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Mucormycosis is an emerging infection caused by fungi of the order Mucorales that has recently gained public relevance due to the high incidence among COVID-19 patients in some countries. The reduced knowledge about Mucorales pathogenesis is due, in large part, to the historically low interest for these fungi fostered by their reluctance to be genetically manipulated. The recent introduction of more tractable genetic models together with an increasing number of available whole genome sequences and genomic analyses have improved our understanding of Mucorales biology and mucormycosis in the last ten years. This review summarizes the most significant advances in diagnosis, understanding of the innate and acquired resistance to antifungals, identification of new virulence factors and molecular mechanisms involved in the infection. The increased awareness about the disease and the recent successful genetic manipulation of previous intractable fungal models using CRISPR-Cas9 technology are expected to fuel the characterization of Mucorales pathogenesis, facilitating the development of effective treatments to fight this deadly infection.
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Introduction

Mucormycosis is a deadly agioinvasive infection caused by fungi of the order Mucorales with an incidence that has grown in the last years (Prakash and Chakrabarti, 2019; Skiada et al., 2020), although this number is likely to be severely underestimated (Skiada et al., 2020; Soare et al., 2020). Traditionally, this infection has received scarce attention because of the low number of cases in comparison with other more frequent fungal infections, but the emerge of the SARS-CoV-2 disease (COVID-19) pandemic has increased the incidence of fungal infections, rising the concern about their risks (Ghosh et al., 2021). The upsurge in COVID-19-associated mucormycosis with a prevalence 50 times higher than the uppermost recorded data (Hussain et al., 2021) has highlighted the unmet need to better understand mucormycosis (Stone et al., 2021).

Mucormycosis is a complex fungal infection for several reasons. Despite affecting most frequently individuals with underlying pathologies reducing the immune response, around 19% are immunocompetent patients that have suffered trauma or burn wounds (Roden et al., 2005; Jeong et al., 2019b). In addition, the clinical presentation is diverse and linked to the underlying pathology with rhino-orbital-cerebral mucormycosis as the most frequent manifestation followed by cutaneous, pulmonary, disseminated, gastrointestinal, and others (Jeong et al., 2019b). Finally, it is caused by 38 different species corresponding to 11 genera, being Rhizopus the most frequent genus, followed by Mucor and Lichtheimia (Roden et al., 2005; Walther et al., 2019). Most knowledge about mucormycosis derived from these three genera, but fully understanding of the disease requires more work studying unusual Mucorales infections (Gomes et al., 2011).

The disease shows high mortality, and its reduction is confronted with several problems. The first one is the scarce tests available for the diagnosis in the early stages of the infection (Skiada et al., 2018; Skiada et al., 2020; Lackner et al., 2021). Thus, preemptive therapy for patients at a high risk for mucormycosis has been proposed as a strategy to reduce mortality (Chamilos et al., 2008). Once a diagnosis is made, management is challenging because treatment options are reduced, with surgery and amphotericin B therapy being the most extended and effective options. The actual problem is evidenced by the fact that mortality has not improved significantly in recent years despite the advent of newer antifungals (Skiada et al., 2018; Jeong et al., 2019a). The development of new efficient treatments faces the problem of poor knowledge about the Mucorales physiology, including molecular mechanisms that govern pathogenesis, which is motivated, in large part, by their genetic intractability (Soare et al., 2020). This review recapitulates the latest advances in the knowledge of Mucorales pathology aiming to highlight the major accomplishments needed to reduce the impact of mucormycosis on human health.



Development of Rapid and Specific Diagnosis Procedures Is an Urgent Need

Appropriate and timely treatment of Mucormycosis to reduce mortality rate requires early detection of the pathogen, which is one of the main targets of current research. Diagnosis is still being performed by classical methods comprising histology/microscopy and culture that show low sensitivity and need a long time, respectively (Skiada et al., 2018; Skiada et al., 2020; Lackner et al., 2021). Moreover, morphological identification is not reliable and molecular identification is strongly recommended (Sagatova et al., 2016). Despite internal transcribed spacer (ITS) sequencing is strongly supported, matrix assisted laser desorption ionization time of flight (MALDI-TOF) has been proved to be a reliable and rapid method for the identification at species level, although it relies on in-house databases (Schwarz et al., 2019). Consequently, an intense effort is being devoted to developing methods based on the detection of molecules that allow the rapid and specific identification of the pathogen. Many approaches have been successful in the identification of Mucorales by analyzing DNA from either tissue samples or circulating DNA, also called cell-free DNA (cfDNA), in blood and even urine using PCR-based methods (Millon et al., 2016; Baldin et al., 2018). High performance of Mucorales PCR in blood samples comes from the high cfDNA levels, which are probably caused by the fact that Mucorales are much more angioinvasive than other fungi (Millon et al., 2016). In addition, these methods are non-invasive and can provide earlier and rapid diagnosis, making them ideal. The main drawbacks are the lack of standardization and clinical evaluation. However, some initiatives are stimulating such as a multicenter study that showed good reproducibility and performance of quantitative PCR assays in serum samples, supporting the use of this technique as part of the diagnostic strategy for mucormycosis (Rocchi et al., 2021).

We should also follow up on the promising evolution of techniques with high sensitivity that analyze cfDNA in blood such as the already used whole genome sequencing (WGS) and forthcoming techniques based on CRISPR-Cas. WGS has been proved to be useful for molecular typing in outbreaks (Walther et al., 2020) and its application for early diagnosis using cfDNA in blood is promising (Shi et al., 2021). Several CRISPR-Cas-based point-of-care tests are in development or available to detect different viruses, which include a Cas nuclease coupled in most cases with detection by a lateral flow device (Ganbaatar and Liu, 2021). Despite they have not yet applied to fungal infections, their introduction could enhance the diagnosis of mucormycosis (Morio et al., 2020). There are additional incipient technical developments relying on the identify other molecules that all need further investigations. These comprise the use of serologic tests based on the recognition of fucomannan (Burnham-Marusich et al., 2018) and the analysis of breath volatile metabolites by thermal desorption gas chromatography/tandem mass spectrometry (Koshy et al., 2017).



Mucormycosis Is Not One Disease, but Many

Most fungal infections are defined by the genus of the causative species, but mucormycosis is caused by 38 different species corresponding to 11 genera (Walther et al., 2019), an intricate situation since some pathogenic mechanisms could be species-specific. Pursuing an ideal treatment to combat the disease would require studying the pathogenesis in more than one genus to find common molecular mechanisms to all pathogenic Mucorales. On top of that, intraspecific genetic variation is presumably very high in Mucorales, but few, if any, comprehensive analyses have been performed for its evaluation. The possibility of performing WGS affordably has provided some hints about this genetic variation. Thus, genome length of Rhizopus species is highly variable, especially within Rhizopus microsporus (Gryganskyi et al., 2018). In addition, sequencing of 72 isolates from patients and hospital and regional environments revealed a remarkable genetic diversity within species, even affecting the number of putative genes (Nguyen et al., 2020). This variability may have a profound effect on characteristics linked to pathogenesis and resistance to antifungals, explaining why different clinical isolates of a species show a wide range of resistance to different antifungals (Borman et al., 2017). Therefore, we urgently need pan-genomic analyses in Mucorales similar to that performed in Aspergillus fumigatus (Barber et al., 2021) to discover the intraspecific genetic variation associated with human infection. In fact, the A. fumigatus study points out that a single or a small number of reference genomes do not necessarily represent the species as a whole (Barber et al., 2021).



Mucorales Resistance to Antifungals

Mucorales show an intrinsic resistance to most antifungals used in clinic, except for amphotericin B, leaving clinicians with insufficient treatment options. This innate drug resistance could be linked to the widespread duplications of genome regions and whole genome in Mucorales (Ma et al., 2009), which also could affect pathogenesis. However, a few works have shed some light on the mechanisms that could explain this resistance. In one pivotal work, sequence alignment of the lanosterol 14α-demethylase CYP51 F5 proteins, the target for azoles, from several species revealed a conserved single amino acid substitution Y129F previously related to the resistance to short-tailed triazoles (Sagatova et al., 2016), suggesting that this change mediates the innate resistant of Mucorales to short-tailed triazoles (Caramalho et al., 2017).

Another common mechanism of acquired azole resistance involves the upregulation of multidrug transporters (Cowen et al., 2015; Revie et al., 2018). Deletion of two out of eight M. lusitanicus genes encoding putative ABC transporters of the  pleiotropic drug resistance transporter subfamily only increased slightly the susceptibility to some azoles (Nagy et al., 2021). This small effect in antifungal sensibility could be in part explained by the upregulation of other transporter subfamily members, suggesting that the regulation of these genes are interconnected (Nagy et al., 2021).

In addition to the intrinsic resistance mechanisms described above, an  epigenetic acquired mechanism has been described in M. lusitanicus that confers transient resistance. This mechanism generates RNA interference (RNAi)-dependent epimutants in response to the presence of a drug by silencing the gene encoding either the target protein (Calo et al., 2014) or the enzymes that convert the drug into a toxic compound (Chang et al., 2019). Interestingly, murine infection of Mucor led to increased rates of epimutation when isolates recovered from organs were exposed to the  antifungal agent FK506, suggesting that growth in animal tissues could prime the rapid response of this mechanism to subsequent stresses, including antifungal exposure (Chang and Heitman, 2019). The ability of this epigenetic acquired resistance mechanism to target different genes suggests that it could contribute to the broad resistance of Mucorales to clinically available antifungal drugs (Chang et al., 2019). Despite these advances, additional work is required to understand the Mucorales mechanisms of antifungal resistance and their role in vivo infections due to the problems of correlating in vitro resistance with clinical outcome (Lamoth et al., 2021).



Host Invasion and Damage

Mucormycosis is initiated by asexual resting spores that get in contact with an epithelium that prevents invasion and hence, epithelial damage may result in mucormycosis. Interestingly, a genetically modified larval zebrafish model reproducing epithelial damage has been developed that can be instrumental to understand fungal attachment and invasion. This model has revealed that loss of epithelial integrity promotes fungal adhesion and invasion mediated by exposure of extracellular matrix components, while the epidermal growth factor (EGF) signaling pathway provide a protective effect (Wurster et al., 2021). In addition, an intense research has been carried out to identify both the spore coat and host proteins that interact to facilitate the entry of the fungus. All invasive Mucorales species analyzed contain genes coding for spore coat proteins CotH and their copy number correlates with clinical prevalence and the ability to cause invasive disease (Chibucos et al., 2016). At least in Rhizopus delemar, different CotH proteins interact with different host receptors depending on the tissue. CotH3 interacts with glucose-regulated protein 78 (GRP78) on nasal epithelial and endothelial cells, whereas CotH7 recognizes integrin β1 on alveolar epithelial cells, which activates EGF signalling to induce fungal invasion of host cells (Gebremariam et al., 2014; Watkins et al., 2018; Alqarihi et al., 2020). This combination of interactions could explain that patients with diabetic ketoacidosis ( DKA) are more susceptible to rhinoorbital/cerebral disease because they overexpress both CotH3 and GRP78 (Alqarihi et al., 2020).  

Several works have suggested that Mucorales secrete proteins that could be toxic for the host cells. Aberrant vesicle trafficking in M. lusitanicus (Patiño-Medina et al., 2018; Patiño-Medina et al., 2019b) and tornadic shear stress in several Mucorales (Wurster et al., 2020) increase secretion of unknown proteins that result in higher virulence in animal models. However, the only toxin identified until now is mucoricin (Soliman et al., 2021), a protein secreted during the germination of  R. delemar spores with structural and functional features similar to the plant toxin ricin that contributes to pathogenesis by enhancing angioinvasion, inflammation and tissue destruction. Importantly, the gene encoding for mucoricin is widely present in pathogenic Mucorales and hyphal extracts from some of them caused in vitro damage to human alveolar epithelial cells, suggesting that this toxin could be secreted by other Mucorales species (Soliman et al., 2021).

Understanding all the aspects of mucormycosis requires animal models that somehow simulate the comorbidities associated with the disease, although they rarely recapitulate clinical scenarios (Ben-Ami and Kontoyiannis, 2021). Despite the differences with humans, mouse is the preferred model to study infection because it is the best established laboratory mammal model with the same body temperature as humans (Jacobsen, 2019). Other vertebrates (rabbit and zebrafish) and alternative invertebrate hosts (Drosophila melanogaster, Galleria mellonella, and Caenorhabditis elegans), have been greatly contributed to characterize particular aspects of the disease. All models have advantages and disadvantages (Jacobsen, 2019) and the election depend on the answer to be addressed.



Understanding the Fungal Response to the Macrophage Attack

In addition to the physical barriers, the immune effector cells play a central role in halting the progression of the infection.  Professional phagocytes, including macrophages and neutrophils, are rapidly recruited to the infection point, but spores are phagocytized predominantly by macrophages (Andrianaki et al., 2018). However, macrophage-mediated phagocytosis fails to kill the Mucorales spores with apparent species-specific results. In Rhizopus species, phagocytosis prevents spore germination, but they remain viable for, at least, 10 days post-infection of immunocompetent mice (Waldorf et al., 1984; Andrianaki et al., 2018). On the contrary, in Mucor species, macrophages of a murine cell line are unable to block in vitro germination that results in macrophage death by lysis (Li et al., 2011) and apoptosis (Lee et al., 2015), also observed in an adult zebrafish infection model (López-Muñoz et al., 2018). In addition, both genera induce phagosome maturation arrest mediated by cell wall melanin and the calcineurin signal pathway in Rhizopus (Andrianaki et al., 2018) and Mucor species (Lee et al., 2015; Vellanki et al., 2020), respectively. Resting spores of Lichtheimia corymbifera also inhibits the intracellular acidification of macrophages in vitro, independently from melanin (Hassan et al., 2021).  

Despite the progress on Mucorales–macrophage interaction knowledge, more information is needed to understand the mechanisms used by Mucorales to survive inside the macrophage, which is supposed to facilitate dissemination. The advent of next generation sequencing and tractable genetic models, particularly M. lusitanicus, has informed about those regulatory mechanisms. Analysis of the interaction between R. delemar and macrophages in vitro revealed nutritional immunity via iron restriction inside the phagosome as an important host defense mechanism (Andrianaki et al., 2018) that provokes the induction of the majority of fungal genes implicated in iron acquisition and virulence (Ibrahim et al., 2010; Navarro-Mendoza et al., 2018). In addition, studying the response to phagocytosis in virulent and attenuated strains of M. lusitanicus discovered general and virulence-specific responses that probably are responsible for the metabolism shift to allow germination inside the phagosome and survival to macrophage attack, respectively (Pérez-Arques et al., 2019). Several genes were identified that play crucial role in germination inside the phagosome and virulence, including two encoding basic leucine zipper transcription factors (Atf1 and Atf2) that regulates germination at low pH, suggesting that an Atf-regulatory pathway is activated by the acidic environment of the phagosome (Pérez-Arques et al., 2019). Interestingly, most of the genes responding to phagocytosis, including atf1 and atf2, are repressed by a non-canonical RNAi pathway (NCRIP) during saprophytic growth, suggesting that interaction of spores with macrophages inhibits NCRIP leading to the activation of the genetic program to overcome host defense mechanisms (Pérez-Arques et al., 2020).  The transduction pathways that regulate the NCRIP and other pathogenic processes are unknown, but the identification of heterotrimeric G proteins involved in M. lusitanicus virulence suggests that we may be approaching to their identification (Patiño-Medina et al., 2019a; Valle‐Maldonado et al., 2020).



New Genetic Tools to Study Gene Function

The last decade has produced a tremendous increase in the number of molecular techniques available to study the function of genes involved in pathogenesis. To date, Mucor is the Mucorales genus with the widest repertoire of genetic molecular tools to study gene function (Rodríguez-Frómeta et al., 2013; Binder et al., 2018; Nicolás et al., 2018; Vellanki et al., 2018; Navarro-Mendoza et al., 2019). Unfortunately, other relevant mucormycosis-causative genera lack comparable genetic toolbox and only the RNAi technology is available in Rhizopus (Ibrahim et al., 2010). Fortunately, this dismal situation is changing due to expansion of the CRISPR-Cas technology to medically relevant fungi (Morio et al., 2020). M. lusitanicus was again the first mucoralean species in which this technology was established and used for targeted mutation of several genes (Nagy et al., 2017). Similar approaches have been followed in R. delemar and L. corymbifera, but in these species, the procedures require optimization because they work exclusively in genes that produce a selectable phenotype after mutation (Bruni et al., 2019; Ibragimova et al., 2020), making unfeasible their widespread use. In this context, a promising plasmid-free CRISPR-Cas9-based procedure has been established for R. microsporus that produces stable transformants, allows targeted mutation of any gene, and uses microhomology repair templates, speeding up the whole process (Lax et al., 2021).



Future Directions

The continuous increase in the mucormycosis incidence, further spurred by COVID-19 pandemic, could have a bright side if the number of research groups working in the field and funding also rise. This upsurge in cases could favor the standardization and clinical evaluation of molecular methods for an early diagnosis of the disease and the development of new treatments. In addition, research in promising immunotherapies against fungal ligand (CotH proteins) and mucoricin that are effective in laboratory assays could have further progress to reach the clinic (Gebremariam et al., 2019; Soliman et al., 2021). The development of these therapies and others are a major unmet need because investigational antifungals under testing have limited activity against Mucorales (Lamoth et al., 2022). It is expected that coming years will bring advances in the understanding of the molecular mechanisms controlling pathogenesis by improving the tractability of mucormycosis models by the hand of the CRISPR-Cas technology. Special attention should be also dedicated to deciphering the mechanisms that confer intrinsic and acquired resistance to antifungals. It is worth noting that the current situation hinders the development of treatments to combat the disease because the advances derived from one species lack detailed validation in other species or genera. Therefore, it is urgent to produce the tools allowing result verification in several species to identify Achilles heel disease that helps in reducing mortality of mucormycosis.
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