore, other experiments were conducted on triple-negative MDA-MB-231 breast 376 

cancer cells for which an antiproliferative activity of ferrocifens was shown for an IC50 of 2.6 377 

µM [27] and 2 µM [12]. Moreover, in a study conducted on SK-Mel28 human melanoma 378 

cells, IC50 was 300 nM for ferrociphenol and 1.2 mM for ansa-ferrociphenol [28] while on 9L 379 
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rat gliosarcoma cells, the IC50 was 0.4 and 0.6 µM for free ferrociphenol or ferrociphenol-380 

LNC, respectively [29]. Taken together, these findings confirm a better sensitivity for p722 381 

ferrocifen derivatives since the present study shows lower IC50 (168 and 187 nM for free 382 

p722 and p722-LNC, respectively) compared to previous studies. This improved sensitivity 383 

justifies the use of encapsulated p722 at lower doses, than those used in the previous 384 

studies, which will ultimately limit the toxicity.  385 

Both in vitro and in vivo studies confirm that encapsulated p722 is able to induce apoptosis 386 

on B16F10 cells by potentiating the intrinsic pathway. Several stimuli, including ROS, are able 387 

to regulate apoptosis of tumor cells. Thus, as previously described, ferrocifens increase the 388 

levels of ROS in tumor cells [13] and then, could induce apoptosis. Due to their reactive 389 

potential, ROS can oxidize bases, leading to DNA strand breaks, intra-strand adducts, 390 

crosslinks and mutations [30]. ROS can affect the integrity of proteins and/or lipids in 391 

membranes, decreasing the fluidity and increasing membrane permeability as well as in 392 

mitochondria [31]. Mitochondrial dysfunction, characterized by loss of transmembrane 393 

potential and opening of mitochondrial permeability transition pores occurs via many 394 

apoptotic stimuli [32]. Ferrocifen derivatives cause disruption of ∆Ψmin breast cancer cells 395 

[13]. In melanoma, the impairment of mitochondrial membrane permits the release of 396 

cytochrome c, an event known to occur after externalization of phosphatidylserine [33], 397 

triggering the apoptotic intrinsic pathway with activation of caspase 9 and 3 [31]. Thus, 398 

taken together, these data suggest that the increase in caspase expression and activity, 399 

showed in this study, could be explained by an enhancement of oxidative stress induced by 400 

p722.  401 

Numerous clinical studies [34] or pre-clinical models using several tumor cell lines of solid 402 

cancers [35,36] reveal that the combination of chemotherapy and immunotherapy enhances 403 
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survival. In metastatic melanoma, it is manifest that the combination of radiotherapy with 404 

ipilimumab (human anti-CTLA4) increases the median survival of 4 to 5 months and response 405 

rates of 25.7% versus 6.5% (in patients treated with ipilimumab alone) [15]. Based on these 406 

data, a part of this study aims to highlight the possible beneficial effects of a combination of 407 

anti-CTLA4 mAb and p722-LNC. We purposely chose the B16F10 model and settings of high 408 

tumor challenge or delayed vaccination in hopes of observing cooperative effects between 409 

blockades of multiple pathways. Yet, we are surprised that, even with double blockade, we 410 

are unable to observe any significant additive effects of these molecules in the context of 411 

metastatic melanoma: anti-CTLA4 mAb is not active in this mice model while p722-LNC has a 412 

significant therapeutic interest. 413 

Interestingly, we confirm that p722-LNC is able to improve survival of treated mice by 414 

inducing both antitumoral effect and activation of CD8+ T lymphocytes. While the pro-415 

apoptotic properties of many ferrocifens are known [23], we identify for the first time an 416 

immune-preventative approach for p722-LNC, as it has been previously proposed . A 417 

possible immunogenic cell death has been postulated with ferrocifens [37]. Furthermore, 418 

these properties have been suggested with hydroxytamoxifen for which an increase of 419 

activation of Jurkat-T-cells has been shown. In this cellular model, an upregulation of cell 420 

surface markers CD28, CD69 and CD5 has been reported in hydroxytamoxifen-treated cells 421 

[38]. In the present study, a synergistic effect could explain the beneficial properties of p722. 422 

After 9 days of treatment with p722-LNC, apoptosis induced by ferrocifens could enhance 423 

the release of tumor antigens activating CD8+ T lymphocytes [39] via antigen presenting 424 

cells. Thus, CD8+ T lymphocytes could either have a direct cytotoxic activity or could 425 

constitute a pool of CD8+ T memory lymphocytes explaining the significant improvement in 426 

mice survival treated with p722 [40]. Moreover, p722-LNC therapy could result in increasing 427 
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tumor infiltration of T cells and enhanced production of cytokines associated with cytotoxic 428 

T-cell function [41]. However, the precise mechanisms associated with the synergistic effects 429 

observed in the present study are not fully characterized, and mechanistic studies will be 430 

required to identify the role of different cellular subsets in the generation of effective 431 

antitumor immunity. Overall, our findings illustrate an original approach to treat metastatic 432 

melanoma through a dual property: pro-apoptotic properties and CD8+ T lymphocytes 433 

activation.  434 

These properties are identified for p722-loaded-LNC, a promising antitumor strategy. 435 

According to our data, p722 is able, on its own, to prevent the development of metastatic 436 

melanoma and to improve the survival of treated mice. However, it is important to note that 437 

the optimal schedule and dose to improve median survival in these murine models are not 438 

directly transposable in studies in humans, herein suggesting further preclinical (in other 439 

animal models) and clinical studies.  440 
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Figure 1 596 

Chemical structure of p722 597 

Figure 2 598 

Cytotoxicity of free p722, p722-loaded LNC on B16F10 melanoma cell line (A). Evaluation of 599 

B16F10 cell viability by MTT assay, n=3. (B) Pro-apoptotic properties of free p722, blank LNC 600 

and p722-LNC on B16F10 melanoma cell line. Evaluation of Bcl2, Bax, procaspase 9, cleaved 601 

caspase 9, procaspase 3 and cleaved caspase 3, n=3 * p<0.05  602 

Figure 3 603 

Efficacy evaluation of p722-LNC and comparison with anti-CTLA4 mAb treatment on B16F10 604 

mice-xenografted model. (A). Evaluation of the survival of mice treated with p722-LNC 605 

compared to mice treated with blank LNC, n=6 *p=0.013 (B).  Evaluation of the mice survival 606 

treated with anti-CTLA4 mAb compared to mice treated with blank LNC, n=6 (C). Evaluation 607 

of the survival of mice treated with p722-LNC compared to mice treated with anti-CTLA4 608 

mAb, n=6 *p=0.012 609 

Figure 4 610 

Pro-apoptotic properties of p722-LNC. Western blot evaluation of Bcl2, Bax, procaspase 9, 611 

cleaved caspase 9, procaspase 3, cleaved caspase 3 expression, n=3. Table represents the 612 
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ratio between the expression of studied proteins and the expression of β-actin. (a) 613 

significant results compared to control mice (p<0.05). 614 

Figure 5 615 

p722-LNC activates CD8+ T lymphocytes from mice tumor at day 9. (A) Evaluation of the 616 

percentage expression of CD8+ T lymphocytes at day 0, day 9 and at the end of the protocol, 617 

n=6. (B) Evaluation of the percentage expression of CD8+ activated T lymphocytes at D0, D9 618 

and at the end of the protocol, n=6 * p<0.05. 619 
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Table 1 

 

 Mean 

diameter 

(nm) 

Mean PdI Mean zeta 

potential 

(mV) 

EE (%) Drug loading 

(%) 

Blank 

pegylated-

LNC 

72.4 +/- 0.8 0.12 +/- 0.01 -29.0 +/- 1.2 / / 

p722 

pegylated-

LNC 

[2.25 mM] 

70.0 +/- 1.0 0.15 +/- 0.01 -13.5 +/- 0.5 64.8 +/- 13.4 0.7 +/- 0.1 

 

 

 

 



C57Bl/6

100 mm3

P722 Improved mice
survival

Potentiation of intrinsic
apoptotic pathway

Ac8va8on of CD8
+ T

lymphocytes




