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Applications of magnetotactic bacteria and magnetosome for cancer treatment: A review emphasizing on practical and mechanistic aspects

INTRODUCTION

Magnetotactic bacteria (MTB) synthesize nanoparticles, called magnetosomes, which are used by MTB to navigate in the direction of the Earth's magnetic field, [START_REF] Bazylinski | Magnetosome Formation in Prokaryotes[END_REF]. Magnetosomes are characterized by unique properties, i.e. a natural synthesis that does not involve toxic chemicals, a good crystallinity, large sizes, a chain arrangement, resulting in nanoparticles composed of pure iron oxides, which distribute homogenously in tumors, and produce a large amount of heat under alternating magnetic field application, [START_REF] Le Fèvre | Enhanced antitumor efficacy of biocompatible magnetosomes for the magnetic hyperthermia treatment of glioblastoma[END_REF]. These properties have led to better anti-tumor efficacy for magnetosomes than for their chemical counterparts, [START_REF] Le Fèvre | Enhanced antitumor efficacy of biocompatible magnetosomes for the magnetic hyperthermia treatment of glioblastoma[END_REF], and to a series of biotechnological and medical applications of MTB and magnetosomes, e.g. for drug delivery, imaging, where they can be used as MRI contrast agent, antigen recovery, hyperthermia, enzyme immobilization, detection or manufacture of magnetic cells, and pathogen detection, [START_REF] Vargas | Applications of Magnetotactic Bacteria, Magnetosomes an Magnetosome Crystals in Biotechnology and Nanotechnology: Mini-Review[END_REF][START_REF] Yan | Bacterial magnetosome and its potential application[END_REF]. Among these various applications, the use of MTB and magnetosomes to fight cancer is especially appealing, since these systems lead to multiple possibilities for triggering anticancer activity in the organism. While whole MTB appear appealing due to their faculty to target tumors through combined aerotactism and magnetotactism mechanisms and carry drugs at this location, [START_REF] Felfoul | Magneto-aerotactic bacteria deliver drug-containing nanoliposomes to tumour hypoxic regions[END_REF][START_REF] Yazdi | Magnetotaxis Enables Magnetotactic Bacteria to Navigate in Flow[END_REF][START_REF] Martel | Flagellated Magnetotactic Bacteria as Controlled MRI-trackable Propulsion and Steering Systems for Medical Nanorobots Operating in the Human Microvasculature[END_REF][START_REF] Benoit | Visualizing Implanted Tumors in Mice with Magnetic Resonance Imaging Using Magnetotactic Bacteria[END_REF], magnetosomes extracted from whole MTB that have undergone specific treatments to be nonpyrogenic and stable can also yield efficient anti-tumor activity following their direct administration to tumors and exposure to an alternating magnetic field, [START_REF] Le Fèvre | Enhanced antitumor efficacy of biocompatible magnetosomes for the magnetic hyperthermia treatment of glioblastoma[END_REF][START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF][START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated with poly-L-lysine, citric acid, oleic acid, and carboxy-methyl-dextran for application in the magnetic hyperthermia treatment of tumors[END_REF][START_REF] Alphandéry | Chains of magnetosomes with controlled endotoxin release and partial tumor occupation induce full destruction of intracranial U87-Luc glioma in mice under the application of an alternating magnetic field[END_REF].

Here, different types of magnetosome preparations, i.e. containing whole MTB, magnetosome chains extracted from MTB, and stabilized magnetosome minerals, are presented. While whole MTB and magnetosome chains extracted from MTB have been reported to yield anti-tumor activities through various mechanisms of action, [START_REF] Alphandéry | Chains of magnetosomes with controlled endotoxin release and partial tumor occupation induce full destruction of intracranial U87-Luc glioma in mice under the application of an alternating magnetic field[END_REF], the presence of endotoxins in these suspensions makes it difficult to foresee their administration to humans. Therefore, a purification method has been suggested to remove endotoxins from magnetosome surface and yield non-pyrogenic magnetosome minerals, which are stabilized by an added synthetic coating, [START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF][START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated with poly-L-lysine, citric acid, oleic acid, and carboxy-methyl-dextran for application in the magnetic hyperthermia treatment of tumors[END_REF]. These minerals display favorable properties for their human administration. Furthermore, the antitumor activity obtained by using these different types of magnetosomes or MTB, associated (or not) with other molecules of therapeutic interest, activated (or not) by the application an external source of energy, is analyzed through their use in the treatment of tumors of different types in vitro and/or in vivo. The various mechanisms of action that may trigger antitumor activity are examined, i.e. apoptotic cell death, specific or non-specific immune reactions against the tumor, the activation/delivery of various molecules of therapeutic interests, and local temperature increase following the application of an AMF, (2), laser, [START_REF] Sangnier | Targeted thermal therapy with genetically engineered magnetite magnetosomes@RGD: Photothermia is far more efficient than magnetic hyperthermia[END_REF], or radiation, [START_REF] Hafsi | RGD-functionalized magnetosomes are efficient tumor radioenhancers for X-rays and protons[END_REF], on magnetosomes or MTB.

MSR-1 AS THE MOST SUITABLE MTB STRAIN FOR MEDICAL APPLICATIONS.

MTB are characterized by a series of properties that distinguish them from other species of bacteria such as: i) the synthesis of iron oxide (Fe3O4) or iron sulfide (Fe3S4) minerals encapsulated in vesicles made of biologic materials, which are called magnetosomes, ii) various forms such as rod-shaped, vibrio-like, coccoid, and helicoidal ones, iii) an amplification in marine or pure water, iii) a navigation system called magnetotactism in which MTB swim in the direction of the earth magnetic field, iv) a specific oxygen consumption that results in their classification as micro-aerophiles, anaerobes, or facultative anaerobic microaerophiles, [START_REF] Faivre | Magnetotactic Bacteria and Magnetosomes[END_REF]. Philogenically, MTB belong to 8 different classes, i.e. zetaproteobacteria, beta-proteobacteria, Gammaproteobacteria, Deltaproteobacteria, Epsilonproteobacteria, Nitrospirae, OP3, and Alphaproteobacteria. Only MTB belonging to Alphaproteobacteria have been isolated and amplified in specific growth media, i.e. essentially

Magnetospirillum gryphiswaldense MSR-1, Magnetospirillum magneticum AMB-1, Magnetovibrio

MV-1, Magnetococcus sp. MC-1, Magnetospirillum magnetotacticum MS-1, and Magnetospirillum sp. ME-1, [START_REF] Arakaki | Formation of magnetite by bacteria and its application[END_REF][START_REF] Du | Magnetosome Gene Duplication as an Important Driver in the Evolution of Magnetotaxis in the Alphaproteobacteria mSystems[END_REF][START_REF] Yan | Magnetotactic bacteria, magnetosomes and their application[END_REF]. Among them, table 1a, [START_REF] Ali | Yield cultivation of magnetotactic bacteria and magnetosomes: A review[END_REF], indicates that only four species, i.e. AMB-1, MSR-1, MV-1, and ME-1, could produce more than 10 mg of magnetosomes per liter of growth medium, i.e. a production of 0.5 gram of magnetosomes using a fermenter of standard size (50 litters), which is a typical dose used for treating one patient bearing a GBM tumor with chemically synthesized nanoparticles, [START_REF] Maier-Hauff | Intracranial thermotherapy using magnetic nanoparticles combined with external beam radiotherapy: Results of a feasibility study on patients with glioblastoma multiforme[END_REF]. Although AMB-1 has been the most widely studied species of MTB, it seems to require more time to grow than for other MTB studies (table 1a). Furthermore, most MTB species presented in table 1a are grown using culture media containing heavy metals, CMR products such as boric acid, as well as animal-based products (peptone and/or yeast extract), whose exact composition is unknown and not easy to reproduce identically from one batch to another, [START_REF] Berny | A Method for Producing Highly Pure Magnetosomes in Large Quantity for Medical Applications Using Magnetospirillum gryphiswaldense MSR-1 Magnetotactic Bacteria Amplified in Minimal Growth Media[END_REF]. In addition, for most MTB growth conditions, the measurement of magnetosome concentration is either estimated from the amount of intracellular iron or from the quantity of magnetic nanoparticles extracted from magnetic bacteria. Both methods introduce a bias in the estimate of magnetosome concentration. Indeed, all intracellular iron is not necessarily in mineralized form, [START_REF] Berny | A Method for Producing Highly Pure Magnetosomes in Large Quantity for Medical Applications Using Magnetospirillum gryphiswaldense MSR-1 Magnetotactic Bacteria Amplified in Minimal Growth Media[END_REF], and magnetosomes possess both mineral and organic materials, [START_REF] Bazylinski | Magnetosome Formation in Prokaryotes[END_REF], where the organic material can't easily be injected without a specific treatment and should therefore preferably not be taken into account in the estimate of the therapeutic dose. The latter should correspond to the quantity of iron contained in a magnetosomes that may be injected to a patient after approval by the regulatory authorities, as for chemically synthesized nanoparticles. Only the synthesis method presented in reference 20 seems to have removed from the MTB growth media all toxic and animal/yeast based products, which are not recommended in a pharmaceutical manufacturing process.

PREPARATIONS OF MAGNETOSOMES/MTB

This growth method follows two steps: i) a pre-growth one during which MTB are amplified without iron, and ii) a growth step in which MTB are grown in the presence of an iron source to yield after 50 hours of growth an OD565 of  8 and 10 mg of magnetosomes in iron per liter of growth medium, [START_REF] Berny | A Method for Producing Highly Pure Magnetosomes in Large Quantity for Medical Applications Using Magnetospirillum gryphiswaldense MSR-1 Magnetotactic Bacteria Amplified in Minimal Growth Media[END_REF].

The most interesting aspects of this method lies in: i) the drastic reduction of the number of products in MTB growth media down to 7 or 8 compared with more than 50 different chemicals in previously used MTB growth media, [START_REF] Berny | A Method for Producing Highly Pure Magnetosomes in Large Quantity for Medical Applications Using Magnetospirillum gryphiswaldense MSR-1 Magnetotactic Bacteria Amplified in Minimal Growth Media[END_REF], and ii) the removal of toxic products from MTB growth media. Furthermore, the elimination of heavy metals from the MTB growth media, [START_REF] Berny | A Method for Producing Highly Pure Magnetosomes in Large Quantity for Medical Applications Using Magnetospirillum gryphiswaldense MSR-1 Magnetotactic Bacteria Amplified in Minimal Growth Media[END_REF], makes it possible to obtain very pure magnetosomes with a percentage in iron relative to other metals of 99.8%, i.e. a much larger percentage than that of 93.6% obtained with non-reduced growth media, [START_REF] Berny | A Method for Producing Highly Pure Magnetosomes in Large Quantity for Medical Applications Using Magnetospirillum gryphiswaldense MSR-1 Magnetotactic Bacteria Amplified in Minimal Growth Media[END_REF]. A large number of other MTB growth methods have been presented and are summarized elsewhere, [START_REF] Ali | Yield cultivation of magnetotactic bacteria and magnetosomes: A review[END_REF]. However, to the author knowledge, it seems that they have not yet suppressed all toxic/animal-based products from MTB growth media, a step that seems to be a prerequisite for using MTB in a pharmaceutical production method according to pharmaceutical regulation.

To concentrate magnetosomes and presumably enhance their therapeutic activity, the latter have been extracted from MTB, e.g. through MTB lysis with a detergent such as NaOH, which is followed by magnetic separation of the magnetosomes from bacterial debris, [START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF][START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated with poly-L-lysine, citric acid, oleic acid, and carboxy-methyl-dextran for application in the magnetic hyperthermia treatment of tumors[END_REF]. Thus, suspensions containing well-dispersed chains of magnetosomes extracted from magnetotactic bacteria (MC), which are sufficiently stable in water or 5% glucose for injection, are obtained. Individual magnetosomes constitutive of the chains appear to change their composition from magnetite to maghemite during extraction, and are surrounded by a biological membrane. Without further treatments, MC contain a quantity of LPS of 2000 to 150 000 EU per mg of magnetosomes, (21), which is above the limit allowed for drug injection into humans, which is  350 EU per adult, [START_REF] Brito | COMMENTARY: Acceptable Levels of Endotoxin in Vaccine Formulations During[END_REF]. Other methods used to extract chains of magnetosomes from whole MTB involve bacterial lysis through sonication or French press, ( 23), but they seem to be less efficient and convenient to use than NaOH specially for lysing highly concentrated MSR-1 MTB as part of a magnetosome mass production.

To eliminate endotoxins, additional purification steps have been suggested in which MC are either treated with various organic solvents, such as phenol and chloroform, or heated by combustion followed by magnetic separation to isolate pure magnetosome minerals (M) from non-magnetic organic debris. M are further autoclaved for sterilization and stabilized under sterile conditions with various coating materials, i.e. poly-L-lysine, citric acid, oleic acid, carboxy-methyl-dextran, polyethyleneimine, chitosan, neridronate, by sonicating during a few hours a suspension of M mixed with these various coating substances at different pH, temperature, and ratio between the masses of M and coating, [START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF][START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated with poly-L-lysine, citric acid, oleic acid, and carboxy-methyl-dextran for application in the magnetic hyperthermia treatment of tumors[END_REF].

The properties of the different coated magnetosome minerals thus obtained are summarized in table 1b.

The three different products, which result from this fabrication process, i.e. MTB, MC, and magnetosome minerals stabilized by various coating materials, are schematically represented in Fig. 1.

APPLICATIONS OF MTB

Living MTB (MC-1) can be used for cancer treatment as summarized in Fig. 2. Indeed, they have successfully been sent to colorectal tumors of mice, remaining alive and motile without any apparent signs of fever or toxicity during treatment, [START_REF] Felfoul | Magneto-aerotactic bacteria deliver drug-containing nanoliposomes to tumour hypoxic regions[END_REF]. The interest of using MTB first comes from their ability to propel themselves with their flagella at high speeds, i.e. typically 2 to 1260 µm.s -1 , and hence overcome a strong flow of fluid of up to  550 µm s -1 at counter-current, as observed for the species Magnetospirillum magneticum, [START_REF] Yazdi | Magnetotaxis Enables Magnetotactic Bacteria to Navigate in Flow[END_REF]. Given that MTB may have to swim against the blood stream in the body to reach their target, this property enables considering MTB navigation in a human. Most interestingly, this propulsion mechanism is combined with a system of double guidance. On the one hand, magnetosome magnetic moment can align parallel to a low-intensity magnetic field, orientating MTB in the direction of an applied magnetic field. By taking advantage of magnetosome MRI contrasting properties, MTB may be localized during/following their approach of the targeted region, [START_REF] Martel | Flagellated Magnetotactic Bacteria as Controlled MRI-trackable Propulsion and Steering Systems for Medical Nanorobots Operating in the Human Microvasculature[END_REF]. Thus, it has been shown that Magnetospirillum magneticum AMB-1 colonize mouse tumor xenografts 6 days following their intravenous administration, based on T1-weighted positive magnetosome contrast observed by MRI, [START_REF] Benoit | Visualizing Implanted Tumors in Mice with Magnetic Resonance Imaging Using Magnetotactic Bacteria[END_REF]. For application on humans, MTB should be accurately guided in the body, requiring a precise mapping of the human organism, in particular its vasculature network, as well as the measurement in real time of the properties of the different materials/fluids that MTB may encounter such as their flow rate, viscosity, nature, [START_REF] Martel | Flagellated Magnetotactic Bacteria as Controlled MRI-trackable Propulsion and Steering Systems for Medical Nanorobots Operating in the Human Microvasculature[END_REF]. On the other hand, MTB can be guided using their aero-taxis sensorial system, which allows them to swim towards oxygen-depleted areas. Such property is specifically interesting for cancer treatment since it promotes MTB targeting towards hypoxic tumor areas. Thus, MC-1 cells were able to penetrate into hypoxic regions of mouse HCT116 colorectal tumors following their injection in a peri-tumoral region of these tumors, [START_REF] Felfoul | Magneto-aerotactic bacteria deliver drug-containing nanoliposomes to tumour hypoxic regions[END_REF].

In addition to their unique system of guidance, MTB can trigger therapeutic activity, essentially through the two following proposed approaches:



The transport of drugs by MTB, as highlighted for MC-1 loaded with drug-containing-nanoliposomes, yielding after targeting efficient drug release in the tumor, [START_REF] Felfoul | Magneto-aerotactic bacteria deliver drug-containing nanoliposomes to tumour hypoxic regions[END_REF].



The heating of MTB following the application of an alternating magnetic field (AMF), as shown for MTB exposed to an AMF of different strengths and frequencies, successfully leading to inhibition of cancer cell proliferation, [START_REF] Gandia | Unlocking the Potential of Magnetotactic Bacteria as Magnetic Hyperthermia Agents Small[END_REF].

MAGNETOSOMES EXTRACTED FROM MTB FOR CANCER TREATMENT

MC, as represented in Fig. 1, may target the tumor through passive targeting, also known as EPR effect.

In this case, MC diffuse through the holes of angiogenic blood vessels, a mechanism whose efficacy depends on the mode of MC administration, MC diffusion into the blood stream, as well as magnetosome size and charge, [START_REF] Tong | Magnetic iron oxide nanoparticles for disease detection and therapy[END_REF]. These parameters should be optimized to allow MC diffusion through these holes. On the one hand, it was suggested that modified magnetosome with hydrodynamic size of  200 nm and positive zeta potential of  50 mV favored magnetosome accumulation in the tumor through the EPR effect, [START_REF] Dai | Bacterial magnetosomes as an efficient gene delivery platform for cancer theranostics[END_REF]. On the other hand, such effect was demonstrated for nonfunctionalized magnetosomes injected intravenously into mice bearing intra-cerebral GBM tumors, as highlighted by MRI brain images presenting a dark region due to the presence of magnetosomes 100 minutes following MC injection, [START_REF] Boucher | Genetically tailored magnetosomes used as MRI probe for molecular imaging of brain tumor[END_REF].

By contrast to passive targeting, active targeting either uses a magnetic field that could magnetically orientate magnetosomes towards the tumor or molecule attached at magnetosome surface that specifically targets a tumor region, e.g. a tumor cell receptor, [START_REF] Tong | Magnetic iron oxide nanoparticles for disease detection and therapy[END_REF]. It can be implemented by genetically modifying AMB-1 magnetotactic bacteria, so that MTB produce magnetosomes associated to RGD peptides targeting αγβ3 receptors, [START_REF] Boucher | Genetically tailored magnetosomes used as MRI probe for molecular imaging of brain tumor[END_REF]. It was shown that such magnetosomes specifically get bound to U87 cells and accumulate in GBM tumor following their iv injection, [START_REF] Boucher | Genetically tailored magnetosomes used as MRI probe for molecular imaging of brain tumor[END_REF] to mice. A peptide (P75), which specifically targets EGFR and HER2, was also chemically linked to magnetosome surface, leading to the specific binding of these magnetosomes to MDA-MB-468 and SKBR3 cells and to their larger accumulation in tumors than in other organs of mice, [START_REF] Xiang | Tumor detection using magnetosome nanoparticles functionalized with a newly screened EGFR/HER2 targeting peptide[END_REF].

After reaching the tumor, MC can trigger anti-tumor activity in the following different ways.

First, magnetosomes can be associated to a chemotherapeutic molecule, essentially doxorubicin (DOX), through chemical reactions, uses of polymer cross-linker (PEI), [START_REF] Long | Bacterial magnetosomes-based nanocarriers for co-delivery of cancer therapeutics in vitro[END_REF][START_REF] Cheng | Co-delivery of doxorubicin and recombinant plasmid pHS P70-Plk1-shRNA by bacterial magnetosomes for osteosarcoma therapy[END_REF]. The complex formed by magnetosomes or chemical counterparts of magnetosomes such as magnetic nanoparticles synthesized in the presence of MamC protein from Magnetococcus marinus MC-1 MTB, [START_REF] Rubia | pH-Dependent Adsorption Release of Doxorubicin on MamC Biomimetic Magnetite Nanoparticles[END_REF], or polymeric magnetosomes, [START_REF] Wang | Novel redox-responsive polymeric magnetosomes with tunable magnetic resonance property for in vivo drug release visualization and dual-modal cancer therapy[END_REF], and DOX (M-DOX) yielded an increase in DOX efficacy by enabling: i) DOX cellular internalization, [START_REF] Long | Bacterial magnetosomes-based nanocarriers for co-delivery of cancer therapeutics in vitro[END_REF], ii) the association of DOX with a targeting molecule (transferrin: Tf), [START_REF] Wang | Bacterial magnetosomes loaded with doxorubicin and transferrin improve targeted therapy of hepatocellular carcinoma[END_REF],

iii) controlled DOX release under variations of pH, [START_REF] Rubia | pH-Dependent Adsorption Release of Doxorubicin on MamC Biomimetic Magnetite Nanoparticles[END_REF], redox potential, [START_REF] Wang | Novel redox-responsive polymeric magnetosomes with tunable magnetic resonance property for in vivo drug release visualization and dual-modal cancer therapy[END_REF]. In an interesting case, drug release could be monitored by MRI using the increased magnetosome T2 contrast following DOX release from the magnetosomes, [START_REF] Wang | Novel redox-responsive polymeric magnetosomes with tunable magnetic resonance property for in vivo drug release visualization and dual-modal cancer therapy[END_REF]. Due to its properties, M-DOX led to a higher cytotoxicity towards tumor cells than free DOX, and favored an apoptotic cellular death mechanism, [START_REF] Long | Bacterial magnetosomes-based nanocarriers for co-delivery of cancer therapeutics in vitro[END_REF]. Furthermore, M-DOX activated by photo-therapy could completely cure 70% of mice bearing xeno-grafted breast tumors, [START_REF] Wang | Novel redox-responsive polymeric magnetosomes with tunable magnetic resonance property for in vivo drug release visualization and dual-modal cancer therapy[END_REF]. The specific destruction of tumor cells was also shown for M-DOX associated to Tf, which were shown to recognize more specifically hepatocellular carcinoma HepG2 cells than HL-7702 normal hepatocytes, due to transferrin receptor (TfR) being highly expressed on the surface of HepG2 cells, and to suppress HepG2 tumors more efficiently than M-DOX alone or free DOX, [START_REF] Wang | Bacterial magnetosomes loaded with doxorubicin and transferrin improve targeted therapy of hepatocellular carcinoma[END_REF].

MC anti-tumor activity could also occur through gene therapy, by associating magnetosomes with various types of RNA such as: i) plasmid heat shock protein 70-polo-like kinase 1-short hairpin RNA (pHSP70-Plk1-shRNA), suppressing the expression of Plk1 mRNA and proteins in cells treated with this complex, [START_REF] Cheng | Co-delivery of doxorubicin and recombinant plasmid pHS P70-Plk1-shRNA by bacterial magnetosomes for osteosarcoma therapy[END_REF], ii) plasmids of the two gene pVAX1-VA, leading to efficient gene transfection and growth inhibition of either HepG2 cells in vitro or HepG2 tumor in vivo, [START_REF] Wang | An enhanced anti-tumor effect of apoptin-cecropin B on human hepatoma cells by using bacterial magnetic particle gene delivery system[END_REF], iii) siRNA, resulting in siRNA cellular internalization favored by the size (196 nm) and charge (50 mV) of the magnetosome-siRNA complex, which produced a silencing effect that inhibited the growth of HeLa cells and induced late apoptosis of these cells, [START_REF] Dai | Bacterial magnetosomes as an efficient gene delivery platform for cancer theranostics[END_REF].

MC based vaccines were also suggested, in which MC were associated with various entities of the immune system, i.e. antigens originating from tumor cells to prevent the vaccine from being rejected by the tumor, anti-CD205 antibodies to yield specific tumor targeting, and CPG acting as TLR agonist, [START_REF] Li | Engineering Magnetosomes for High-Performance Cancer Vaccination ACS Cent[END_REF]. Their mechanism of action relies on their recognition by CD8 + dendritic cells (DCs), MHC I crosspresentation, and CD8 + T cell stimulation against the tumor. When they were injected intravenously to mice bearing metastatic 4T1 tumors, they led to significant tumor inhibition, [START_REF] Li | Engineering Magnetosomes for High-Performance Cancer Vaccination ACS Cent[END_REF]. In another study, MC was conjugated to anti-4-1BB agonistic antibodies. The complex was then injected intravenously to mice bearing TC-1 tumors, followed by magnetic treatments, resulting in an increased mouse survival of  15 and  5 days compared with untreated mice and mice having received antibodies without magnetosomes, respectively, [START_REF] Tang | Preparation and anti-tumor efficiency evaluation of bacterial magnetosome-anti-4-1BB antibody complex: Bacterial magnetosome as antibody carriers isolated from Magnetospirillum gryphiswaldense[END_REF].

Due to their ferrimagnetic property at physiological temperatures, MC can heat locally under the application of an AMF of 20-40 mT and 180-200 kHz or laser of 808 nm and 1-2 W/cm 2 . Thus, intratumor injections of 10 μg of MC per mm 3 of tumor (µg/mm 3 ) in breast cancer tumors of 100 mm 3 followed by 3 sessions of AMF application at 43 °C led to full tumor disappearance among 40% of treated mice, [START_REF] Alphandéry | Chains of Magnetosomes Extracted from AMB-1 Magnetotactic Bacteria for Application in Alternative Magnetic Field[END_REF]. In another study, an intra-tumor administration of 13 μg/mm 3 of MC in GBM tumors of  2 mm 3 followed by 12 to 15 AMF sessions, each one raising tumor temperature by 0-4 °C during 30 minutes, led to complete GBM disappearance among 40% of treated mice, [START_REF] Benoit | Visualizing Implanted Tumors in Mice with Magnetic Resonance Imaging Using Magnetotactic Bacteria[END_REF]. Furthermore, it was reported that MHT could be combined with MRI to obtain information on: i) MC distribution, ii) possible tissue modifications induced by MHT, and iii) changes in tumor sizes between before and after the treatment, [START_REF] Mannucci | Magnetic Nanoparticles from Magnetospirillum gryphiswaldense Increase the Efficacy of Thermotherapy in a Model of Colon Carcinoma[END_REF][START_REF] Mannucci | Magnetosomes Extracted from Magnetospirillum gryphiswaldense as Theranostic Agents in an Experimental Model of Glioblastoma Contrast Media & Molecular Imaging[END_REF]. Furthermore, when hepatoma H22 sub-cutaneous mouse tumors of 150-200 mm 3 received 2 µg/mm 3 of MC followed by 3 minutes laser illumination, tumor temperature increased by 22°C, resulting in tumor disappearance, [START_REF] Chen | Bacterial magnetic nanoparticles for photothermal therapy of cancer under the guidance of[END_REF]. In another study, mice bearing PC3 tumors of 0.5 cm 3 received iv 1.2 µg/mm 3 of MC conjugated with RGD peptide, followed by tumor laser illumination, increasing tumor temperature to 50°C during 1700 seconds, and leading to an absence of significant tumor volume increase within 10 days following treatment, [START_REF] Sangnier | Targeted thermal therapy with genetically engineered magnetite magnetosomes@RGD: Photothermia is far more efficient than magnetic hyperthermia[END_REF].

In a cancer treatment, one may need to visualize the magnetosomes, e.g. to verify that they are located in the tumor. By contrast to MRI, which was not conceived to be used with nanoparticles, due to its operating conditions that rely on measurements of water proton relaxations instead of direct nanoparticle properties, a new imaging method called magnetic particle imaging (MPI) has been developed in which a signal proportional to nanoparticle magnetic moment is recorded, yielding better nanoparticle detection sensitivity for MPI than MRI and a more intense MPI signal for magnetosomes than for their chemical counterparts, since MC have a more stable magnetic moment, [START_REF] Kraupner | Bacterial magnetosomes -nature's powerful contribution to MPI tracer research[END_REF].

RESULTS OBTAINED WITH STABILIZED MAGNETOSOME MINERALS

To yield endotoxin free magnetosomes, non-pyrogenic magnetosome minerals coated with carboxymethyl-dextran (M-CMD), citric acid (M-CA), chitosan (M-Chi), poly-L-lysine (M-PLL), neridronate (M-Neri), oleic acid (M-OA), poly-ethylene-imine (M-PEI), were developed, table 1b, [START_REF] Hamdous | Biocompatible coated magnetosome minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells in the presence of an alternating magnetic field[END_REF][START_REF] Mandawala | Biocompatible and stable magnetosome minerals coated with poly-L-lysine, citric acid, oleic acid, and carboxy-methyl-dextran for application in the magnetic hyperthermia treatment of tumors[END_REF]. Except for M-Neri, these nanoparticles are arranged in chains, stable, contain an endotoxin concentration lower than 200 EU/mgF, a percentage in mass of carbon lower than 10%, are surrounded by a coating of less than 6 nm in thickness, and a surface charge that can be adjusted by selecting the appropriate coatings, i.e. Chi, PLL, and PEI led to a positive zeta potential at pH 7 whereas CMD, CA, Neri, and OA resulted in a negative zeta potential at this pH. The concentration of endotoxins did not increase between uncoated magnetosome minerals (M) and coated magnetosome minerals (M-CMD, M-CA, M-Chi, M-PLL, M-Neri, M-OA, and M-PEI), by carrying the coating in sterile conditions under laminar flow hood. In vitro assessment of these coated magnetosome minerals led to the conclusion that: i) the cytotoxicity of these NP towards GL-261 cells increases with incubation time, a desired property since these NP should remain in the tumor for a sufficiently long time until full tumor disappearance, ii) the specific absorption rate (SAR) and temperature increase after 30 minutes of heating (T) of the various NP, measured for these NP in contact with GL-261 cells and exposed to AMF of 183 kHz and 34 mT, are significant, i.e. 89 W/gFe < SAR < 196 W/gFe and T  7-14 °C, leading to the destruction of more than 10% of these tumor cells (table 1b). Furthermore, the amount of cellular NP internalization could be adjusted by accurately selecting the coating material, leading to a larger internalization for PEI, which is a transfecting agent, i.e. 28 pg of M-PEI in iron per GL-261 cell, than for CMD, CA, Chi, PLL, Neri, i.e. 0.5-2 pg in iron of M-CMD, M-CA, M-Chi, M-PLL, M-Neri, M-OA, and M-PEI, per GL-261 cell, (9,10).

In vivo studies, which are summarized in Fig. 3, first compared the anti-tumor activity of M-PLL with their chemical counterpart (BNF-Starch), [START_REF] Le Fèvre | Enhanced antitumor efficacy of biocompatible magnetosomes for the magnetic hyperthermia treatment of glioblastoma[END_REF]. For that, mice bearing 100 mm 3 

DISCUSSION ON MAGNETOSOME MECHANISMES OF ACTION

First, the large magnetosome surface area could be used to attach and carry various molecules, such as drugs (DOX), targeting agents, RNA, immune entities, hence improving their delivery to the tumor and possibly in some cases controlling their activity under the application of an external stimulus.

Second, magnetosome cellular internalization, notably inside or outside endosomes as demonstrated with human cervix epithelial (HeLa) cells, [START_REF] Cypriano | Uptake and persistence of bacterial magnetite magnetosomes in a mammalian cell line: Implications for medical and biotechnological applications[END_REF], may play a role in anti-tumor activity, although it can't be concluded whether it increases or decreases such activity. Indeed, on the one hand internalization could destroy or dissolve magnetosomes, notably in lysosomes. On the other hand, it could yield magnetosome-drug complexes close to cellular organelles such as cell nucleus or mitochondria, and favor cellular death.

Third, full tumor destruction could be achieved when magnetosomes only partly cover the tumor, i.e.  10% of it, [START_REF] Alphandéry | Development of non-pyrogenic magnetosome minerals coated with poly-l-lysine leading to full disappearance of intracranial U87-Luc glioblastoma in 100% of treated mice using magnetic hyperthermia[END_REF]. It suggests that indirect mechanisms of tumor destruction occur, i.e. either through the recruitment of immune cells or apoptosis, where both mechanisms could potentially yield by-stander effects, i.e. the death of tumor cells at some distance from the magnetosomes, [START_REF] Huang | Macrophage-mediated Bystander Effect Triggered by Tumor Cell[END_REF][START_REF] Rödel | Contribution of the immune system to bystander and non-targeted effects of ionizing radiation[END_REF].

Fourth, in some cases, immune mechanisms could be involved in the anti-tumor activity through the recruitment of immune cells such as T lymphocytes or polynuclear neutrophiles. Using a system of NP exposed to AMF possibly enables activating and re-activating on demand immune cells by applying several times the AMF, [START_REF] Alphandéry | Chains of magnetosomes with controlled endotoxin release and partial tumor occupation induce full destruction of intracranial U87-Luc glioma in mice under the application of an alternating magnetic field[END_REF][START_REF] Alphandéry | Development of non-pyrogenic magnetosome minerals coated with poly-l-lysine leading to full disappearance of intracranial U87-Luc glioblastoma in 100% of treated mice using magnetic hyperthermia[END_REF].

Fifth, concerning certain treatments involving AMF or laser application, heat production is necessary to induce cellular death, since anti-tumor activity is only observed above a certain level of tumor temperature elevation, [START_REF] Le Fèvre | Enhanced antitumor efficacy of biocompatible magnetosomes for the magnetic hyperthermia treatment of glioblastoma[END_REF][START_REF] Mannucci | Magnetosomes Extracted from Magnetospirillum gryphiswaldense as Theranostic Agents in an Experimental Model of Glioblastoma Contrast Media & Molecular Imaging[END_REF][START_REF] Chen | Bacterial magnetic nanoparticles for photothermal therapy of cancer under the guidance of[END_REF][START_REF] Sangnier | Targeted thermal therapy with genetically engineered magnetite magnetosomes@RGD: Photothermia is far more efficient than magnetic hyperthermia[END_REF].

CONCLUDIND REMARCKS AND FUTURE PERSPECTIVE

I have highlighted that non-pyrogenic bio-compatible coated magnetosome minerals display excellent anti-tumor activity. Regulatory preclinical developments are ongoing to start clinical trials with these nanoparticles on cancer patients. Magnetosomes could either be used alone or conjugated with a specific molecules such as transferrin to specifically target metastatic/circulating tumor cells and detect/destroy them, [START_REF] Wang | Bacterial magnetosomes loaded with doxorubicin and transferrin improve targeted therapy of hepatocellular carcinoma[END_REF]. 
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Table 1a: Methods and associated MTB strains enabling to obtain more than 10 mg of magnetosomes per liter of growth medium, where the growth type (fed-batch or batch), the growth volume, the pH and temperature of growth, the average growth time, the presence of toxic, animal-based, or CMR products in growth media, the yields in terms of quantity of whole bacteria and magnetosomes per liter of growth medium, as well as the different products obtained by the method, are presented. 

Table 1b:

  subcutaneous GL-261 GBM tumors received intra-tumorally 25 µg per mm 3 of tumor of nanoparticles. They were then exposed to 11 to 15 magnetic sessions (MS) of 30 minutes each, during which an AMF of 198 kHz and 11 to 31 mT was applied to target a tumor temperature of 43-46 °C. To compensate for the lower SAR value of BNF-Starch than M-PLL, the number of nanoparticle injections as well as the strength of the AMF were fixed at higher values for BNF-Starch than for M-PLL, i.e. 11-27 mT and 4 re-injections for M-PLL compared with 22-31 mT and 6 re-injections for BNF-Starch. These adjustments enabled reaching similar heating properties for both types of nanoparticles during the first MS. Most interestingly, under these conditions, M-PLL led to higher antitumor efficacy than BNF-Starch with full tumor disappearances achieved in 50% of mice for M-PLL compared with 20% for BNF-Starch. Such difference in anti-tumor activity was attributed to a longer residence time in tumors for M-PLL, i.e. 5 days, than for BNF-Starch, i.e. 1 day, a less scattered nanoparticle distribution in the tumor for M-PLL than for BNF-Starch, and a tumor temperature maintained at 43-46 °C within a larger number of magnetic sessions for M-PLL than for BNF-Starch. A second type of in vivo efficacy studies was carried out to examine if M-PLL could fully eradicate intracranial GBM tumors of 2 mm 3 . For that, 500-700 µg in iron of M-PLL were administered to intracranial U87-Luc tumors of 1.5 mm 3 and mice were then exposed to 27 MS of 30 minutes each, during which an alternating magnetic field of 202 kHz and 27 mT was applied. Treatment conditions were adjusted to reach a typical hyperthermia temperature of 42 °C during the first MS. Interestingly, full tumor disappearance was achieved among all 9 treated mice, as highlighted by the absence of brain bioluminescence signal due to living GBM cells 68 days following tumor cell implantation (D68) in these mice and by the histological analysis of brain tissues of treated mice collected 350 days flowing the beginning of the treatment in which tumor cells were not observed, (42).
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 1 Figure 1: A schematic Figure showing the different types of preparations that have been studied for
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 2 Figure 2: A schematic Figure indicating how whole magnetotactic bacteria can target, destroy, or image

Figure 3 :

 3 Figure 3: A schematic Figure representing mice bearing 100 mm 3 subcutaneous MDA-MB 231 breast tumors or 1-2 mm 3 intracranial U87-Luc GBM tumors treated by intra-tumor administration of extracted

  Properties of the different types of non-pyrogenic coated magnetosome minerals. Organization: Nanoparticle organization as observed by transmission electron microscopy. Endotoxin concentration (EU/mgFe) designates the endotoxin concentrations of the various nanoparticle suspensions deduced from the LAL assay and estimated in EU per mg in iron of nanoparticles. %C indicates the percentage of carbon of the various nanoparticle suspensions estimated after lyophilization and CHNS measurements. Zeta potential (mV) are zeta potential values of the various nanoparticles in suspension as deduced from zeta sizer measurements, estimated in mV at pH = 2, pH = 7 and pH = 12of these suspensions. Stability is the stability of 1 mg of the various nanoparticle suspensions, where US means an unstable suspension, i.e. more than 50% decrease of absorption measured at 480 nm of 1 mg of nanoparticle suspension after 1200 sec., S means a stable suspension, i.e. no absorption decrease measured at 480 nm of 1 mg of nanoparticle suspension after 1200 sec., RS means a relatively stable suspension, i.e. less than 50% decrease of absorption measured at 480 nm of 1 mg of nanoparticle suspension after 1200 sec. SAR is the SAR measured for 1 mg of nanoparticles brought into contact with GL-261 cells and exposed to an AMF of 198 kHz and 34 mT during 30 minutes. Quantity of nano internalized per cells is the quantity of nanoparticles estimated when 1 mg/mL of the various nanoparticles is brought into contact with GL-261 cells and exposed to AMF of 198 kHz and 34-47 mT during 30 minutes (WB) or not exposed to AMF (WOB). % inh. (GL261 24h) 1 mg/mL is the percentage of cellular inhibition reached when 1 mg/mL of nanoparticles are incubated with GL261 cells during 24 hours. % inh. (GL261 72 h) 1 mg/mL is the percentage of cellular inhibition reached when 1 mg/mL of nanoparticles are incubated with GL261 cells during 72 hours. % living cells (WO B) is the percentage of living cells obtained when 1 mg/mL of nanoparticles are brought into contact

with GL-261 cells during 30 minutes. % living cells (W B) is the percentage of living cells obtained when 1 mg/mL of nanoparticles are brought into contact with GL-261 cells and exposed to an AMF of frequency 198 kHz and strength 34-47 mT during 30 minutes, [START_REF] Felfoul | Magneto-aerotactic bacteria deliver drug-containing nanoliposomes to tumour hypoxic regions[END_REF][START_REF] Yazdi | Magnetotaxis Enables Magnetotactic Bacteria to Navigate in Flow[END_REF].