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Introduction

Mucormycosis are life-threatening invasive fungal diseases (IFD) due to fungi belonging to Mucorales order [START_REF] Farmakiotis | Mucormycoses[END_REF]. Mucormycosis lead to many clinical manifestations, ranging from localized to disseminated infection. Pulmonary or disseminated diseases are commonly found in immunosuppressed patients (hematological malignancy, hematopoietic stem cell transplantation), rhino-orbito-cerebral form in diabetic patients, and cutaneous forms in patients having trauma [START_REF] Serris | Disease Entities in Mucormycosis[END_REF]. Other localizations (gastrointestinal, endocarditis, osteoarticular or isolated cerebral infections) are less frequent. Treatment is based on surgery when possible, correction of underlying factors, and aggressive antifungal drug therapy [START_REF] Sipsas | Therapy of Mucormycosis[END_REF]. In contrast to other fungi, few molecules are active. Amphotericin B (AmB), posaconazole (PSZ), and isavuconazole (ISZ) have shown in vitro efficacy while voriconazole (VCZ) and echinocandins are inefficient [START_REF] Alastruey-Izquierdo | In vitro activity of antifungals against Zygomycetes[END_REF][START_REF] Guinea | In vitro antifungal activities of isavuconazole (BAL4815), voriconazole, and fluconazole against 1,007 isolates of zygomycete, Candida, Aspergillus, Fusarium, and Scedosporium species[END_REF]. The reference method for antifungal susceptibility testing (AST) is broth microdilution method with the methodology of the European Committee for Antimicrobial Susceptibility Testing (EUCAST) [START_REF]EUCAST Technical Note on the method for the determination of broth dilution minimum inhibitory concentrations of antifungal agents for conidia-forming moulds[END_REF] or the Clinical and Laboratory Standards Institute (CLSI) [START_REF] Clsi | Reference method for broth dilution antifungal susceptibility testing of filamentous fungi[END_REF]. However, a major concern with AST is the lack of clinical breakpoints. Prognosis remains poor, mortality ranging from 32 to 70%, and is linked to underlying diseases and clinical forms [START_REF] Serris | Disease Entities in Mucormycosis[END_REF]. Therapeutic improvement is therefore mandatory [START_REF] Prakash | Global Epidemiology of Mucormycosis[END_REF]. The aim of this review is to focus on latest recommendations, advances and perspectives on mucormycosis treatment.

Recent and new antifungal drugs

Current recommendations

The European Conference on Infections in Leukemia (ECIL) published mucormycosis treatment guidelines in 2017 [START_REF] Tissot | ECIL-6 guidelines for the treatment of invasive candidiasis, aspergillosis and mucormycosis in leukemia and hematopoietic stem cell transplant patients[END_REF] and the European Confederation of Medical Mycology (ECMM) provided an update in 2019 [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF]. Both societies strongly recommend liposomal Amphotericin B (L-AmB) for first-line treatment in adults (A II) (Table 1). Another lipid formulation, Amphotericin B lipid complex (ABLC) could be used in mucormycosis but without central nervous system (CNS) involvement according to the ECIL (B II) [START_REF] Tissot | ECIL-6 guidelines for the treatment of invasive candidiasis, aspergillosis and mucormycosis in leukemia and hematopoietic stem cell transplant patients[END_REF]. For neonates and pediatric population, L-AmB and ABLC were strongly recommended as first-line treatment (A II) [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF].

One issue to be addressed is the dose regimen of L-AmB. The ECMM recommends 5-10 mg/kg and 10 mg/kg in the event of CNS involvement [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF]. In a prospective pilot study (Ambizygo), high doses of L-AmB were tested as first-line treatment of mucormycosis [START_REF] Lanternier | Prospective pilot study of high-dose (10 mg/kg/day) liposomal amphotericin B (L-AMB) for the initial treatment of mucormycosis[END_REF]. Response rate was 43% (12/28) in patients who received ≥ 7.5 mg/kg/day during the first week compared with 0% (0/5) in patients who did not. A high dose of L-AmB (10mg/kg), combined with surgery in 71% of cases, led to an overall response rate of 36% at week 4 and 45% at week 12. Compared to another study using L-AmB ≥ 5 mg/kg in mucormycosis treatment, response was similar at week 4 (36% vs 40%) but was better at week 12 (45% vs 35%) [START_REF] Spellberg | The Deferasirox-AmBisome Therapy for Mucormycosis (DEFEAT Mucor) study: a randomized, double-blinded, placebo-controlled trial[END_REF]. Mortality rates were equivalent at week 12 (38% vs 42%). A major side effect with L-AmB high dose was creatinine level doubling in 40% of patients.

The ECMM recommended dose should not be slowly increased over several days but a full dose must be given from the first day of daily treatment [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF].

ISZ per os (PO) or intravenous (IV), PSZ delayed-release (DR) tablets or IV forms have been recommended with moderate strength (B II) and PSZ oral suspension have been marginally recommended (C II) [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF]. Moreover, the ECMM strongly discouraged the use of AmB deoxycholate (AmBd) (D II).

Treatment should be started as soon as possible, as delayed AmB therapy is linked to increased mortality [START_REF] Chamilos | Delaying amphotericin B-based frontline therapy significantly increases mortality among patients with hematologic malignancy who have zygomycosis[END_REF]. Moreover, it must be continued until complete response on imaging and permanent reversal of immunosuppression [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF]. Treatment duration necessary to treat mucormycosis is unknown and further studies are needed to better determine it. To facilitate treatment in stable disease, ISZ PO or PSZ DR tablets are strongly recommended. Time between induction phase with AmB and introduction of azoles depends on clinical and imaging responses. Some authors recommend at least 3 weeks of induction with parenteral AmB [START_REF] Kontoyiannis | How I treat mucormycosis[END_REF].

The ECMM has addressed recommendations concerning prophylaxis (Table 2). In neutropenic or GvHD, PSZ DR tablets or IV form are moderately supported (B II, B III) and PSZ oral suspension marginally recommended (C II) while ISZ is marginally supported in neutropenic patients (C II). Finally, in solid organ transplant (SOT) recipients, PSZ and ISZ are marginally recommended in prophylaxis (C III, C II).

Recent drugs

ISZ, a new azole, was approved in the United States and in Europe in 2015 for the treatment of mucormycosis [START_REF] Sipsas | Therapy of Mucormycosis[END_REF][START_REF] Donnelley | Isavuconazole in the treatment of invasive aspergillosis and mucormycosis infections[END_REF]. ISZ is available in oral and IV formulations, and presents some advantages: linear pharmacokinetics, few interactions with cytochrome P450 isoenzymes leading to few drugdrug interactions, QT decrease, no nephrotoxic cyclodextrin in the IV formulation (different from posaconazole IV form), no need for dose adjustment in kidney or liver failure and in obesity, and excellent oral bioavailability with no food requirements [START_REF] Sipsas | Therapy of Mucormycosis[END_REF]. Although ISZ has shown higher minimal inhibitory concentrations (MIC) than posaconazole [START_REF] Arendrup | In Vitro Activity of Isavuconazole and Comparators against Clinical Isolates of the Mucorales Order[END_REF], it is demonstrably as effective as AmB to decrease fungal burden and to improve survival in a neutropenic mouse model of mucormycosis [START_REF] Luo | Isavuconazole Therapy Protects Immunosuppressed Mice from Mucormycosis[END_REF]. ISZ was tested in VITAL study, a phase 3, single-arm, open-label, non-comparative study. This study assessed safety and efficacy of ISZ in the treatment of mucormycosis [START_REF] Marty | Isavuconazole treatment for mucormycosis: a single-arm open-label trial and case-control analysis[END_REF]. Case-control analysis with historic controls treated with AmB included in the Fungiscope registry showed similar survival benefit. However, some biases are noticeable. A total of 21 patients treated with ISZ were compared to 33 matched controls who had received AmB. AmB was administered through AmBd formulation in 7 controls. This formulation is appreciably less efficient than the liposomal one. Other drawbacks could be emphasized in the use of ISZ. Breakthrough Mucorales infections in patients receiving ISZ have been reported [START_REF] Rausch | Breakthrough Fungal Infections in Patients With Leukemia Receiving Isavuconazole[END_REF]. Moreover, some authors have shown in Drosophila model of mucormycosis that preexposure to ISZ enhances the virulence of Mucorales [START_REF] Wurster | Preexposure to Isavuconazole Increases the Virulence of Mucorales but Not Aspergillus fumigatus in a Drosophila melanogaster Infection Model[END_REF][START_REF] Lamaris | Increased virulence of Zygomycetes organisms following exposure to voriconazole: a study involving fly and murine models of zygomycosis[END_REF]. In a large study including 147 patients, ISZ prophylaxis was less effective than VCZ or PSZ against IFD. Two patients who received ISZ as prophylaxis presented mucormycosis [START_REF] Fontana | Isavuconazole prophylaxis in patients with hematologic malignancies and hematopoietic-cell transplant recipients[END_REF]. Although ISZ seems to be less hepatotoxic than other mould-active azoles and present a better tolerance profile than L-AmB [START_REF] Jenks | Broad spectrum triazoles for invasive mould infections in adults: Which drug and when?[END_REF], the ECMM recommends only moderately ISZ as first-line treatment [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF]. Regarding central nervous system (CNS) infections, treatment is based on L-AmB due to clinical experience and in vitro data [START_REF] Chikley | Mucormycosis of the Central Nervous System[END_REF]. It has been demonstrated that ISZ penetrates the bloodbrain barrier in animal models [START_REF] Schmitt-Hoffmann | Tissue Distribution and Elimination of Isavuconazole following Single and Repeat Oral-Dose Administration of Isavuconazonium Sulfate to Rats[END_REF], while AmB displays limited penetration. Concentration of ISZ in the necrotic center of brain abscess has been shown low, but concentration in inflammatory brain tissue surrounding the abscess was adequate, equivalent to predicted plasma concentration [START_REF] Lamoth | Isavuconazole brain penetration in cerebral aspergillosis[END_REF]. A recent retrospective study has shown that ISZ is effective in Mucorales CNS infections [START_REF] Schwartz | Isavuconazole for the treatment of patients with invasive fungal diseases involving the central nervous system[END_REF]. This result has to be confirmed with larger studies.

IV and DR tablets of PSZ were recently developed and lead to better bioavailability and drug exposure than previous oral solution [START_REF] Skiada | Challenges in the diagnosis and treatment of mucormycosis[END_REF][START_REF] Cornely | Pharmacokinetics and safety results from the Phase 3 randomized, open-label, study of intravenous posaconazole in patients at risk of invasive fungal disease[END_REF][START_REF] Cornely | Phase 3 pharmacokinetics and safety study of a posaconazole tablet formulation in patients at risk for invasive fungal disease[END_REF]. This increased drug exposure has been related to increased PSZ efficiency [START_REF] Maertens | Phase 1B study of the pharmacokinetics and safety of posaconazole intravenous solution in patients at risk for invasive fungal disease[END_REF]. Moreover, DR tablets lead to less variability in absorption and compared to oral suspension are not affected by food [START_REF] Duarte | Phase 1b study of new posaconazole tablet for prevention of invasive fungal infections in high-risk patients with neutropenia[END_REF]. Due to higher serum level, suspension DR tablets and IV forms are moderately recommended while oral suspension is only marginally recommended by the ECMM as first-line treatment [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF]. There is no safety concern compared to oral suspension for the two new forms, since there is no correlation between serum level and safety [START_REF] Cornely | Pharmacokinetics and safety results from the Phase 3 randomized, open-label, study of intravenous posaconazole in patients at risk of invasive fungal disease[END_REF][START_REF] Cornely | Phase 3 pharmacokinetics and safety study of a posaconazole tablet formulation in patients at risk for invasive fungal disease[END_REF][START_REF] Maertens | Phase 1B study of the pharmacokinetics and safety of posaconazole intravenous solution in patients at risk for invasive fungal disease[END_REF][START_REF] Duarte | Phase 1b study of new posaconazole tablet for prevention of invasive fungal infections in high-risk patients with neutropenia[END_REF]. However, IV form is solubilized in cyclodextrin and may lead to renal issues [START_REF] Maertens | Phase 1B study of the pharmacokinetics and safety of posaconazole intravenous solution in patients at risk for invasive fungal disease[END_REF]. In a matchedpaired analysis of patients treated for invasive mucormycosis, new formulations of PSZ were evaluated [START_REF] Salmanton-García | Matched-paired analysis of patients treated for invasive mucormycosis: standard treatment versus posaconazole new formulations (MoveOn)[END_REF]. The authors showed that PSZ new formulations are as effective as AmB as first-line treatment and as oral suspension in salvage therapy. However, these results should be interpreted with caution. Numerous biases can be noted such as small sample size, retrospective design, heterogeneity of infectious sites, lack of drug monitoring, and pre-exposure to other antifungal drugs.

Routine therapeutic drug monitoring (TDM) is strongly recommended for patients treated by PSZ [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF]. Serum trough PSZ concentrations of 1 mg/L or higher are recommended. However, there is currently no conclusive evidence for routine TDM with ISZ. It could be useful in case of suspected toxicity, treatment failure, drug interactions, obesity, or after a switch from IV to PO therapy [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF].

New drugs

Some new antifungal drugs are under clinical evaluation include Rezafungin, SCY-078, orolofim, and encochleated amphotericin B [START_REF] Van Daele | Antifungal drugs: What brings the future?[END_REF]. Rezafungin, a new echinocandin has not been tested against Mucorales. SCY-078, member of a new glucan synthase inhibitor subclass is poorly or not active against Mucorales [START_REF] Lamoth | Antifungal activities of SCY-078 (MK-3118) and standard antifungal agents against clinical non-Aspergillus mold isolates[END_REF]. Olorofim is a member of the orotomides, a new antifungal class inhibiting dihydroorotate dehydrogenase (DHODH), a key enzyme in pyrimidine biosynthesis. It is also poorly active against Mucorales [START_REF] Jørgensen | EUCAST Determination of Olorofim (F901318) Susceptibility of Mold Species, Method Validation, and MICs[END_REF]. Encochleated amphotericin B is a new oral formulation of amphotericin B [START_REF] Van Daele | Antifungal drugs: What brings the future?[END_REF]. It has been shown to be well-tolerated, and is currently tested for cryptococcosis treatment in developing countries (clinical trial NCT04031833). No studies on Mucorales efficacy are available.

Other antifungal drugs with activity against Mucorales are being developed. VT-1161 is a novel inhibitor of the fungal CYP 51 with in vitro activity against Mucorales. VT-1161 used as curative or prophylactic treatment has prolonged survival of neutropenic mice in R. arrhizus models [START_REF] Gebremariam | VT-1161 Protects Immunosuppressed Mice from Rhizopus arrhizus var. arrhizus Infection[END_REF][START_REF] Gebremariam | Prophylactic Treatment with VT-1161 Protects Immunosuppressed Mice from Rhizopus arrhizus var. arrhizus Infection[END_REF]. SCH 42427 a broad-spectrum triazole was found to be effective in a murine model [START_REF] Goldani | Treatment of murine pulmonary mucormycosis with SCH 42427, a broad-spectrum triazole antifungal drug[END_REF]. APX001A (Fosmanogepix) (formerly E1210) is an antifungal agent targeting protein Gwt1. Gwt1 is a surface protein of the glycosylphosphotidyl inositol post-translational modification pathway. Although MICs against Mucorales are high [START_REF] Miyazaki | In vitro activity of E1210, a novel antifungal, against clinically important yeasts and molds[END_REF][START_REF] Rivero-Menendez | In vitro activity of APX001A against rare moulds using EUCAST and CLSI methodologies[END_REF], several authors have shown that APX001A is as effective as AmB to protect mice in a R. delamar model [START_REF] Sipsas | Therapy of Mucormycosis[END_REF][START_REF] Gebremariam | Fosmanogepix (APX001) Is Effective in the Treatment of Pulmonary Murine Mucormycosis Due to Rhizopus arrhizus[END_REF]. Finally, PC1244 a new long-acting fungicidal azole, has shown antifungal activity against Mucorales with MICs from 0.25 to 2 mg/L [START_REF] Colley | In Vitro and In Vivo Efficacy of a Novel and Long-Acting Fungicidal Azole, PC1244, on Aspergillus fumigatus Infection[END_REF] but has not been tested in vivo. Among antibiotics, colistin has presented modest in vitro and in vivo activity against Mucorales [START_REF] Ben-Ami | Antifungal activity of colistin against mucorales species in vitro and in a murine model of Rhizopus oryzae pulmonary infection[END_REF].

New therapeutic approaches

New approaches have recently emerged regarding relationship between fungus, antifungal agent, and host [START_REF] Lamoth | Therapeutic Challenges of Non-Aspergillus Invasive Mold Infections in Immunosuppressed Patients[END_REF]. For example, some authors have emphasized the capacity of PSZ to accumulate within leukocyte membrane due to its lipophilic properties. Cells from HL-60 leukemia cell line differentiated to neutrophil-like phenotype have been loaded with PSZ and used in an aspergillosis mouse model to deliver PSZ directly to the infectious site [START_REF] Baistrocchi | Posaconazole-Loaded Leukocytes as a Novel Treatment Strategy Targeting Invasive Pulmonary Aspergillosis[END_REF]. However, this new approach has not been tested in a Mucorales model. Bioengineering has made great improvement, especially in genetically modified cytotoxic T-cells. These modified cells can specifically target beta-glucan of fungus cell wall [START_REF] Kumaresan | Bioengineering T cells to target carbohydrate to treat opportunistic fungal infection[END_REF]. However, this approach has only been tested in an aspergillosis model.

Recently, a Mucorales peptide named CotH3 was found to be linked to mucormycosis endothelial invasion by binding the endothelial cell receptor GRP78. Authors generated antibodies against CotH3 to prevent endothelial invasion. Anti-CotH3 antibodies protected neutropenic and diabetic mice from mucormycosis and acted synergistically with antifungal drugs [START_REF] Gebremariam | Anti-CotH3 antibodies protect mice from mucormycosis by prevention of invasion and augmenting opsonophagocytosis[END_REF]. Moreover, other authors have shown that blocking GRP78 cell receptor by GRP78-specific immune serum may protects diabetic mice from mucormycosis [START_REF] Liu | The endothelial cell receptor GRP78 is required for mucormycosis pathogenesis in diabetic mice[END_REF]. This peptide-receptor interaction may be a new therapeutic way of research.

New concepts may guide antifungal prophylaxis.

Several authors have hypothesized that Mucorales, such as Histoplasma sp or Cryptococcus sp, can remain latent in immunocompetent patients and lead to active disease when a patient becomes immunosuppressed [START_REF] Brunet | Reactivation of dormant/latent fungal infection[END_REF][START_REF] Inglesfield | Robust Phagocyte Recruitment Controls the Opportunistic Fungal Pathogen Mucor circinelloides in Innate Granulomas In Vivo[END_REF]. Authors have shown that Mucorales spores might remain dormant in cutaneous granulomatous lesions in an immunocompetent rabbit model [START_REF] Sheldon | Activation of quiescent mucormycotic granulomata in rabbits by induction of acute alloxan diabetes[END_REF] and inside innate granuloma in a Zebrafish model [START_REF] Inglesfield | Robust Phagocyte Recruitment Controls the Opportunistic Fungal Pathogen Mucor circinelloides in Innate Granulomas In Vivo[END_REF]. In the event of immunodepression, spores were reactivated. In a murine model of latent mucormycosis, L-AmB was effective to prevent reactivation in Lichtheimia corymbifera colonized mice [START_REF] Brunet | Lichtheimia corymbifera Colonization Leading to Pulmonary Infection Can Be Prevented with Liposomal Amphotericin B in a New Murine Model[END_REF]. This concept must be verified in human to evaluate if decolonization of patients before immunosuppression could reduce the risk of reactivation.

Combinations

Combination are not currently recommended for first-line therapy due to lack of evidence of their efficacy (C II, C III) (Table 1) [START_REF] Jeong | Contemporary management and clinical outcomes of mucormycosis: A systematic review and meta-analysis of case reports[END_REF]. They could nonetheless represent a major way of increasing antifungal treatment efficacy [START_REF] Schwarz | Antifungal combinations in Mucorales: A microbiological perspective[END_REF].

Combinations of antifungal agents have been largely tested in vitro. Most combinations were indifferent, except for AmB + caspofungin (CAS), PSZ + CAS and ISZ + CAS which were synergistic [START_REF] Schwarz | Antifungal combinations in Mucorales: A microbiological perspective[END_REF][START_REF] Zhang | Drug combinations against Mucor irregularis in vitro[END_REF][START_REF] Guembe | Synergistic effect of posaconazole and caspofungin against clinical zygomycetes[END_REF]. For azoles + echinocandins, few in vivo studies have been performed, showing lack of synergy [START_REF] Gebremariam | Monotherapy or combination therapy of isavuconazole and micafungin for treating murine mucormycosis[END_REF][START_REF] Lewis | Comparative pharmacodynamics of posaconazole in neutropenic murine models of invasive pulmonary aspergillosis and mucormycosis[END_REF]. Among AmB + echinocandins, more data are available in vivo. In vitro data have been confirmed in a ketoacidotic mouse model where L-AmB and echinocandins (micafungin and anidulafungin) appeared synergistic [START_REF] Ibrahim | Combination echinocandin-polyene treatment of murine mucormycosis[END_REF]. Combination of L-AmB and echinocandins prolonged survival and decreased fungal burden of mice in an IV model of Rhizopus arrhizus infection. These data were confirmed with ABLC + caspofungin in a ketoacidotic mouse model with improvement of survival but without fungal clearance in organs [START_REF] Spellberg | Combination therapy with amphotericin B lipid complex and caspofungin acetate of disseminated zygomycosis in diabetic ketoacidotic mice[END_REF]. Case reports of combinations have been published and five retrospective clinical studies have been performed on antifungal combinations. AmB + CAS and/or PSZ combinations have been evaluated. Four of the five studies showed indifference [START_REF] Abidi | Stability in the cumulative incidence, severity and mortality of 101 cases of invasive mucormycosis in highrisk patients from 1995 to 2011: a comparison of eras immediately before and after the availability of voriconazole and echinocandin-amphotericin combination therapies[END_REF][START_REF] Kyvernitakis | Initial use of combination treatment does not impact survival of 106 patients with haematologic malignancies and mucormycosis: a propensity score analysis[END_REF][START_REF] Van Burik | Posaconazole is effective as salvage therapy in zygomycosis: a retrospective summary of 91 cases[END_REF][START_REF] Lanternier | A global analysis of mucormycosis in France: the RetroZygo Study (2005-2007)[END_REF] and one showed synergy [START_REF] Reed | Combination polyenecaspofungin treatment of rhino-orbital-cerebral mucormycosis[END_REF]. However, the latter included only rhino-orbitocerebral forms and a small number of patients. Some non-antifungal agents combined with antifungals drugs have shown interesting synergy. Iron chelators have shown high synergy with antifungal drugs in vitro and in vivo [START_REF] Lewis | Comparative pharmacodynamics of posaconazole in neutropenic murine models of invasive pulmonary aspergillosis and mucormycosis[END_REF][START_REF] Ibrahim | The iron chelator deferasirox protects mice from mucormycosis through iron starvation[END_REF][START_REF] Ibrahim | Combination therapy of murine mucormycosis or aspergillosis with iron chelation, polyenes, and echinocandins[END_REF], but this has not been confirmed in patients [START_REF] Spellberg | The Deferasirox-AmBisome Therapy for Mucormycosis (DEFEAT Mucor) study: a randomized, double-blinded, placebo-controlled trial[END_REF]. Calcineurin inhibitors (cyclosporine A and tacrolimus), which have immunosuppressive effects, have shown synergy with AmB, PSZ or ISZ in vitro and in vivo [START_REF] Dannaoui | In vitro interactions between antifungals and immunosuppressive drugs against zygomycetes[END_REF][START_REF] Lewis | Tacrolimus enhances the potency of posaconazole against Rhizopus oryzae in vitro and in an experimental model of mucormycosis[END_REF][START_REF] Schwarz | In vitro interactions between isavuconazole and tacrolimus, cyclosporin A or sirolimus against Mucorales[END_REF]. Other agents such as MGCD290 (a Hos2 Histone Deacetylase Inhibitor), not yet FDA-approved, have shown synergy in vitro with PSZ [START_REF] Pfaller | Activity of MGCD290, a Hos2 Histone Deacetylase Inhibitor, in Combination with Azole Antifungals against Opportunistic Fungal Pathogens[END_REF]. Although lovastatin has shown synergy in vitro and in vivo with voriconazole [START_REF] Chamilos | Lovastatin has significant activity against zygomycetes and interacts synergistically with voriconazole[END_REF], the latter is known to enhance Mucorales virulence [START_REF] Lamaris | Increased virulence of Zygomycetes organisms following exposure to voriconazole: a study involving fly and murine models of zygomycosis[END_REF]. Ciprofloxacin and fluconazole have shown synergy in mouse models [START_REF] Sugar | Combination antifungal therapy in treatment of murine pulmonary mucormycosis: roles of quinolones and azoles[END_REF], while miltefosine and azoles, and rifampicine and AmB have presented synergistic effects in vitro on ≤ 50% [START_REF] Biswas | In vitro activity of miltefosine as a single agent and in combination with voriconazole or posaconazole against uncommon filamentous fungal pathogens[END_REF] and 56 to 83 % [START_REF] Dannaoui | In vitro susceptibilities of zygomycetes to combinations of antimicrobial agents[END_REF][START_REF] Christenson | Synergistic action of amphotericin B and rifampin against Rhizopus species[END_REF] of tested strains respectively. Randomized, placebo-controlled clinical trials are needed to determine combination therapy efficacy [START_REF] Spellberg | Combination Therapy for Mucormycosis: Why, What, and How?[END_REF]. Added toxicity, drug interactions, and cost-benefit balance of combinations remain unclear [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF].

Adjunctive treatment

Current recommendations

The ECMM and the ECIL-6 strongly recommend surgery and control of underlying disease including management of ketoacidosis and hyperglycemia in diabetic patients, modulation of corticosteroids and immunosuppressive drugs, and reduction of neutropenia duration using hematopoietic growth factor if possible (A II, AII) (Table 3) [START_REF] Tissot | ECIL-6 guidelines for the treatment of invasive candidiasis, aspergillosis and mucormycosis in leukemia and hematopoietic stem cell transplant patients[END_REF][START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF]. Granulocyte colony-stimulating factor (G CSF) and hyperbaric oxygen are moderately recommended in case of neutropenia and in diabetic patients respectively (B II), while iron chelators are strongly discouraged.

Surgery

Surgery remains easier to perform in rhino-orbital or cutaneous localizations than in cerebral, pulmonary or disseminated disease. Surgery is precluded in critical ill patients [START_REF] Lin | Pulmonary mucormycosis: clinical features and outcomes[END_REF]. In patients with unifocal pulmonary mucormycosis, lobectomy or pneumonectomy have provided benefit [START_REF] Tedder | Pulmonary mucormycosis: results of medical and surgical therapy[END_REF]. However, in case of multifocal or close to great vessels lesions, benefit is less established and surgery is most complicated to perform. In rhino-orbito-cerebral forms, surgery is strongly linked to treatment outcome [START_REF] Gamaletsou | Rhino-orbital-cerebral mucormycosis[END_REF][START_REF] Vironneau | Local control of rhino-orbito-cerebral mucormycosis dramatically impacts survival[END_REF]. In a clinico-epidemiological review over 10 years, surgery was performed in 65.2 % of 184 patients but only in 21.4 % of hematological patients [START_REF] Manesh | Mucormycosis-A clinicoepidemiological review of cases over 10 years[END_REF]. Surgical debridement in combination with medical therapy was associated with a better outcome than medical therapy only. Attention must be paid to the fact that only retrospective studies and epidemiological data are available. However, the benefits of surgery are presumed and is highly recommended whenever possible (A II) [START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF].

Adjunctive therapies

Adjunctive therapy is used to reverse immunosuppression. Granulocyte (macrophage) colony-stimulating factor (G(M)-CSF) or interferon-γ increases the activity of granulocytes against Mucorales such as hyphae damage [START_REF] Gil-Lamaignere | Interferongamma and granulocyte-macrophage colony-stimulating factor augment the activity of polymorphonuclear leukocytes against medically important zygomycetes[END_REF][START_REF] Liles | Granulocyte colony-stimulating factor administered in vivo augments neutrophil-mediated activity against opportunistic fungal pathogens[END_REF]. However, several authors have shown that G-CSF or GM-CSF did not improve antifungal activity of PSZ or L-AmB in a neutropenic murine model [START_REF] Saoulidis | Antifungal activity of posaconazole and granulocyte colony-stimulating factor in the treatment of disseminated zygomycosis (mucormycosis) in a neutropaenic murine model[END_REF][START_REF] Rodríguez | Efficacy of liposomal amphotericin B combined with gamma interferon or granulocyte-macrophage colony-stimulating factor for treatment of systemic zygomycosis in mice[END_REF]. Clinical data on this topic are very poor and few cases are published [START_REF] Ma | Cure of pulmonary Rhizomucor pusillus infection in a patient with hairy-cell leukemia: role of liposomal amphotericin B and GM-CSF[END_REF][START_REF] Sahin | Role of granulocyte colony-stimulating factor in the treatment of mucormycosis[END_REF][START_REF] Garcia-Diaz | Resolution of rhinocerebral zygomycosis associated with adjuvant administration of granulocyte-macrophage colony-stimulating factor[END_REF][START_REF] Abzug | Interferon-gamma and colony-stimulating factors as adjuvant therapy for refractory fungal infections in children[END_REF]. Clear benefit has yet to be established.

Iron chelators have been tested in adjunctive therapy as means of reducing iron availability and thereby inhibiting fungal growth. Deferoxamine, an iron chelator, has been associated with increased mucormycosis incidence. Deferoxamine acts as a xenosiderophore, whereas the two other iron chelators, deferiprone and deferasirox, do not [START_REF] Symeonidis | The role of iron and iron chelators in zygomycosis[END_REF]. Ibrahim et al. have shown that deferiprone protected diabetic mice from mucormycosis [START_REF] Ibrahim | Deferiprone iron chelation as a novel therapy for experimental mucormycosis[END_REF]. Deferasirox shared the same effect in diabetic and neutropenic mice and acted synergistically with AmB [START_REF] Ibrahim | The iron chelator deferasirox protects mice from mucormycosis through iron starvation[END_REF]. Triple therapy using L-AmB, micafungin, and deferasirox was also found to be effective [START_REF] Ibrahim | Combination therapy of murine mucormycosis or aspergillosis with iron chelation, polyenes, and echinocandins[END_REF]. Moreover, deferasirox increased PSZ activity in a neutropenic mouse model [START_REF] Lewis | Comparative pharmacodynamics of posaconazole in neutropenic murine models of invasive pulmonary aspergillosis and mucormycosis[END_REF]. These promising results led to a clinical study assessing deferasirox + LAmB efficacy [START_REF] Spellberg | The Deferasirox-AmBisome Therapy for Mucormycosis (DEFEAT Mucor) study: a randomized, double-blinded, placebo-controlled trial[END_REF]. However, patients with mucormycosis treated with deferasirox + L-AmB had a higher mortality rate at 90 days than patients treated with L-AmB alone. However, patients treated with deferasirox had more active malignancy, neutropenia and corticosteroid therapy compared to the placebo group. Population imbalance between deferasirox and placebo groups did not allow for clear conclusions. Unlike iron chelators, zinc chelators have not shown synergy with AmB and have shown poor synergy with PSZ [START_REF] Leonardelli | In Vitro Activity of Combinations of Zinc Chelators with Amphotericin B and Posaconazole against Six Mucorales Species[END_REF].

Hyperbaric oxygen treatment has been shown to deploy direct antimicrobial activity. It exerts a synergistic effect with antimicrobial agents, and enhances cellular immune system and tissue repair in some infectious diseases [START_REF] Tragiannidis | Hyperbaric oxygen therapy and other adjunctive treatments for zygomycosis[END_REF]. In a mucormycosis mouse model, addition of hyperbaric oxygen to AmB did not improve survival [START_REF] Barratt | Hyperbaric oxygen as an adjunct in zygomycosis: randomized controlled trial in a murine model[END_REF]. However, in this model, mice were neither immunosuppressed nor diabetic and infection was performed by IV route. In a review of 28 published cases, authors showed that while hyperbaric oxygen improved survival in diabetic patients, it was ineffective in neutropenic patients [START_REF] John | Hyperbaric oxygen as an adjunctive treatment for zygomycosis[END_REF]. However, hyperbaric oxygen treatment failure may be underestimated due to publication bias. Up until now, there has been no randomized study with control group to evaluate efficacy of hyperbaric oxygen so far.

New routes of administration

Nebulized antifungal agents may be a new way of research to improve mucormycosis therapy. The pulmonary aerosolization of antifungal agents can theoretically increase their concentration at the infectious site, which could improve efficacy while limiting their systemic exposure and toxicity. [START_REF] Takazono | Efficacy of combination antifungal therapy with intraperitoneally administered micafungin and aerosolized liposomal amphotericin B against murine invasive pulmonary aspergillosis[END_REF]. Administration of L-AmB aerosol was evaluated in a neutropenic mouse model of R. arrhizus pulmonary infection [START_REF] Mihara | Efficacy of aerosolized liposomal amphotericin B against murine invasive pulmonary mucormycosis[END_REF]. The authors showed that aerosolized L-AmB is effective as a means of decreasing fungal burden and improving survival when administered from day 1 to 5 after infection compared to placebo. However, aerosolized L-AmB was not compared to systemic L-AmB. More animal studies are needed to assess aerosols efficacy alone and in combination with systemic treatment. Few human cases of mucormycosis treated with AmB aerosols are reported in the literature [START_REF] Alfageme | Endobronchial instillations of amphotericin B: complementary treatment for pulmonary mucormycosis[END_REF][START_REF] Furco | Pulmonary mucormycosis: benefit of aerosol amphotericin B?][END_REF][START_REF] Mcguire | Mucormycosis of the bronchial anastomosis: a case of successful medical treatment and historic review[END_REF][START_REF] Safdar | Efficacy and feasibility of aerosolized amphotericin B lipid complex therapy in caspofungin breakthrough pulmonary zygomycosis[END_REF][START_REF] Safdar | Aerosolized amphotericin B lipid complex as adjunctive treatment for fungal lung infection in patients with cancer-related immunosuppression and recipients of hematopoietic stem cell transplantation[END_REF]. AmBd has been the most used formulation. Dosage of nebulized AmBd ranges from 6 mg three times a day to 30 mg twice a week, in combination with AmB systemic treatment and surgical treatment. ABLC has also been used in Rhizomucor sp infection treatment (50 mg twice daily) [START_REF] Safdar | Aerosolized amphotericin B lipid complex as adjunctive treatment for fungal lung infection in patients with cancer-related immunosuppression and recipients of hematopoietic stem cell transplantation[END_REF].

Topical AmB has been used in a few clinical cases [START_REF] Pentima | Topical amphotericin B in combination with standard therapy for severe necrotizing skin and soft-tissue mucormycosis in an infant with bilineal leukemia: case report and review[END_REF][START_REF] Cohen-Ludmann | Zygomycosis of the penis due to Rhizopus oryzae successfully treated with surgical debridement and a combination of high-dose liposomal and topical amphotericin B[END_REF][START_REF] Steve | Orbitomaxillofacial Mucormycosis Requiring Complex Multifactorial Management[END_REF], particularly in burned patients [START_REF] Devauchelle | Mucormycosis in Burn Patients[END_REF]. It has been employed in different forms: washes [START_REF] Thielen | Widespread Lichtheimia Infection in a Patient with Extensive Burns: Opportunities for Novel Antifungal Agents[END_REF], 5% sulfamylon-amphotericin B (2 μg/ml) dressings [START_REF] Farmer | Combat-Related Pythium aphanidermatum Invasive Wound Infection: Case Report and Discussion of Utility of Molecular Diagnostics[END_REF], daily topical infusions through dressings (50 mg L-AmB diluted in 1L of sterile water) [START_REF] Piazza | Mucormycosis of the face[END_REF], soaks [START_REF] Atty | Black plaques and white nodules in a burn patient. Fusarium and Mucormycosis[END_REF] or gauze soaked in 0.2 % AmB solution [START_REF] Tang | Successful cure of an extensive burn injury complicated with mucor wound sepsis[END_REF]. Nystatin cream was used in one case report [START_REF] Constantinides | Absidia corymbifera fungal infection in burns: a case report and review of the literature[END_REF]. AmB nanoemulsion was developped to use AmB as topical route of administration, but it has not been tested on Mucorales [START_REF] Hussain | Formulation and optimization of nanoemulsion using antifungal lipid and surfactant for accentuated topical delivery of Amphotericin B[END_REF][START_REF] Sosa | Amphotericin B releasing topical nanoemulsion for the treatment of candidiasis and aspergillosis[END_REF]. Other authors have developed nanoemulsions containing surfactant to mechanically disrupt microbial membranes. For example, nanoemulsion NB-201, containing refined soybean oil, water, glycerol, EDTA, Tween 20, and the surfactant benzalkonium chloride has shown in vitro activity against Mucorales [START_REF] Garcia | Nanoemulsion as an Effective Treatment against Human-Pathogenic Fungi[END_REF].

Other routes of administration for AmB are anecdotal: eye drop in Mucorales keratitis [START_REF] Varona | Keratitis caused by Absidia corymbifera in an immunocompetent male with no corneal injuries[END_REF], oral administration in gastrointestinal mucormycosis [START_REF] Anderson | Combination liposomal amphotericin B, posaconazole and oral amphotericin B for treatment of gastrointestinal Mucorales in an immunocompromised patient[END_REF], intradiaphyseal incorporation cement beads in osteomyelitis [START_REF] Parize | Successful Treatment of Saksenaea sp. Osteomyelitis by Conservative Surgery and Intradiaphyseal Incorporation of Amphotericin B Cement Beads[END_REF], intrathecal administration in cerebral abscess [START_REF] Grannan | Use of external ventriculostomy and intrathecal anti-fungal treatment in cerebral mucormycotic abscess[END_REF], percutaneous injection in cutaneous lesions [START_REF] Fu | Successful Treatment of Eczema-Like Mucormycosis in a Child by Combination of Intravenous Drip and Percutaneous Injection Amphotericin B[END_REF].

Conclusion

Mucormycosis treatment recommendations were recently updated by the ECMM. L-AmB remains the first-line drug in mucormycosis therapy. ISZ and new PSZ formulations have been added to the guidelines but remain in second-line treatment following L-AmB due to some remaining issues. Few anti-Mucorales drugs are currently under development. Moreover, evidence for adjunctive therapies is scarce and doubts on their effectiveness persist due to a lack of randomized prospective controlled studies. They are particularly complex to implement in a context of low incidence disease. Few advances have been made on mucormycosis treatment. However, empowering new concepts and new routes of administration to fight this devastating disease appear promising and are to be encouraged. 

Table 1 :

 1 Recommendations for treatment of invasive mucormycosis from European Conference on Infections in Leukemia 6 (ECIL-6) (2017) and European Confederation of Medical Mycology (ECMM) (2019), adapted from [9,10]. organ transplantation. CNS: central nervous system. DR: delayed-release. IV: intravenous. b.i.d: twice a day. t.i.d: three times a day.

		ECIL-6 2017	Grade ECMM 2019	Grade
	First-line antifungal therapy			
	Liposomal	5mg/kg	B II	5-10 mg/kg	A II
	amphotericin B			For CNS involvement: 10 mg/kg	A III
	Amphotericin B	without CNS involvement B II	Any without CNS involvement	B II
	lipid complex			SOT: 10 mg/kg	A III
	Amphotericin B		C II		D II
	deoxycholate				
	Posaconazole		C III	DR tablet or IV: 300 mg b.i.d, day 1;	B II
				300 mg/d from day 2	
				Oral suspension (4 x 200 mg or 2 x 400 mg)	C II
	Isavuconazole			200 mg t.i.d, day 1 -2 ; 200 mg/d	B II
				from day 3	
	Combination		C III	Liposomal amphotericin B +	C II -
	therapy			caspofungin and/or posaconazole	C III
	Control of underlying conditions			
	Diabetes	Control of diabetes	A II	Control of hyperglycaemia and	A III
				Ketoacidosis	
	Immuno-	Discontinuation/tapering	A II	Rapidly taper glucocorticosteroid	A II
	suppression	of steroids, reduction of		dose to discontinue, if feasible, or	
		immunosuppressive		reduce dose to minimum required	
		therapy			
	Surgery				
		Rhino-orbito-cerebral	A II	Repeated surgery in addition to	A II
		infection		antifungal treatment	
		Soft tissue infection	A II		
		Localized pulmonary	B III		
		lesion			
		Disseminated infection	C III		
	SOT: solid				

Table 2 :

 2 Prophylaxis recommendation from European Confederation of Medical Mycology (ECMM) (2019), adapted from[START_REF] Cornely | Global guideline for the diagnosis and management of mucormycosis: an initiative of the European Confederation of Medical Mycology in cooperation with the Mycoses Study Group Education and Research Consortium[END_REF].

	ECMM 2019

SOT: solid organ transplantation. DR: delayed-release. IV: intravenous. PO: per os. GvHD: graft versus host disease. d: day. b.i.d: twice a day. t.i.d: three times a day.

Table 3 :

 3 Adjunctive therapy recommendations for treatment of invasive mucormycosis from European Conference on Infections in Leukemia 6 (ECIL-6) (2017) and European Confederation of Medical Mycology (ECMM) (2019), adapted from [9,10].

	ECIL-6 2017		ECMM 2019	
	Adjunctive therapy			
	Against use of deferasirox	AII	Deferasirox (other than haematology)	C II
			Deferasirox (haematology)	D II
			Deferoxamine	D II
	Hyperbaric oxygen	C III	Exposure to 100% hyperbaric oxygen	C II
			(haematology)	
			Exposure to 100% hyperbaric oxygen	B II
			(diabetes)	
	Hematopoietic growth factor if	A II	G-CSF (haematology, ongoing	B II
	neutropenia		neutropenia)	
			Granulocyte transfusion (haematology,	C II
			ongoing neutropenia)	
			Granulocyte transfusion + IFNy1b	C III
			(haematology, ongoing neutropenia)	
			GM-CSF (diabetes)	C III
			Adoptive immunotherapy, T cells	C III
			generated in response to R. arrhizus	
			antigens	
			Nivolumab + interferon-γ	C III
	G-CSF: granulocyte colony stimulating factor. GM-CSF: granulocyte macrophage colony	
	stimulating factor.			
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