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Abstract

Mucormycosis (previously called zygomycosis) is a serious but rare fungal infection caused
by a group of fungi belonging to the order Mucorales. These molds exist throughout the envi-
ronment and generally do not cause serious problems in humans. Mucormycosis mainly
affects individuals who are immunocompromised. The clinical manifestations of mucormy-
cosis are wide-ranging; they include sinusitis (pansinusitis, rhino-orbital, or rhino-cerebral)
as well as cutaneous, gastrointestinal, pulmonary, and disseminate infections. Many uncer-
tainties remain regarding how to control these infections despite the recent addition of tria-
zoles to the antifungal arsenal for treating this infection. Currently, lipid formulations of
amphotericin B have become the standard treatment for mucormycosis due to their effi-
ciency. Moreover, a growing body of data supports the need for surgical excision of infected
and/or necrosed tissue whenever practical. In this mini review, the current status of treat-
ment options for mucormycosis and recent studies of novel therapeutic options will be
presented.

Introduction

Mucormycosis is a fungal infection caused by fungi belonging to the order Mucorales, which
include Mucor spp., Rhizopus spp., Rhizomucor, Lichtheimia spp., and others. These organisms
are ubiquitous in the environment, so most individuals are exposed to them on a daily basis
[1]. Mucormycosis is an opportunistic fungal infection; therefore, individuals with lowered
immune systems are at higher risk of developing an infection. Recent data indicate a signifi-
cant increase in mucormycosis as a result of the growing population of immunocompromised
patients with conditions such as diabetes, hematologic malignancies, hematopoietic stem cell/
solid organ transplant, or trauma [2]. Additionally, there was an outbreak of mucormycosis
among individuals in India with Coronavirus Disease 2019 (COVID-19), specifically in
patients with uncontrolled diabetes [3]. Hypoxemia related to COVID-19 and overuse of glu-
cocorticoid are also involved in this massive outbreak of mucormycosis. A high level of iron in
COVID-19 patients due to hyperferritinaemia may have increased the probability of mucor-
mycosis [4]. COVID-19-related mucormycosis cases later were observed worldwide [5]. The
clinical presentation of mucormycosis varies. The most dramatic clinical manifestation is in
patients with diabetes who have ketoacidosis; these patients tend to have rhino-cerebral
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instead of pulmonary mucormycosis [6]. Even though the number of cases of Mucorales infec-
tion among the immunocompromised population is few compared to candidiasis, cryptococ-
cosis, or aspergillosis, the consequences are severe due to its high mortality rate. Also,
mucormycosis often is misdiagnosed and is in many cases diagnosed only postmortem.

Addressing the complete spectrum of mucormycosis is beyond the scope of this review, and
the focus is on the status of the management and treatment of mucormycosis. The principles
behind treating and controlling mucormycosis are multifactorial and are based on utilizing
several interventions concurrently. These interventions include but are not limited to early
clinical diagnosis, effective mono- or combination antifungal therapy, surgical debridement of
necrotic lesions, and control of underlying medical conditions (e.g., diabetes) [7]. Early diag-
nosis and treatment are essential to increase the chance of survival; no treatment is not an
option because untreated mucormycosis is almost inevitably fatal.

What are the currently available antifungal drugs?
Amphotericin B and its lipid formulations

Amphotericin B (AMB) and its lipid formulations (including liposomal preparation, a lipid
complex, and a colloidal dispersion) target ergosterol in the fungal walls, resulting in cell wall
destabilization, and are the first FDA-approved drug for treating mucormycosis infections
(Fig 1A) [8]. AMB lipid formulations (liposomal AMB, LAMB, and the AMB lipid complex,
ABLC) have improved therapeutic indexes when compared to conventional AMB. However, it
has been noted that in vitro AMB activity against Mucorales varies greatly [9]. Based on recent
in vivo and in vitro studies, it is proposed that to treat mucormycosis effectively, one must con-
sider the availability of surgical debridement and antifungal treatments. The optimal dosage of
these drugs when treating mucormycosis is dependent on the disease areas and the patient’s
condition [10]. When the infection involves the brain or occurs in solid organ transplant recip-
ients, a high dose of LAMB and ABLC (10 mg/kg/day) is considered therapeutic [11]. Depend-
ing on the response to the first line of treatment, the continuation of LAMB/ABLC treatment
at a high dose is recommended when the disease is stable or there is only a partial response to
the drugs. On the other hand, in the case of progressive disease, treatment with LAMB or
ABLC in combination with posaconazole is recommended. If toxicity is observed in the patient
after the first line of treatment, low-dose LAMB or ABLC (5 mg/kg/day) treatment is recom-
mended. However, these drugs are associated with increased nephrotoxicity and electrolyte
imbalances [8]. If this occurs, isavuconazole and posaconazole are recommended [10]. LAMB
or ABLC (5 mg/kg/day) treatment is also recommended in COVID-19-associated mucormy-
cosis (CAM). However, AMB deoxycholate can also be recommenced for CAM when AMB
lipid formulations are not available, which is common in developing countries [12].

Triazoles: Posaconazole and isavuconazole

Triazoles act by inhibiting the ergosterol synthesis pathway (Fig 1A). Both posaconazole and
isavuconazole are members of the triazole drug class; these drugs are relatively new to the
group of drugs for mucormycosis, and both exhibit higher activity against Mucorales in vitro
than other triazoles [13,14]. On the other hand, other triazole antifungals, including flucona-
zole, itraconazole, and voriconazole, exhibit minimal to no activity against Mucorales. Posaco-
nazole has varying activity against Mucorales, and it appears that the drug’s effectiveness is
species dependent [15]. This drug is generally well tolerated except for minor gastrointestinal
side effects due to oral administration [16]. However, clinical data have previously demon-
strated the drug’s limited effectiveness for mucormycosis, which may lead to poor efficacy of
the drug [17,18]. Early data suggest that posaconazole may be a salvage therapy option for
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Fig 1. Diagram representing the current drug targets and mechanism of action for mucormycosis. (A) Polyenes, such as AMB, targets
ergosterol and functions by binding and sequestering the ergosterol resulting in cell membrane instability and pore formation. Echinocandins
display fungistatic activity by entering the fungal cell and noncompetitively inhibits 1,3 —p glucan synthase, an enzyme that is necessary for the
assembly of an essential component of the cell wall of several fungi. Azoles block the synthesis of cell membrane-stabilizing ergosterol via the
inhibition of lanosterol 14- a—demethylase enzyme. (B) Calcineurin is a regulator of Mucor morphology; active calcineurin promotes hyphal
growth. This regulation is maintained by suppressing the expression of the bycA gene. *Additional models for the mechanism of action for AMB
have been proposed; one is the sterol sponge model where AMB is laterally adsorbed onto the membrane surface of the fungus. This figure was
created with BioRender.com.

https://doi.org/10.1371/journal.ppat.1010858.g001

patients who are nonresponsive to other treatments. Isavuconazole is also a broad-spectrum
triazole that has recently been approved to treat mucormycosis when AMB is not sufficient or
as a first-line treatment option. Compared to other triazoles, this drug has more advantages,
which include less drug-drug interactions, decreased toxicity, and availability in intravenous
and oral formulations. Like posaconazole, isavuconazole activity against Mucorales is species
dependent, and it can be used as a salvage therapy [19].

A recent guideline summarizes the usage of posaconazole and isavuconazole to treat
mucormycosis [10]. When the patient has preexisting kidney complications, or in some cases
as a first-line treatment [20], intravenous administration of isavuconazole or posaconasole is
recommended. This is also the case for CAM [12]. In some cases, when neither posaconazole
nor isavuconazole is available, itraconazole is recommended for CAM. After assessment of the
response to the first-line treatment, continuation of first-line azole treatment is recommended
if the disease is stable or progressive or if there is only a partial response to the treatment.

Combination therapy

A combination therapeutic approach is common for the severely immunocompromised popu-
lation. This methodology has clinical benefits that include the synergistic effects of the drugs
and a broader coverage against pathogens compared to monotherapy [21]. AMB is commonly
paired with other antifungals such as echinocandins (e.g., caspofungin and micafungin). The
echinocandins’ mode of action is inhibition of B-(1,3)-D-glucan synthase; this is a key enzyme
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for maintaining the fungal cell wall (Fig 1A). One retrospective study shows evidence of syner-
gism between polyenes (e.g., AMB) and echinocandins. This study was conducted among dia-
betic patients with mucormycosis, and patients who received the combination treatment had
superior outcomes compared to those who received polyene monotherapy [22].

Other combination drug therapy consists of AMB and triazoles, although the data on this
combination are contradictory. In vitro studies have demonstrated a synergistic effect between
polyenes and posaconazole, but in murine models, this combination shows no benefit. How-
ever, a combination treatment with LAMB and isavuconazole shows a synergistic improve-
ment in a murine mucormycosis model [23]. This discrepancy may be due to the various
Mucorales species and their different responses to antifungal drugs.

Surgery

Necrosis and thrombosis during mucormycosis can result in poor delivery of antifungal drugs.
Consequently, the elimination of affected tissue may serve as a critical form of care to
completely eradicate the infection [24]. It should also be noted that outcomes of surgery are
difficult to predict because of selection biases. The preferred surgical approach depends upon
the patient’s status. Open surgeries are performed when the disease is extensive, whereas endo-
scopic surgeries are done when the disease is limited [25]. Surgical management in patients
with rhino-orbito-cerebral mucormycosis has been reported to give improved results over
treatment without surgery and leads to local control of the infection [26].

What are potential future antifungal agents?

Therapeutic options are limited for mucormycosis when compared to other pathogenic infec-
tions. Currently, only two drug agents (i.e., polyenes and azoles) are used in clinical settings. It
is challenging to find a distinctive drug target for Mucorales. Recent sequencing has revealed
evidence of whole-genome duplication events, which might explain this pathogen’s resistance
to multiple antifungal agents [27].

Presently, there are two agents under investigation: oteseconazole (VT-1161) and fosmano-
gepix (APX001) in clinical trials for other pathogenic fungi. Oteseconazole is an oral tetrazole
and an inhibitor of fungal Cyp51; this is the same enzyme as Ergl1, which encodes for lanos-
terol 14-o-demethylase. This enzyme is responsible for the synthesis of sterols. Therefore, the
inhibition of Erg11/Cyp51 ultimately results in the cell membrane being depleted of ergosterol.
Additionally, in vivo studies showed the administration of oteseconazole prolonged survival
when given as a therapeutic or as a prophylaxis [28]. Fosmanogepix targets Gwtl, a protein
necessary in the early steps of the conserved glycosylphosphotidyl inositol (GPI) pathway.
Administration of fosmanogepix has been shown to significantly increase the survival rate and
decrease fungal burden [29]. In addition, fosmanogepix exhibits higher therapeutic potential
in combination with a polyene in a murine mucormycosis model [30]. A newer inhalation for-
mulation, triazole opelconazole, exhibits activity against Rhizopus species [31]. These results
support the potential of these drugs to serve as new antifungal agents against mucormycosis.

Calcineurin is a Ser/Thr phosphatase and regulates virulence factors in many pathogenic
fungi. Calcineurin has therefore been considered a promising drug target. The phosphatase
plays key roles in controlling the invasive hyphal growth in Mucor, in which inhibition of or
mutations in calcineurin result in the blocking of hyphal growth of the fungus and the exhibi-
tion of only yeast-locked growth [32]. However, calcineurin is highly conserved in fungi and
humans. Therefore, direct pharmacological inhibition of calcineurin can pose a risk of lower-
ing host immunity as human calcineurin is required for T-cell responses [33]. It is therefore
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imperative to understand the downstream factors of calcineurin to develop an alternative way
(s) to target calcineurin without this risk.

A recent study demonstrated that an amino acid permease (BycA) is a key downstream fac-
tor of calcineurin in Mucor [32]. Calcineurin negatively regulates the expression of the bycA
genes, and without calcineurin function, the expression of the gene is elevated, resulting in the
blocking of hyphal growth. It appears that up-regulation of bycA can recapitulate the calci-
neurin inhibition phenotype. Thus, any molecules that elevate the expression of bycA may be
excellent drug candidate(s) (Fig 1B).

Future directions/conclusions

Opver the years, multiple options for mucormycosis treatments have become available. AMB,
isavuconazole, and posaconazole, and the surgical debridement of necrotic tissue when neces-
sary are the most common practices in treating mucormycosis. Existing clinical data on
mucormycosis treatment are very limited and thus are not helpful for physicians. Unmet
needs related to diagnosis, treatment, and education of mucormycosis lead to a poor prognosis
for patients. Increasing our knowledge and understanding of these organisms is highly impor-
tant in the advancement of treatments for mucormycosis.
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