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Abstract Due to the rising incidence of diabetes mellitus,
the increasing populations of immunocompromised indi-
viduals of varied etiologies, and the progresses that have
been made in the management of the critically ill, the
incidence of invasive fungal infections, in particular those
caused by the Mucorales, is increasing. Currently available
diagnostics frequently miss this infection. Knowledge of
the factors placing individuals at risk for and the varied
clinical presentations of mucormycosis should alert clini-
cians of the possible presence of this infection. Survival of
individuals with mucormycosis is dependant on prompt
diagnosis and aggressive therapy with antifungal agents;
surgical debridement; and, if possible, reversal of the risk
factors predisposing the individual to this infection. It is
hoped that improved diagnostic testing, improvements in
pharmacotherapy, and adjunctive therapies will improve the
morbidity and mortality of mucormycosis.

Keywords Mucormycosis . Zygomycosis .

Antifungal therapy

Introduction

Mucormycosis, the third most common cause of invasive
fungal infection (IFI) after candidiasis and aspergillosis, is
caused by fungi of the order Mucorales. These are

frequently life-threatening, with an overall 54% mortality
[1]. The agents of mucormycosis are found everywhere in
the environment, but despite what has to be frequent
exposure, few individuals develop clinical disease. Although
cases of invasive disease in normal hosts have been described,
this occurrence is extremely rare [2]. Recent reclassification,
based on ribosomal RNA genes, has abolished the order
Zygomycetes because members included in the group were
polyphyletic [3]. The organisms formerly classified under the
order Zygomycetes were placed in the order Mucorales, in
the subphylum Mucoromycotina. Until relationships among
basal fungal lineages are more clearly resolved, it is more
appropriate to refer to infection caused by Mucorales as
mucormycosis, rather than zygomycosis.

Epidemiology

Mucorales have been recognized as important pathogens of
human disease since the 1800s [4]. Rhizopus oryzae is the
most commonly reported human pathogen in this order,
with Mucor species, Absidia species, Rhizomucor species,
Cunninghamella bertholleiae, and Apophysomyces elegans
also documented as causing IFIs [1, 4].

In a review of 929 mucormycosis cases extracted from a
review of the literature from 1885 to 2004 for which the
underlying condition, pattern of infection, surgical and
antifungal treatments, and survival were described, Roden
et al. [1] found that diabetes mellitus (DM) was the most
common underlying illness (36% of all cases), and
mortality was 44%. The presence of no underlying immune
dysfunction was noted in 19% of cases. Cancer was
diagnosed in 17% of cases, with 95% of these being
hematologic malignancies [1]. Phagocytic cell-mediated
inhibition of the germination of spores is impaired by
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corticosteroids and DM. Therefore, deficiencies of circulat-
ing neutrophils (e.g., neutropenia) and impaired phagocyte
function are major risk factors for mucormycosis. In
diabetics, rhinocerebral mucormycosis is the most prevalent
presentation, whereas in patients with hematologic malig-
nancies, pulmonary and disseminated mucormycosis pre-
dominate. Rhinocerebral disease has an improved prognosis
compared with pulmonary and gastrointestinal mucormy-
cosis (46% vs 65%–76% vs 85%), perhaps because of
increased accessibility of sinus tissue for biopsy compared
with lung and gut tissue [1, 5]. In the developing world,
mucormycosis associated with DM is increasingly a
problem, as demonstrated by a study from India, in which
DM was initially diagnosed in 43% of patients during
workup for mucormycosis infection [5, 6]. Important risk
factors for the development of mucormycosis included
uncontrolled diabetes, type 1 diabetes, and the presence of
diabetic ketoacidosis (DKA) [7].

Rising incidence of cancers, progress in intensive care
treatments, stem cell transplantation (SCT), solid organ
transplantation (SOT), and myelosuppressive cancer treat-
ments, along with liberal use of corticosteroids and
immunosuppressant medications for collagen-vascular dis-
eases, have resulted in increasing numbers of immunocom-
promised patients with heightened vulnerability to IFIs. In
developed countries, mucormycosis predominantly affects
patients undergoing treatment for hematologic malignancy
and accounts for 7% of all IFIs in this group, with overall
mortality of 64% [8]. Hospital stays are, on average, 7 days
longer, with costs over $30,000 more in patients with
mucormycosis compared with a control group [9]. Infection
is more likely to occur after an allogeneic SCT when
compared with autologous SCT. Mucorales causes disease
late after transplant [8] and infection has been associated
with severe graft-versus-host disease and its treatment [10].
The 6-week and 12-week survival for SCT patients with
invasive aspergillosis is significantly better than for those
with mucormycosis [8]. Other independent risk factors
within the SCT population are DM, malnutrition, and the
receipt of voriconazole as prophylaxis [11].

Cases of mucormycosis in patients with hematologic
malignancies have increased over the past 10 years [11].
There is debate in the literature regarding the possible risk
that the prophylactic use of echinocandins and voriconazole
confers to patients after SCT or during periods of prolonged
neutropenia [12], and some have speculated growth of
Mucorales species, inherently resistant to voriconazole, is
therefore selected [13]. Another group found virulence of
Mucorales was increased by voriconazole in a murine
model [14••]. Voriconazole is often used to replace
amphotericin B (AmB) products because of superior
activity against invasive aspergillosis, equivalent outcomes
in neutropenic fever, and availability of an oral formulation

[15, 16]. A synergistic effect has been seen with voricona-
zole against some mold species, but not the Mucorales, in
vitro [17]. The increase in the incidence of mucorales
infections diagnosed today may be due to undiagnosed
cases inadvertently treated with prophylactic therapy or
cases that received empiric therapy with AmB products
without being diagnosed with mucormycosis [8].

Mucormycosis occurs less frequently after SOT when
compared with SCT [1]. This may be partially due to
steroid-sparing immunosuppression with the use of calci-
neurin inhibitors. Because the calcineurin pathway is also
intricately involved in the growth and pathogenesis of
fungi, calcineurin inhibitors may have antifungal effects
[18–20]. Although mucormycosis is less prevalent after
SOT, mortality has been reported at 49–62% [1, 18, 19].

While most patients with mucormycosis have underlying
DM [6], hematologic malignancies [8, 10], or have
undergone transplantation, other groups with less severe
immune defects are also affected, including neonates [21].
Rarely mucormycosis has also been a complication of
advanced HIV infection, especially if there is associated
neutropenia [22]. Over half of neonatal cases present with
gastrointestinal disease, and 64% mortality is reported.
Neonates are more likely to have disseminated disease
(56% of cases), when compared with pediatric (13%) or
adult (21%) patients [21]. The Mucorales have also been
reported to cause cutaneous, cerebral and disseminated IFIs
in intravenous drug users and cutaneous infection associat-
ed with trauma, severe burns, or recent surgical procedures
[1, 23]. These trauma-related cases are due to direct
percutaneous inoculation of spores following tissue disrup-
tion, highlighting the importance of intact integument in
host defense. This is particularly true for certain agents,
including Apophysomyces and Sakenaea [24]. Mortality
from cutaneous infection in immunocompetent hosts may
be high (31%) [1] because mucormycosis is not initially
considered as a potential infectious agent and appropriate
diagnostics and therapy may be delayed.

Disseminated disease in adults receiving intravenous iron
therapy or in those with iron overload is common [1], and the
mortality rates are reported to be over 80% [5, 25••].
Individuals with iron overload receiving chelation therapy
with deferoxamine (but not with other chelating agents such as
deferasirox or deferiprone) are also affected by mucormycosis
[25••]. The deferoxamine-iron chelate, feroxamine, acts as a
siderophore to provide Mucorales iron for growth [26].
Feroxamine has a prolonged half-life in the setting of renal
insufficiency. These factors help to explain the high rate of
mucormycosis in hemodialysis patients receiving deferox-
amine for aluminum overload. Although these patients may
have other risk factors for mucormycosis, deferoxamine
therapy has been found to be the most important [27]. Newer
iron chelators bind iron in a manner in which it cannot be used
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by the fungi. These chelators may be beneficial as therapy for
mucormycosis, as indicated by mouse models [28].

Pathogenesis and Immune Response

An understanding of the immune response to molds is
helpful in understanding the pathogenesis of mucormycosis
in patients at risk [29]. Most mucormycosis cases result
from inhalation and less commonly through ingestion of
spores or penetrating trauma. Once the immune system is
exposed to the organisms, there are humoral, cell-mediated,
and innate immune responses to molds. Humoral immunity
usually refers to antibodies in extracellular fluid, but other
mediators such as complement and iron-scavenging mole-
cules are also part of this compartment. Although anti-
bodies to molds can be detected in serum, they are not
protective. Complement activation through the alternative
pathway, particularly by recognition of cell wall carbohy-
drates, inhibits fungal growth and generates complement
fragments that induce neutrophil chemotaxis to the site of
infection [30, 31]. The fungal cell wall, however, is
resistant to complement-mediated lysis.

Normal human serum is naturally fungistatic [29]. At
least part of this effect is independent of complement or
antibody. Iron deprivation is a major host defense against
mucormycosis. Transferrin and other iron-binding proteins
in serum make iron unavailable to the fungus. If serum iron-
binding capacity is saturated, there is a risk of infection. Iron
overload may contribute to the risk of mucormycosis after
SCT, with the risk of infection reported to be higher in patients
who have received more transfusions and who have higher
ferritin and transferrin saturation values [32]. Agents used to
treat aluminum and iron overload, as described above, also
contribute to pathogenesis. Not only can deferoxamine be a
siderophore for Mucorales, it also reduces the fungistatic
effect of serum. In a guinea pig model, this effect is greater
in Rhizopus than Aspergillus, and is nearly absent in
Candida, indicating that there is specificity to the effect of
iron scavenging with respect to infections with molds [26].

Neutrophils, macrophages, and monocytes are key
antifungal effector cells. Upper respiratory tract alveolar
macrophages and resident macrophages are the first line of
defense after inhalation of spores. Phagocytic cells have
glucan receptors, mannose receptors, and Toll-like receptors
that allow recognition and binding to these pathogens. These
cells attach to and ingest conidia, inhibiting germination of
spores. In a murine model, DM and corticosteroid treatment
impairs the ability of macrophages to attach to spores and
prevent germination [33]. The release of cytokines and
complement fragments recruits effector cells to sites of
infection. Macrophages cannot completely ingest hyphae,
but neutrophils are able to attach to, spread over, and kill

hyphae. Fungi are killed by toxic oxygen species and
antimicrobial peptides [34]. Neutrophils are important in
host defense against Mucorales, and the risk of infection is
associated with alterations in chemotaxis, phagocytosis, and
bactericidal activity of neutrophils [35]. Schaffner et al. [36]
showed that the opportunism of fungal pathogens could be
predicted by susceptibility to killing by oxygen radicals, and
the oxidate killing that neutrophils provide is a principal
defense mechanism. This group also showed that Rhizopus
is extremely susceptible to hydrogen peroxide [36]. Non-
oxidative killing may also contribute to the antifungal activity
of neutrophils. Defensins, a family of cationic antimicrobial
peptides and cytokines found in mammals, insects, and plants,
have the ability to kill R. oryzae spores and hyphae [37].

Animals with an intact immune system inoculated with
Rhizopus intranasally do not develop disease; however, if
DM or steroid treatment is induced, they develop pulmonary
mucormycosis or disseminated disease [33]. Alveolar macro-
phages in diabetics no longer inhibit spore germination.
Serum factors appear to impair macrophage attachment to
spores, and there is less binding to hyphae. Additionally, in
DM there is glycosylation of surface integrins involved in
chemotaxis and phagotycosis, as well as glycosylation of the
NADPH oxidase required for respiratory burst and genera-
tion of toxic oxygen species. In DKA, there is neutrophil
dysfunction and accelerated neutrophil apoptosis. The defects
in DKA, however, may not be due solely to abnormalities of
phagocytes. Serum from patients with DKA is no longer
fungistatic [38, 39] and the acidic pH of serum increases
availability of free iron facilitating fungal growth.

The paucity of cases reported in AIDS patients suggests
that cell-mediated immunity does not play a critical role in
host defense against mucormycosis. A few cases have been
reported in advanced HIV, but this may be related to
neutropenia or abnormal neutrophil function, particularly
impaired respiratory burst capacity that occurs in late stages
of AIDS [40–42].

Immunosuppressive agents increase the risk of mucor-
mycosis. Corticosteroid treatment has been shown to
predispose subjects with an otherwise intact immune
system to mucormycosis, possibly related to the inhibitory
effects of corticosteroids on phagocyte function [43, 44].
Anti-tumor necrosis factor (TNF)-α therapy for myelodys-
plasia has also been associated with mucormycosis [45].
The risk of developing mucormycosis after SCT or SOT is
greater than in those treated with corticosteroids alone [46].
Commonly used immunosuppressive agents include cyclo-
sporine A (CsA), tacrolimus, sirolimus, and mycophenolate
mofetil (MMF). These drugs have fairly specific effects on
T cells but also affect mononuclear phagocytes and
neutrophils [47]. Studies have found that CsA has direct
and dose-dependent effects on neutrophils and monocytes,
including effects on respiratory burst, phagocytosis, and
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chemotaxis. Other studies did not find these effects when
CsA was administered at therapeutic levels. At high levels,
however, and in combination with steroids, a deleterious
effect on formation of reactive oxygen species was noted
[48, 49]. Discrepant study results may in part be explained
by differences in the methods used in measuring the
neutrophil respiratory burst, including whether or not cells
were primed. Priming maximizes respiratory burst and
degranulation responses and can occur in vivo or with the
addition of cytokines or other proinflammatory mediators in
vitro prior to respiratory burst testing. Although CsA does
not affect superoxide generation in unprimed neutrophils,
neutrophils primed with TNF-α had lower superoxide
generation [50]. MMF is a cytotoxic agent with antiproli-
ferative effects on T and B lymphocytes. Its effects on
neutrophils in combination with other immunosuppressive
agents are not well studied, although one study has shown
that MMF can inhibit the respiratory burst and induce
abnormalities in neutrophil morphology in vivo. These
abnormalities resolved with cessation of MMF [51, 52].
Regardless of the exact mechanisms, patients receiving
SCTs and SOTs have impaired respiratory burst activity
related to their immunosuppressive regimens [53].

Immunosuppressive agents alone may not be the only
factor that increases the risk of mucormycosis after transplan-
tation. Immune-modulating opportunistic infections (e.g.,
cytomegalovirus [CMV] and Epstein–Bar virus) may also
increase the risk. In the case of CMV, the virus is not only
immunomodulating, but also causes neutropenia and ulcer-
ations that may give fungi a portal for invasion [54].

The Mucorales themselves also play a role in disease
pathogenesis as these organisms have some virulence factors.
Angioinvasion is a prominent feature of mucormycosis, often
progressing to tissue infarction and necrosis. Angioinvasion
presumably accounts for the Mucorales’ ability to cause
rapidly invasive infections and sometimes dissemination [55].
Rhizopus spores can bind to laminin and type IV collagen
found in blood vessel walls, allowing vascular invasion [56].
Rhizopus produces a protease, alkaline Rhizopus protease
(ARP), which may be important in pathogenesis. ARP can
cleave elastin, also present in blood vessel walls, and may
also be a procoagulant [57]. These capabilities may result in
the characteristic vascular invasion, thrombosis, and tissue
infarction that are hallmarks of mucormycosis.

Diagnosis

The most important consideration in the diagnosis and
management of mucormycosis is clinical suspicion of an
IFI. Suspicion should be aroused by the presence of 1)
rhinocerebral lesions in diabetics or immunocompromised
hosts; 2) postoperative patients with characteristic cutane-

ous lesions, especially in the presence of long-term occlusion
(e.g., vacuum dressings); and 3) severely immunocompro-
mised hosts (e.g., patients with acute leukemia or SCT/SOT)
with unexplained fever receiving broad-spectrum antibiotics,
the development of new pulmonary infiltrates, or other
breakthrough infections especially while on voriconazole or
echinocandin prophylaxis or treatment. Other risk factors that
should invoke suspicion of mucormycosis include chronic
steroid use, iron chelation therapy with deferoxamine, and
burns or other serious traumatic wounds.

Precise diagnosis of mucormycosis relies on culture and
use of Gomori methenamine-silver, periodic acid-Schiff, or
Calcoflour stains on tissue biopsy specimens for histopath-
ologic identification. Unfortunately, accurate diagnosis is
impeded by the poor recovery of organisms in culture and
similar appearance of the different Mucorales species on
histopathology. Genus and species level identification of
Mucorales is critical, given the variable susceptibility
patterns to antifungal agents and similar presentations to
other IFIs, including aspergillosis [58].

Identification to a species level traditionally requires
microscopy of a cultured specimen. Mucorales are charac-
terized by wide-angle branching and ribbon-like hyphae.
Septations are rare or, most often, completely absent. In
culture, differentiation between Mucor, Rhizopus, and
Absidia can be made on the basis of the sporangiophore
and rhizoids positions. Culture on Sabouraud dextrose agar
incubated at 25–30°C will support growth of most
Mucorales [59]. However, it has been reported that cancer
patients, ultimately diagnosed with mucormycosis histolog-
ically, had negative cultures over 30% of the time [60].
Reasons for this low yield may include disruption of fungal
structure or integrity during diagnostic procedures and
inappropriate sample acquisition, processing, and storage.
Additionally, commonly used culture methods do not utilize
physiologic growth conditions such as tissue hypoxia,
necrosis, and body temperature. Preconditioning of Mucor-
ales under anaerobic conditions followed by incubation at
either 25° or 37°C found the yield significantly higher in
cultures grown at 37°C [61]. However, current practice is to
incubate cultures at a temperature less than 37°C.

Polymerase chain reaction (PCR) performed on fungi
grown in culture represents a new method by which IFIs
may be diagnosed. Although this method of identifying
molds is promising, it is still being researched and is not yet
widely available. Tests for unique fungal pathogens using
real-time PCR (RT-PCR) followed by identification of
highly conserved portions of the genome using hybridiza-
tion probes have been developed, but their use is limited by
the need to perform a large number of assays in order to
make a diagnosis [61]. The internal transcribed spacer
region (ITS), a highly variable region, represents a more
robust molecular target of PCR-based amplification and
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pathogen identification because it yields different-sized
fragments for various fungal species which can then be
identified using capillary electrophoresis, hybridization
assays, microarrays, or sequencing. A recent study indicates
the use of PCR-based amplification and fragment analysis
by capillary electrophoresis on fungal cultures allows for
rapid and sensitive diagnosis of numerous fungal species,
including Rhizopus [61–63].

The ability to use molecular methods for fungal identifi-
cation directly on tissue specimens represents another
diagnostic advance given that culture results are often
negative. Another study using real-time PCR to detect a
highly conserved, 167-base pair region of the Mucorales
cytochrome b gene, yielded excellent results using fresh
tissue samples [64••]. No cross-reactivity with other fila-
mentous fungi and yeasts was noted with the assay, and the
sensitivity and specificity of the assay were 100% and 92%,
respectively, when performed on culture-positive specimens.
Sensitivity on fresh tissue was 100%, although the sensitivity
on paraffin-embedded tissue was only approximately 50%.

Poor sensitivity of PCR on paraffin embedded tissue has
been observed in other studies as well. A PCR assay using
ITS-1 as the molecular target on fresh and formalin-fixed,
paraffin embedded tissue specimens showed that the assay
successfully detected and identified a fungal pathogen in
93.6% of culture-proven cases but only 64.3% of histolog-
ically proven IFIs. All instances in which PCR was negative
occurred in analysis of paraffin embedded tissues with
visible hyphae, indicating that if molecular diagnostic
methods for IFIs are to be implements in the surgical
pathology setting, their yield would be highest in fresh tissue
[65•]. Aside from PCR, no other techniques have emerged
to complement culture and histopathologic examination.

Management of Mucormycosis

Because mucormycosis is a relatively uncommon infection,
controlled clinical trials comparing available systemic
antifungal agents have not been feasible. Therefore, the
choice of therapy has been based on small case studies,
clinical experience, animal model studies, and in vitro
susceptibility data. Early pharmacotherapy for the manage-
ment of mucormycosis along with surgical debridement has
been shown to be critical to patient outcomes [66•].

Polyenes

Polyenes have long been the cornerstone of treatment for
serious IFIs, especially mucormycosis. Polyenes bind to
ergosterol in the cell membranes, causing changes in
membrane permeability, leakage of intracellular contents,
and cell death [66•]. In vitro studies of 217 Mucorales

clinical isolates showed AmB deoxycholate (AmB-d) was
the most active fungal agent, followed by posaconazole
[67]. Higher dosages of AmB-d than those commonly used
to treat candidiasis are needed for successful treatment of
mucormycosis, with recommended dosages of 1–1.5 mg/
kg/day [68]. Of the 929 cases reviewed by Roden et al. [1],
596 (64%) patients were treated with antifungals. Survival
in this group was 62%, and, of these 596 patients, 89%
received AmB. Overall survival was 61% in those receiving
AmB derivatives and 69% if lipid formulations of AmB
(LFABs) were used. With surgery alone, survival was 57%
(51 of 90), whereas survival increased to 70% (328 of 470)
in those receiving combined surgery and antifungal
pharmacotherapy. In the 241 patients who received no
treatment, the survival rate was 3%. Use of AmB products
is limited by toxicities, including reduced creatinine
clearance, renal tubular acidosis, and potassium and
magnesium wasting, which develop in up to 80% of
patients on AmB-d. AmB-d has poor penetration of the
blood–brain barrier, limiting its clinical utility [69].

LFABs are less toxic and therefore can be administered
for longer periods of time. The three available LFABs are
AmB lipid complex (ABLC); liposomal AmB (L-AmB);
and AmB colloidal dispersion (ABCD) [68]. Walsh et al.
[70] reported 71% (17 of 24) of patients who were
intolerant or refractory to conventional antifungal therapy
(principally AmB-d) responded to ABLC. Another group
found that hematologic malignancy patients with mucor-
mycosis who received L-AmB had a survival rate of 67%,
versus 39% in patients who had received AmB-d [71].
Some murine studies have shown advantages of using L-
AmB over AmB-d and ABLC in treating central nervous
system (CNS) mucormycosis because of better CNS
penetration of L-AmB [66•]. There are limited data on the
use of ABCD. In a review of 21 patients with invasive
mucormycosis treated with ABCD from phase 1 and 2
trials, 12 of 20 (60%) patients responded [68]. The usual
dosing recommendations are as follows: ABLC, 5–7.5 mg/
kg/day; L-AmB, 5–10 mg/kg/day; and ABCD, 4.8 mg/kg/
day [68]. Because of improved side effect profiles and
higher rates of successful outcomes, LFABs have become
the drugs of choice in primary treatment of mucormycosis.

Azoles

The Mucorales are resistant to all azoles except posacona-
zole, although activity with itraconazole [72] and isavuco-
nazole [73] has been reported. Azoles act by inhibiting
cytochrome p450 14-α-demethylase, leading to accumula-
tion of sterol precursors and blocking synthesis of ergos-
terol, a key component of fungal cell membranes [66•].
Posaconazole and itraconazole differ in structure from the
compact triazoles, fluconazole and voriconazole, in part by
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virtue of an extended side chain [74]. Posaconazole differs
from itraconazole by the presence of a furan ring and
substitution of chlorine with fluorine. The extended side
chains of posaconazole and itraconazole provide additional
points of contact with the azole target CYP51.

Use of posaconazole monotherapy for primary treatment
of mucormycosis is not recommended on the basis of
animal data and lack of controlled clinical trials. In vitro,
posaconazole has a 90% minimum inhibitory concentration
(MIC90) of 1 to ≥4 µg/mL [75]. However, in febrile
neutropenic patients given standard-dose posaconazole, the
resulting average serum levels were less than 1 µg/mL.
Further, pharmacokinetic and pharmacodynamic data raise
the concern that in vivo levels of oral posaconazole are not
high enough to treat mucormycosis, especially in patients
with malabsorption [66•]. Studies in a murine model have
shown posaconazole significantly less effective than AmB
[66•]. Much of the clinical use of posaconazole has been for
salvage therapy in patients who have not responded to or
are intolerant of AmB products [76]. Compassionate
salvage use of posaconazole reported by Greenberg et al.
[77••] found a 79% overall survival rate in treated patients.
Posaconazole has been safely administered for months to
years as salvage and maintenance therapy [77••].

Combination Therapy/Adjunctive Therapy

The role of combination therapy for mucormycosis remains
undefined. Reed et al. [78•] retrospectively compared the
efficacy of combined L-AmB plus caspofungin versus L-
AmB monotherapy for the treatment of 41 patients with
biopsy-proven rhino-orbital-cerebral mucormycosis. Com-
bination therapy was associated with improved outcomes
among patients with DM, compared with L-AmB alone
[78•]. Caspofungin, an echinocandin, inhibits 1,3-β-D-
glucan synthase, which produces both fungistatic and
fungicidal effects. Echinocandins block cell wall synthesis,
reducing fungal growth, and change the integrity of the cell
wall, ultimately leading to destruction of the fungal cell
[79] and causing fungal cell membrane dysfunction in some
fungi—but have no intrinsic activity versus Mucorales
[66•]. Animal studies that have compared monotherapy
versus echinocandin–L-AmB therapy have shown im-
proved outcomes with combination in neutropenic or
diabetic mice with disseminated mucormycosis. While
echinocandins have no activity against the Mucorales as
monotherapy, enhanced exposure of β-glucan on the fungal
cell wall surface resulting in immune stimulation may be
one of the mechanisms by which echinocandins improve
outcomes in mucormycosis [80]. Combination therapy with
posaconazole and AmB has mixed results, with some
animal studies showing benefit while others have shown
no benefit. To date, no clinical trials have evaluated

combination posaconazole and AmB; therefore, the use of
combination antifungal therapy in the management of
mucormycosis cannot be recommended [66•].

Novel Therapies

Cytokines, in particular interferon (IFN)-γ and granulocyte
colony-stimulating factor (G-CSF), and granulocyte-
macrophage colony-stimulating factor (GM-CSF), are
critical components of innate antifungal host defense. Gil-
Lamaignere et al. [81] evaluated the antifungal activities of
neutrophils, as measured by oxidative burst, hyphal
damage, and release of interleukin-8 and TNF-α in
response to hyphae, against R. oryzae, R. microspores,
and A. corymbifera alone or after treatment with IFN-γ and
GM-CSF. These cytokines were found to augment
neutrophil-induced hyphal damage against all three molds,
suggesting that there may be a role for the use of these
agents in the management of invasive mucormycosis. The
addition of IFN-γ to GM-CSF may enhance antifungal
activity against the Mucorales. At this time, clinical data for
use of G-CSF, GM-CSF, and IFN-γ in the management of
IFIs are limited to case reports [82].

Iron chelation therapy with deferasirox has been shown
to be fungicidal for clinical isolates of Mucorales in vitro.
In murine models, combination therapy L-AmB–deferasirox
improved survival to 80%, versus 40% survival for mono-
therapy with L-AmB and 0% survival for placebo [28].
Although consideration in salvage therapy for mucormy-
cosis seems reasonable, clinical data are lacking, with only
anecdotal evidence for this use of deferasirox. A double-
blinded, randomized, placebo-controlled, phase 2 safety/
exploratory efficacy study of adjunctive deferasirox therapy
for mucormycosis is ongoing [68]. Salvage therapy consists
of 2–4 weeks of deferasirox, as more than 4 weeks of
therapy resulted in toxicity in animal studies. Case reports
of other adjunctive therapies, including hyperbaric oxygen,
granulocyte transfusions, GM-CSFs, and IFN-γ, have been
reported [83]. All of these adjunctive therapies have been
used in cases of refractory disease but have limited data.
While each of these may have a role in treatment, their role
in primary therapy has not been defined [84].

Duration of Therapy

Because of the paucity of clinical data, the duration of
therapy for mucormycosis must be individualized [66•]. In
general, antifungal therapy for mucormycosis should be
continued until all of the following objectives are attained:
1) resolution of clinical signs and symptoms of infection; 2)
resolution or stabilization of residual radiographic signs of
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disease on serial imaging; and 3) resolution of underlying
immunosuppression. For patients with mucormycosis who
require continued immunosuppression, secondary antifun-
gal prophylaxis should be continued for the duration of the
immunosuppressive regimen. Posaconazole may be an
option in this setting if polyenes cannot be used for
prolonged periods. For patients with intermittent immuno-
suppression (i.e., intermittent cycles of chemotherapy with
recovery of leukocyte counts between cycles), prophylaxis
should be reinitiated during periods of neutropenia.

Conclusions

As with other IFIs, there remains a paucity of noninvasive
rapid diagnostic methods, effective and nontoxic treat-
ments, and methods to prevent mucormycosis in high-risk
individuals. It is hoped that advances in radiographic,
molecular, and antigenic tools will improve early detection,
management, and therapeutic monitoring of this infection.
Prognosis for patients with mucormycosis, in part, depends
upon reversal of underlying immunosuppressive factors and
debridement of devitalized tissues, and aggressive pharma-
cotherapy with effective antifungal agents. DKA can be
reversed, but it is more difficult to reverse other high-risk
factors. Reversal or improvement in the immune defects
predisposing patients to Mucorales infections is the basis
for new strategies aimed at improving outcomes in the
treatment of this infection. Immunotherapeutic approaches
postulated to be potentially beneficial include reduction of
immunosuppressive therapy; use of colony-stimulating
factors, such as G-CSF and GM-CSF; increasing the number
of and enhancing oxidative capacity of phagocytes; treatment
with other cytokines such as IFN-γ; and neutrophil trans-
fusions [85, 86]. Controlled, prospective, randomized clinical
trials comparing antifungal agents, combinations of antifun-
gal agents, and adjunctive therapies need to be performed.
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