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Abstract: Coronavirus disease (COVID-19)-associated mucormycosis (CAM) is an emerging threat
globally, especially in India. More than 40,000 CAM cases have been reported in India. The emergence
of CAM cases in India has been attributed to environmental, host, and iatrogenic factors. Mucorales
spore burden has been reported globally; however, their presence is higher in tropical countries
such as India, contributing to the emergence of CAM. Before the COVID-19 pandemic, patients
with diabetes mellitus, haematological malignancies, solid organ transplants, corticosteroid therapy
and neutropenia were more prone to mucormycosis, whereas in COVID-19 patients, virus-induced
endothelial dysfunction, hyperglycaemia, and immune dysfunction following corticosteroid use
increase the risk of acquiring mucormycosis. The interaction of Mucorales spores with the epithelial
cells, followed by endothelial invasion, is a crucial step in the pathogenesis of mucormycosis. En-
dothelial damage and increased endothelial receptor expression induced by COVID-19 infection may
predispose patients to CAM. COVID-19 infection may directly induce hyperglycaemia by damaging
beta cells of the pancreas or by corticosteroid therapy, which may contribute to CAM pathogenesis.
Iron acquisition from the host, especially in diabetic ketoacidosis (DKA) or deferoxamine therapy, is
an important virulence trait of Mucorales. Similarly, the hyperferritinaemia caused by COVID-19
may act as a source of iron for Mucorales growth and invasion. In addition, corticosteroid treatment
reduces or abolishes the innate immune functions of phagocytic cells contributing to the pathogene-
sis of CAM. This review aims to discuss primarily the host and iatrogenic factors shared between
COVID-19 and mucormycosis that could explain the emergence of CAM.

Keywords: COVID-19; mucormycosis; Mucorales; GRP78; EGFR; iron; corticosteroid therapy; dia-
betes mellitus

1. Introduction

Mucormycosis is an angio-invasive infection characterised by tissue necrosis and
infarction of the blood vessels [1]. Mucormycosis is caused by saprophytic fungi that
belong to the order Mucorales [2,3]. Compared to global data, the case burden of mu-
cormycosis was estimated to be 70 times higher in India before the COVID-19 pandemic
emerged [4,5]. A multi-country study on COVID-19-associated mucormycosis (CAM)
reported that 53% of the cases are from India, followed by the United States of America
(10%), Pakistan (6.3%), France (5%), Mexico (5%), Iran (5%), and Russia (2.5%) [6]. During
this pandemic, the caseload of mucormycosis increased overwhelmingly (>40,000 cases)
in India, prompting the Indian health authorities to declare mucormycosis as a notifiable
disease [7]. The situation is aggravated due to the limited availability of first-line antifungal
drugs, such as liposomal amphotericin or amphotericin B deoxycholate. Considering the
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present crisis, the European Confederation of Medical Mycology (ECMM) and the Inter-
national Society for Human and Animal Mycology (ISHAM) have proposed guidelines
for the management of mucormycosis in low and middle-income countries [7]; further,
they have also proposed global guidelines for managing mucormycosis [8]. Before the
COVID-19 pandemic, diabetes mellitus was reported as the most common risk factor for
mucormycosis in India, followed by haematological malignancies and solid organ trans-
plant recipients [4,5]. Mucormycosis has also been reported in patients with no underlying
illness [4,5]. A multicentre study in India had identified diabetes, inappropriate steroid
therapy (6 mg of dexamethasone per day for 7 to 10 days is recommended; a higher dose
and a longer treatment duration are considered to be inappropriate), and the COVID-19
virus as risk factors for the increase in mucormycosis cases during the first wave of COVID-
19 in 2020 [9]. During this outbreak, rhino-orbital-cerebral mucormycosis (ROCM) was the
most common presentation, followed by pulmonary mucormycosis [6,9].

An environmental study on the ecology of Mucorales in Indian soils reported a high
prevalence of clinically relevant Mucorales [2]. Mucorales spores are also highly prevalent
in the indoor and outdoor air of the same country [10]. Patients acquire the infection by
inhalation, ingestion or traumatic inoculation of the spores from the environment. The
reasons for this CAM outbreak could be multifactorial. Other than environmental factors,
uncontrolled diabetes mellitus, inappropriate steroid therapy, increased iron accumulation,
and the damage caused by the COVID-19 virus may be driving this outbreak [9,11–13]. This
review attempts to elucidate the interplay of risk factors or possible pathogenic mechanisms
in the emergence of CAM.

2. Environmental Factors and Mucorales: A Possible Reason for the Surge in CAM

Humans acquire mucormycosis by inhalation, ingestion or traumatic inoculation of
the sporangiospores of Mucorales from the environment [2,3]. Mucorales have ubiquitous
distribution; however, the spore burden is higher in tropical countries [2,14]. Mucorales
spores have been isolated from air in India′s indoor and outdoor environment [10,14].
Rhizopus arrhizus, the major pathogenic species, is also the predominant species isolated
from the environment [2,4,14,15]. The number of CAM cases is very high in India com-
pared to the rest of the world during this COVID-19 pandemic [6,11], and this high number
may be linked to the high spore burden of pathogenic Mucorales in the environment. A
study reported the isolation of rare species such as Apophysomyces variabilis and Rhizopus
homothallicus in the Indian environment [2]. Infections due to these rare species are also
prevalent in India [4,5]. Rhizopus homothallicus has been isolated from clinical samples at
multiple centres even during the present outbreak besides the common species, R. arrhizus
(unpublished data). A systematic environmental study is warranted during this outbreak;
further comparing the environmental and clinical isolates may provide a plausible expla-
nation for CAM emergence. The high case burden of CAM in India may also be linked to
the emergence of virulence strains in the order Mucorales. Genome analysis of Mucorales
isolated during the pre-COVID-19 and pandemic period, along with in vivo animal experi-
ments, may bring out the possible role of virulence factors of Mucorales in the emergence
of CAM.

3. Host and Iatrogenic Factors in the Pathogenesis of CAM

Host factors are likely to have a greater role in the increased case burden of CAM. Pa-
tients with diabetes mellitus and haematological malignancy and transplant recipients were
at high risk of acquiring mucormycosis in the pre-COVID-19 era [5,16,17]. In comparison,
patients with diabetes mellitus and inappropriately high doses of corticosteroid use are at
increased risk of acquiring mucormycosis in the COVID-19 pandemic [6,9,11,18]. Hypergly-
caemia in COVID-19 patients may be due to four reasons: (a) pre-existing diabetes mellitus,
(b) damage of the beta cell pancreas by COVID-19 leading to the diminution of insulin pro-
duction [19,20], (c) corticosteroid therapy [21,22], and (d) stress-related increased cortisol
levels [23,24]. Hyperglycaemia and glucocorticoid treatment impair phagocytic functions,
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failing to arrest spore germination and growth and leading to disease progression [25,26].
In addition, patients with diabetes mellitus and COVID-19 exhibit increased ferritin levels
(hyperferritinaemia), leading to altered iron homeostasis [27–29]. Further, endothelial
damage and increased expression of endothelial receptors have been seen in COVID-19 pa-
tients [30–32]. Thus, the factors mentioned above, such as pre-existing endothelial damage
and up-regulated endothelial receptors, glucocorticoid therapy, hyperglycaemia-associated
complications such as hyperferritinaemia, and immune dysfunction of innate immune
cells, are likely to contribute to the pathogenesis of CAM.

3.1. Endothelial Cells and Their Receptors: An Interface in COVID-19 Disease and Mucormycosis

Endothelial cell dysfunction plays an important role in the pathogenesis of COVID-19
infections [30,33]. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) binds to
the Angiotensin-Converting Enzyme 2 (ACE2) receptor on endothelial cells, followed by
the internalisation of viral particles leading to coagulation, endotheliitis and endothelial
cell death [33,34]. Other than the ACE2 receptor, Glucose Regulated Protein 78 (GRP78)
acts as a co-receptor for the recognition of SARS-CoV-2 spike protein and increases the
internalisation of the virus (Figure 1A) [31,35]. GRP78 is a heat shock protein with a
molecular weight of 78 kDa, also known as Heat Shock Protein A5 (HSPA5). GRP78 is a
molecular chaperone localised in the endoplasmic reticulum (ER) and has a significant
role in regulating unfolded protein response (UPR), protein stability, calcium homeostasis
and autophagy [36,37]. An increased serum GRP78 level has been noted in patients with
COVID-19 infections compared to healthy controls [38]. Hence, the inhibition of the GRP78
receptor could reduce the internalisation of SARS-CoV-2 by reducing the expression of
ACE2 receptors, further leading to reduced virus binding and infection severity [31,39].
Similar to the ACE2 receptor, GRP78 also mediates endothelial cell barrier disruption and
inflammation [40].
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Figure 1. Glucose regulated protein (GRP78) in the pathogenesis of COVID-19-associated mucormycosis. (A) Angiotensin-
converting enzyme 2 (ACE2) receptor and GRP78 receptor mediate severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) binding and internalisation in endothelial cells, leading to endothelial damage. Transmembrane protease
serine 2 (TMPRSS2) mediate viral spike protein priming. The inhibition of GRP78 by monoclonal antibodies (hmAb159)
reduces the viral binding to endothelial cells during COVID-19 infection. (B) The increased surface expression of GRP78 in
endothelial and epithelial cells is seen in patients with diabetes mellitus, iron excess conditions and after corticosteroid
therapy. Increased GRP78 expression may predispose COVID-19 patients to mucormycosis by enhancing the binding of
Mucorales spores to the GRP78 receptor.
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Endothelial damage in COVID-19 is mediated by the activation of the inflammatory
response, triggering an abnormal increase in pro-inflammatory cytokines (interleukin (IL)
IL-1β, IL-6, IL-8, and tumour necrosis factor (TNF)-α), which alters the blood coagulation
factors (D-dimer, von Willebrand factor (VWF), fibrinogen) leading to venous thrombosis,
systemic vasculitis, endothelial cell apoptosis, vascular coagulopathy, and inflammation
in various organs resulting in multi-organ failure [41–43]. The pre-existing endothelial
damage in COVID-19 patients may act as an important risk factor for mucormycosis.
Endothelial invasion is the critical step in the pathogenesis of mucormycosis [1]. The
damaged endothelium and increased expression of endothelial receptors such as GRP78 in
COVID-19 patients may increase the chance for angio-invasion and tissue necrosis.

Other than coronaviruses, GRP78 also acts as a receptor-binding site for Zika virus,
Japanese Encephalitis virus, and Dengue virus [44]. Similar to SARS-CoV-2, the spike
protein of Middle East respiratory syndrome coronavirus and bat coronavirus interacts with
the GRP78 receptor and facilitates the attachment of the virus to the host cell and mediates
the internalisation and replication of the virus [44,45]. Basal level GRP78 expression has
been noted in healthy tissues, whereas increased expression of GRP78 has been reported in
obesity, diabetes mellitus, metabolic syndrome, and cancerous tissues [36,37], which may
predispose them to both COVID-19 infections and mucormycosis.

GRP78 receptors not only have a role in the pathogenesis of COVID-19 infections, but
they are also crucial for mucormycosis pathogenesis, specifically in the ROCM type [46,47].
In the DKA mouse model of mucormycosis, the overexpression of the GRP78 receptor is
seen in sinus, lung and brain tissues, and it is associated with increased adherence and
endocytosis of Rhizopus arrhizus germlings to epithelial and endothelial cells [46,47]. CotH3
(spore coat protein) on the R. arrhizus cell surface acts explicitly as a fungal ligand for
the GRP78 receptor [48]. The CotH3–GRP78 axis governs entry into the nasal epithelial
and endothelial cells, explaining the increased number of ROCM cases in CAM. The
genome analysis of Mucorales has revealed that CotH-like genes are conserved in this
group of fungi [48,49]. CotH3 proteins act as invasins, and the binding of CotH3 proteins
to GRP78 receptors mediates epithelial cell invasion and endothelial damage, leading to
increased virulence [47,48]. Following binding to the endothelial cells, the spores to hyphae
transition is mediated by the calcineurin pathway, which mediates angio-invasion [50,51].
The hyphal forms of R. arrhizus also produce mucoricin (ricin-like-toxin), which enhances
angio-invasion, inflammation, and tissue destruction [52]. In COVID-19 patients, the
increased expression of the GRP78 receptor may enhance the binding of Mucorales spores,
resulting in enhanced endothelial invasion and damage (Figure 1B). The inhibition of the
GRP78 receptor or the antibody against the CotH3 proteins can abolish the endothelial
invasion by Mucorales spores [46,48]. Therefore, the role of GRP78 inhibitors in reducing
the pathogenesis of COVID-19 infection and mucormycosis would be interesting to study.

Experimental data reported that the GRP78 receptor is not involved in the pathogen-
esis of pulmonary mucormycosis; Mucorales spores interact with the specific host cell
type receptors depending on the site of infection [47]. In a murine model of pulmonary
mucormycosis, CotH7 on the Mucorales spores interacts with the integrin β1 receptor on
alveolar epithelial cells, thus inducing the activation of the epidermal growth factor recep-
tor (EGFR), which mediates the fungal invasion of host cells [47,53]. Treatment with EGFR
inhibitors (cetuximab or gefitinib) blocks the EGFR pathway, increasing the survival of mice
with pulmonary mucormycosis [53]. Similarly, the inhibition of the integrin β1 receptor
with anti-integrin β1 antibodies abolished the phosphorylation of EGFR and protected the
neutropenic mice from pulmonary mucormycosis [47]. Thus, the CotH7–integrin β1–EGFR
axis governs entry into airway epithelial cells, which plays a critical role in the pathogen-
esis of pulmonary mucormycosis. Further, in vitro interaction of Mucorales spores with
endothelial cells showed the activation of platelet-derived growth factor receptor (PDGFR)
signalling, which mediates Mucorales invasion of host cells, and the inhibition of PDGFR
partially reduced host cell damage [49].
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Similarly, in the murine model of severe acute respiratory syndrome coronavirus
(SARS-CoV) infection, the EGFR signalling pathway′s overexpression is associated with
enhanced lung disease and lung fibrosis [54,55]. SARS-CoV-2 infection of colonic epithelial
cells in vitro showed that the activation of growth factor receptors such as EGFR and
PDGFR is associated with enhanced viral replication [32]. EGFR and PDGFR downstream
signalling is activated by phosphoinositide 3-kinase (PI3K), protein kinase B (AKT) and
mitogen-activated protein kinase (MAPK) pathways. The inhibition of these pathways
by anticancer drugs reduced SARS-CoV-2 replication [32]. Like coronaviruses, other
respiratory viruses such as influenza A virus and rhinovirus activate EGFR, leading to the
suppression of antiviral defence mechanisms and increased viral infection [56,57]. Further,
the inhibition of EGFR leads to reduced infection by influenza A and rhinovirus [56].
This experimental evidence indicates that the inhibition of EGFR signalling may prevent
an excessive fibrotic response to coronavirus and other respiratory viral pathogens [57].
Interestingly, in pulmonary mucormycosis and COVID-19 infection, the activation of EGFR
is necessary for their pathogenesis (Figure 2). The activated EGFR by COVID-19 may
enhance the binding of Mucorales spores, thereby aggravating the pathogenesis of CAM.
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Figure 2. Epidermal growth factor receptor (EGFR) in the pathogenesis of COVID-19-associated mucormycosis. In
COVID-19 disease and pulmonary mucormycosis, EGFR activation increases the lung pathology of both infections. EGFR
activation is mediated by mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), and protein kinase
B (AKT) pathways. Inhibition of EGFR by monoclonal antibody (mAB) or by drugs can reduce the lung damage and
pathological features associated with COVID-19 and mucormycosis. The anti-integrin β1 antibody inhibits Rhizopus-induced
phosphorylation of EGFR, leading to reduced lung damage in pulmonary mucormycosis.

3.2. Iron: The Possible Link between COVID-19 Infections and Mucormycosis

Hyperglycaemia is the major risk factor for mucormycosis. In patients with uncon-
trolled diabetes and poor glycaemic control, ketone concentration in the blood increases,
which leads to acidosis—this condition is known as diabetic ketoacidosis (DKA) [46,58].
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Iron binding proteins such as transferrin, ferritin and lactoferrin limit the release of free
iron in the blood and maintain iron homeostasis [59]. In metabolic disorders such as DKA,
the release of free iron in the blood increases, impairing iron homeostasis [58,59]. Patients
with diabetes mellitus showed increased serum ferritin levels, leading to increased iron
stores [27,60].

Similarly, COVID-19 interacts with the haemoglobin molecule and causes the dis-
sociation of iron from heme molecules, which leads to hyperferritinaemia in COVID-19
patients [29,61]. Hyperferritinaemia alters iron homeostasis, leading to iron overload in
the body [29,61]. Increased serum ferritin levels, IL-6 and D-dimer have been associated
with high mortality in COVID-19 patients [62]. Hyperferritinaemia in COVID-19 patients
is attributed primarily to inflammatory cells at the site of infection, such as macrophages,
and increased pro-inflammatory cytokine secretion, such as IL-6. These factors contribute
to increased lung inflammation and lung fibrosis, leading to severe disease [28,63].

Both hyperglycaemia and COVID-19 cause hyperferritinaemia, and the high ferritin
inside the cells causes the release of oxygen-free radicals, which damages the tissue and
releases free iron in the blood. The free iron in the blood favours Mucorales growth and
invasion of blood vessels, causing vessel thrombosis and tissue necrosis [58,64]. Iron ac-
quisition from the host is an important virulence attribute of Mucorales [64]. The genes
that mediate iron acquisition by reductive pathways, such as the high-affinity iron per-
mease (FTR1), multi-copper oxidase and ferric reductase, are conserved in the genomes
of medically important Mucorales [65,66]. Mucorales also possess other iron acquisi-
tion genes such as siderophore transporters and heme oxygenase (uptake of iron from
hemin) [65,66]. Further, Mucorales can store the acquired iron in the form of ferritins in their
cells. Three types of ferritins reported in Mucorales are (a) mycoferritin, (b) bacterioferritin,
and (c) zygoferritin [67].

The functional role of the high-affinity iron permease (FTR1) gene in the pathogenesis
of mucormycosis has been demonstrated in R. arrhizus and Lichtheimia corymbifera [68,69].
The FTR1 genes are not up-regulated in iron-rich conditions; however, they play an im-
portant role in the growth and survival of Mucorales in iron-depleted conditions [68,69].
Increased expression of the FTR1 genes in R. arrhizus has been observed in DKA mice
compared with the controls. FTR1 gene disruption (reduction in copy numbers) or the
inhibition of gene expression by RNA interference reduces the iron acquisition capability of
R. arrhizus, leading to decreased virulence in DKA mice [68]. The use of antibodies against
the FTR1 gene protected the DKA mice from mucormycosis [68].

Similar findings have been observed with L. corymbifera with in vitro experiments
showing increased co-expression of multi-copper ferroxidase (FET3) and FTR1 genes in
L. corymbifera during iron-depleted conditions [69]. In Mucor circinelloides, the role of
multicopper oxidase (fet3a, fet3b, fet3c) in the pathogenesis of mucormycosis has been
elucidated [70]. The expression of the multicopper oxidase (fet3a, fet3b, fet3c) gene is
strongly induced during iron-limiting conditions, suggesting their role in iron acquisition
and growth. Of those, the fet3c gene plays a predominant role in the virulence of M.
circinelloides. The fet3c mutant has demonstrated reduced virulence and mortality [70].
Similarly, in COVID-19 patients, Mucorales may use their iron acquisition genes and
establish infection in a susceptible host because of the increased ferritin levels.

Iron chelating therapies have been used in medical practice to reduce iron overload
in DKA patients, haemodialysis, renal failure, and transfusion-related disorders [71]. In
COVID-19 infections, hyperferritinaemia is associated with vascular coagulopathy and en-
dothelial inflammation, leading to multi-organ failure [72,73]. During COVID-19 infection,
iron chelation therapies have been proposed to treat hyperferritinaemia [72,73]. However,
iron-chelating agents such as deferoxamine predispose patients to mucormycosis [74,75].
In deferoxamine therapy, the siderophores of Mucorales can acquire iron from ferrioxamine
(iron-deferoxamine complex) [76]. In vivo experiments on a murine model treated with de-
feroxamine showed increased iron uptake, germination and virulence by R. arrhizus [77,78].
The Drosophila melanogaster model of mucormycosis showed that deferoxamine-fed flies
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infected with R. arrhizus developed severe disseminated infections with a higher mortality
rate than infected control flies with no deferoxamine [79]. It is observed that the Fob1/Fob2
proteins on the cell surface of R. arrhizus and other Mucorales spores act as a receptor to bind
ferrioxamine and acquire iron from ferrioxamine by the reductase/permease-dependent
pathway [78]. The Fob1/Fob2 and FTR1 mutant strain of R. arrhizus showed impaired iron
uptake, germination, and reduced virulence in deferoxamine-treated mice [78].

Other iron chelators, such as deferasirox and deferiprone, showed reduced fungal
burden in tissues and increased the survival rate in DKA and neutropenic mouse models
of mucormycosis [77,80]. However, the siderophores on Mucorales cannot utilise iron from
deferasirox and deferiprone [77,80]. Further, iron deprivation in in vitro conditions showed
apoptosis of the R. arrhizus spores. These findings suggested that iron deprivation plays an
important role in the pathogenesis of mucormycosis [81]. However, one must be cautious
about using an appropriate iron chelator molecule to treat hyperferritinaemia in COVID-19
patients till clinical trials prove the actual utility.

3.3. Corticosteroid Therapy: A Friend-Turned-Foe in CAM

The World Health Organisation (WHO) strongly recommends using systemic corticos-
teroid therapy (6 mg of dexamethasone orally/intravenously daily or 50 mg of hydrocorti-
sone intravenously every 8 h) for 7 to 10 days in patients with severe and critical COVID-19
infections. Further, they conditionally recommend not to use corticosteroid therapy in
patients with non-severe COVID-19 and without any oxygen desaturation [82]. Glucocorti-
coids are widely used for their anti-inflammatory and immunosuppressive properties [83].
However, prolonged steroid use affects the immune system and leads to severe side effects
such as hypertension, diabetes and osteoporosis [83]. Hyperglycaemia is the most common
complication after glucocorticoid treatment [22]. Similarly, in previously diagnosed dia-
betic patients, the use of glucocorticoids is restricted due to the risk of disrupting glucose
metabolism and the possible chances of acquiring insulin resistance [22,84]. In this group
of patients, prolonged and inappropriate doses of steroid use can lead to severe immune
suppression and the alteration of blood glucose levels [21,22]. Inappropriate steroid use is
a significant risk factor for CAM cases [6,9,11].

The use of corticosteroid therapy suppresses the function of immune cells such as
macrophages, neutrophils, platelets and T cells [26]. In anti-Mucor immunity, neutrophils
and macrophages play a cardinal role, and the glucocorticoid-treated cells are defective
in adherence, chemotaxis, oxidative burst and nitric oxide production [26,85]. Thus, the
innate immune defects in phagocytic cells after glucocorticoid treatment make individuals
highly susceptible to mucormycosis. Further, the experimental evidence reported that
glucocorticoid treatment increases the surface expression of the GRP78 receptor [86,87].
Thus, the early use of dexamethasone in COVID-19 patients may increase GRP78 levels,
leading to severe infections by increasing viral attachment and replication [88]. Similarly,
glucocorticoid-induced immune defects and altered receptor expression may enhance the
pathogenesis of CAM.

Multiple experimental studies have evaluated the innate response to Mucorales spores
in healthy hosts and diabetes or glucocorticoid-induced immunocompromised condi-
tions [79,85,89–91]. Alveolar macrophages from healthy mice failed to kill the R. arrhizus
spores, though spore germination was suppressed [85,89,90]. In the Drosophila melanogaster
model of mucormycosis, the phagocytosis of R. arrhizus spores was delayed under normal
immune conditions [79]. In the Zebrafish model of mucormycosis, macrophages and
neutrophils were actively recruited on infection with Mucorales spores. However, neu-
trophils alone played a protective role against Mucorales spores, whereas macrophages
underwent apoptosis after interaction with Mucorales spores [92]. These experimen-
tal findings reported the reduced phagocytic potential of innate immune cells in the
immunocompetent host.

In contrast to immunocompetent hosts, mice treated with cyclophosphamide or corti-
sone acetate showed severe infection and a higher mortality rate on infection with Muco-
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rales [93]. Cortisone acetate treatment abolishes the phagocytic functions of macrophages,
and they fail to inhibit the spore germination and killing of R. arrhizus spores [89]. Similarly,
dexamethasone-treated D. melanogaster infected with R. arrhizus spores showed impaired
phagocytic activity and reduced hyphal damage compared to immunocompetent flies [79].
During immunosuppression, the phagocytic potential of macrophages is compromised,
and they fail to arrest the growth of Mucorales spores, which leads to hyphal invasion
and progressive disease [79,89]. Dexamethasone-treated zebrafish infected with Mucorales
spores showed reduced recruitment of macrophages and neutrophils to infection sites,
resulting in higher mortality [94]. Like other immunosuppressed conditions, diabetes
mellitus causes a delay in phagocytosis and killing inside the macrophages [25,89,90]. In
patients with DKA, the impaired killing of Mucorales spores by neutrophils has been
observed compared to healthy hosts [95]. These findings suggest that steroid treatment
and diabetes mellitus reduce the phagocytic functions of macrophages and neutrophils
against Mucorales spores. Similar to the experimental conditions, COVID-19 patients have
impaired immune functions due to glucocorticoid therapy or diabetes mellitus, which
predisposes them to CAM (Figure 3).

J. Fungi 2021, 7, 616 8 of 13 
 

 

under normal immune conditions [79]. In the Zebrafish model of mucormycosis, 
macrophages and neutrophils were actively recruited on infection with Mucorales spores. 
However, neutrophils alone played a protective role against Mucorales spores, whereas 
macrophages underwent apoptosis after interaction with Mucorales spores [92]. These 
experimental findings reported the reduced phagocytic potential of innate immune cells 
in the immunocompetent host. 

In contrast to immunocompetent hosts, mice treated with cyclophosphamide or 
cortisone acetate showed severe infection and a higher mortality rate on infection with 
Mucorales [93]. Cortisone acetate treatment abolishes the phagocytic functions of 
macrophages, and they fail to inhibit the spore germination and killing of R. arrhizus 
spores [89]. Similarly, dexamethasone-treated D. melanogaster infected with R. arrhizus 
spores showed impaired phagocytic activity and reduced hyphal damage compared to 
immunocompetent flies [79]. During immunosuppression, the phagocytic potential of 
macrophages is compromised, and they fail to arrest the growth of Mucorales spores, 
which leads to hyphal invasion and progressive disease [79,89]. Dexamethasone-treated 
zebrafish infected with Mucorales spores showed reduced recruitment of macrophages 
and neutrophils to infection sites, resulting in higher mortality [94]. Like other 
immunosuppressed conditions, diabetes mellitus causes a delay in phagocytosis and 
killing inside the macrophages [25,89,90]. In patients with DKA, the impaired killing of 
Mucorales spores by neutrophils has been observed compared to healthy hosts [95]. These 
findings suggest that steroid treatment and diabetes mellitus reduce the phagocytic 
functions of macrophages and neutrophils against Mucorales spores. Similar to the 
experimental conditions, COVID-19 patients have impaired immune functions due to 
glucocorticoid therapy or diabetes mellitus, which predisposes them to CAM (Figure 3). 

 
Figure 3. Corticosteroid therapy-induced immune dysfunction in COVID-19-associated mucormycosis. Corticosteroid 
therapy and diabetes mellitus attenuate the phagocytic functions of immune cells that allow the germination of Mucorales 
spores, leading to angio-invasion and tissue necrosis. Corticosteroid treatment impairs adherence, chemotaxis, 
phagocytosis and reactive oxygen species (ROS) production, failing to arrest spore germination and leading to hyphae-
mediated endothelial invasion and damage. 

Figure 3. Corticosteroid therapy-induced immune dysfunction in COVID-19-associated mucormycosis. Corticosteroid
therapy and diabetes mellitus attenuate the phagocytic functions of immune cells that allow the germination of Mucorales
spores, leading to angio-invasion and tissue necrosis. Corticosteroid treatment impairs adherence, chemotaxis, phagocytosis
and reactive oxygen species (ROS) production, failing to arrest spore germination and leading to hyphae-mediated
endothelial invasion and damage.

4. Conclusions

CAM outbreak is an important challenge during the COVID-19 pandemic in India.
The emergence of mucormycosis in COVID-19 patients is attributed to environmental, host,
and iatrogenic factors. The role of environmental factors needs to be evaluated to find
the reason behind the unprecedented surge of CAM cases in India. The other possible
reason for the surge could be uncontrolled diabetes and the consequence of COVID-19
itself. Pre-existing endothelial damage due to SARS-CoV-2 infection could trigger the
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pathogenic potential of Mucorales. Epithelial cell interaction and endothelial invasion
mediate the pathogenesis of mucormycosis, and the endothelial breach in COVID-19 can
increase the binding of Mucorales spores and initiate tissue invasion in the host. The over-
expression of host receptors such as GRP78 and EGFR is associated with the pathogenesis
of COVID-19 infections as they are essential for viral binding, internalisation and viral
replication. Surprisingly, the GRP78 receptor on nasal epithelial cells and endothelial
cells and integrin β1 and EGFR receptors on airway epithelial cells are essential for cell
adhesion and tissue invasion by Mucorales. CotH proteins on Mucorales spores interact
with different host receptors depending on the site of infection (CotH3–GRP78 in the
ROCM type and CotH7–integrin β1–EGFR in pulmonary mucormycosis), which leads to
disease progression.

Iron acquisition from the host is an important virulence trait of Mucorales. Patients
with hyperglycaemia and COVID-19-induced inflammation often present with an increase
in free iron in the blood, which predisposes them to mucormycosis. Mucorales use free
iron by reductive iron acquisition pathway genes such as FTR1 and multicopper oxidase.
The use of iron chelating agents such as deferoxamine to treat hyperferritinaemia in
COVID-19 infections may also predispose them to mucormycosis. Mucorales spores bind
to deferoxamine using their Fob1/Fob2 proteins on the cell surface, acquire iron from
deferoxamine by the reductase/permease pathway, and initiate the pathological process.
Further, in COVID-19 patients, inappropriately high doses of steroid use predispose them
to mucormycosis. The prolonged use of steroids or an inappropriate dose of steroids
suppresses the immune system, leading to complications such as steroid-induced diabetes.
In addition, macrophage and neutrophil functions are impaired after steroid treatment
with an attenuated oxidative burst and failure to kill the invading fungal spores, leading
to disease progression. These overlapping pathogenic determinants between COVID-19
infections and mucormycosis may be the possible reason for the emergence of CAM.

However, further detailed studies are warranted to understand the pathogenesis of
CAM. Future studies should be directed on: (a) the possible link between the immuno-
suppression mediated by the Delta or Delta plus variant of SARS-CoV-2 and their effect
on Mucorales’ specific immunity; (b) the genetic susceptibility of the Indian population
to mucormycosis; (c) the difference in virulence properties of Mucorales strains isolated
during the CAM outbreak and those isolated before the COVID-19 pandemic; and (d) the
other possible environmental and iatrogenic factors associated with the outbreak of CAM.

Author Contributions: All the authors contributed to the conceptualisation of the idea given in the
manuscript. H.P., S.M.R., A.C., and A.S. performed the literature review and wrote the manuscript.
R.A.P. and H.P. created the figure given in the manuscript. A.C., S.M.R. and A.S. provided expert
comments and edited the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: No external funding was received for this research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Spellberg, B.; Edwards, J.; Ibrahim, A. Novel perspectives on mucormycosis: Pathophysiology, presentation, and management.

Clin. Microbiol. Rev. 2005, 18, 556–569. [CrossRef]
2. Prakash, H.; Ghosh, A.K.; Rudramurthy, S.M.; Paul, R.A.; Gupta, S.; Negi, V.; Chakrabarti, A. The environmental source of

emerging Apophysomyces variabilis infection in India. Med. Mycol. 2016, 54, 567–575. [CrossRef]
3. Richardson, M. The ecology of the Zygomycetes and its impact on environmental exposure. Clin. Microbiol. Infect. 2009, 15

(Suppl. S5), 2–9. [CrossRef]
4. Prakash, H.; Chakrabarti, A. Global Epidemiology of Mucormycosis. J. Fungi 2019, 5, 26. [CrossRef]
5. Prakash, H.; Chakrabarti, A. Epidemiology of Mucormycosis in India. Microorganisms 2021, 9, 523. [CrossRef] [PubMed]
6. Hoenigl, M.; Seidel, D.; Carvalho, A.; Rudramurthy, S.M.; Arastehfar, A.; Gangneux, J.P.; Nasir, N.; Bonifaz, A.; Araiza, J.; Klimko,

N.; et al. The Emergence of COVID-19 Associated Mucormycosis: Analysis of Cases From 18 Countries. [CrossRef]

http://doi.org/10.1128/CMR.18.3.556-569.2005
http://doi.org/10.1093/mmy/myw014
http://doi.org/10.1111/j.1469-0691.2009.02972.x
http://doi.org/10.3390/jof5010026
http://doi.org/10.3390/microorganisms9030523
http://www.ncbi.nlm.nih.gov/pubmed/33806386
http://doi.org/10.2139/ssrn.3844587


J. Fungi 2021, 7, 616 10 of 13

7. Rudramurthy, S.M.; Hoenigl, M.; Meis, J.F.; Cornely, O.A.; Muthu, V.; Gangneux, J.P.; Perfect, J.; Chakrabarti, A.; ECMM
and ISHAM. ECMM/ISHAM recommendations for clinical management of COVID-19 associated mucormycosis in low- and
middle-income countries. Mycoses 2021. [CrossRef]

8. Cornely, O.A.; Alastruey-Izquierdo, A.; Arenz, D.; Chen, S.C.A.; Dannaoui, E.; Hochhegger, B.; Hoenigl, M.; Jensen, H.E.; Lagrou,
K.; Lewis, R.E.; et al. 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. Lancet.
Infect. Dis. 2019, 19, e405–e421. [CrossRef]

9. Patel, A.; Agarwal, R.; Rudramurthy, S.M.; Shevkani, M.; Xess, I.; Sharma, R.; Savio, J.; Sethuraman, N.; Madan, S.; Shastri, P.;
et al. Multicenter Epidemiologic Study of Coronavirus Disease-Associated Mucormycosis, India. Emerg. Infect. Dis. 2021, 27.
[CrossRef]

10. Prakash, H.; Singh, S.; Rudramurthy, S.M.; Singh, P.; Mehta, N.; Shaw, D.; Ghosh, A.K. An aero mycological analysis of
Mucormycetes in indoor and outdoor environments of northern India. Med. Mycol. 2020, 58, 118–123. [CrossRef] [PubMed]

11. Singh, A.K.; Singh, R.; Joshi, S.R.; Misra, A. Mucormycosis in COVID-19: A systematic review of cases reported worldwide and in
India. Diabetes Metab. Syndr. Clin. Res. Rev. 2021, 15, 102146. [CrossRef]

12. Moorthy, A.; Gaikwad, R.; Krishna, S.; Hegde, R.; Tripathi, K.K.; Kale, P.G.; Rao, P.S.; Haldipur, D.; Bonanthaya, K. SARS-CoV-2,
Uncontrolled Diabetes and Corticosteroids-An Unholy Trinity in Invasive Fungal Infections of the Maxillofacial Region? A
Retrospective, Multi-centric Analysis. J. Maxillofac. Oral Surg. 2021, 2, 1–8. [CrossRef]

13. Jose, A.; Singh, S.; Roychoudhury, A.; Kholakiya, Y.; Arya, S.; Roychoudhury, S. Current Understanding in the Pathophysiology
of SARS-CoV-2-Associated Rhino-Orbito-Cerebral Mucormycosis: A Comprehensive Review. J. Maxillofac. Oral Surg. 2021.
[CrossRef]

14. Richardson, M.D.; Rautemaa-Richardson, R. Biotic Environments Supporting the Persistence of Clinically Relevant Mucormycetes.
J. Fungi 2019, 6, 4. [CrossRef] [PubMed]

15. Jeong, W.; Keighley, C.; Wolfe, R.; Lee, W.L.; Slavin, M.A.; Kong, D.C.M.; Chen, S.C.A. The epidemiology and clinical man-
ifestations of mucormycosis: A systematic review and meta-analysis of case reports. Clin. Microbiol. Infect. 2019, 25, 26–34.
[CrossRef]

16. Patel, A.; Kaur, H.; Xess, I.; Michael, J.S.; Savio, J.; Rudramurthy, S.; Singh, R.; Shastri, P.; Umabala, P.; Sardana, R.; et al. A
multicentre observational study on the epidemiology, risk factors, management and outcomes of mucormycosis in India. Clin.
Microbiol. Infect. 2020, 26, 944.e9. [CrossRef] [PubMed]

17. Prakash, H.; Ghosh, A.K.; Rudramurthy, S.M.; Singh, P.; Xess, I.; Savio, J.; Pamidimukkala, U.; Jillwin, J.; Varma, S.; Das, A.;
et al. A prospective multicenter study on mucormycosis in India: Epidemiology, diagnosis, and treatment. Med. Mycol. 2019, 57,
395–402. [CrossRef] [PubMed]

18. John, T.M.; Jacob, C.N.; Kontoyiannis, D.P. When Uncontrolled Diabetes Mellitus and Severe COVID-19 Converge: The Perfect
Storm for Mucormycosis. J. Fungi 2021, 7, 298. [CrossRef]

19. Müller, J.A.; Groß, R.; Conzelmann, C.; Krüger, J.; Merle, U.; Steinhart, J.; Weil, T.; Koepke, L.; Bozzo, C.P.; Read, C.; et al.
SARS-CoV-2 infects and replicates in cells of the human endocrine and exocrine pancreas. Nat. Metab. 2021, 3, 149–165. [CrossRef]
[PubMed]

20. Wu, C.-T.; Lidsky, P.V.; Xiao, Y.; Lee, I.T.; Cheng, R.; Nakayama, T.; Jiang, S.; Demeter, J.; Bevacqua, R.J.; Chang, C.A.; et al.
SARS-CoV-2 infects human pancreatic β cells and elicits β cell impairment. Cell Metab. 2021, 1–12. [CrossRef]

21. Hwang, J.L.; Weiss, R.E. Steroid-induced diabetes: A clinical and molecular approach to understanding and treatment. Diabetes
Metab. Res. Rev. 2014, 30, 96–102. [CrossRef]

22. Suh, S.; Park, M.K. Glucocorticoid-Induced Diabetes Mellitus: An Important but Overlooked Problem. Endocrinol. Metab. 2017,
32, 180–189. [CrossRef]

23. Tan, T.; Khoo, B.; Mills, E.G.; Phylactou, M.; Patel, B.; Eng, P.C.; Thurston, L.; Muzi, B.; Meeran, K.; Prevost, A.T.; et al. Association
between high serum total cortisol concentrations and mortality from COVID-19. Lancet Diabetes Endocrinol. 2020, 8, 659–660.
[CrossRef]

24. Dias, J.P.; Joseph, J.J.; Kluwe, B.; Zhao, S.; Shardell, M.; Seeman, T.; Needham, B.L.; Wand, G.S.; Kline, D.; Brock, G.; et al. The
longitudinal association of changes in diurnal cortisol features with fasting glucose: MESA. Psychoneuroendocrinology 2020, 119,
104698. [CrossRef]

25. Geerlings, S.E.; Hoepelman, A.I.M. Immune dysfunction in patients with diabetes mellitus (DM). FEMS Immunol. Med. Microbiol.
1999, 26, 259–265. [CrossRef] [PubMed]

26. Lionakis, M.S.; Kontoyiannis, D.P. Glucocorticoids and invasive fungal infections. Lancet 2003, 362, 1828–1838. [CrossRef]
27. Canturk, Z.; Cetinarslan, B.; Tarkun, I.; Canturk, N.Z. Serum ferritin levels in poorly- and well-controlled diabetes mellitus.

Endocr. Res. 2003, 29, 299–306. [CrossRef]
28. Sonnweber, T.; Boehm, A.; Sahanic, S.; Pizzini, A.; Aichner, M.; Sonnweber, B.; Kurz, K.; Koppelstätter, S.; Haschka, D.; Petzer,

V.; et al. Persisting alterations of iron homeostasis in COVID-19 are associated with non-resolving lung pathologies and poor
patients’ performance: A prospective observational cohort study. Respir. Res. 2020, 21, 276. [CrossRef]

29. Cavezzi, A.; Troiani, E.; Corrao, S. COVID-19: Hemoglobin, Iron, and Hypoxia beyond Inflammation. A Narrative Review. Clin.
Pract. 2020, 10, 24–30. [CrossRef]

http://doi.org/10.1111/myc.13335
http://doi.org/10.1016/S1473-3099(19)30312-3
http://doi.org/10.3201/eid2709.210934
http://doi.org/10.1093/mmy/myz031
http://www.ncbi.nlm.nih.gov/pubmed/30980083
http://doi.org/10.1016/j.dsx.2021.05.019
http://doi.org/10.1007/s12663-021-01532-1
http://doi.org/10.1007/s12663-021-01604-2
http://doi.org/10.3390/jof6010004
http://www.ncbi.nlm.nih.gov/pubmed/31861785
http://doi.org/10.1016/j.cmi.2018.07.011
http://doi.org/10.1016/j.cmi.2019.11.021
http://www.ncbi.nlm.nih.gov/pubmed/31811914
http://doi.org/10.1093/mmy/myy060
http://www.ncbi.nlm.nih.gov/pubmed/30085158
http://doi.org/10.3390/jof7040298
http://doi.org/10.1038/s42255-021-00347-1
http://www.ncbi.nlm.nih.gov/pubmed/33536639
http://doi.org/10.1016/j.cmet.2021.05.013
http://doi.org/10.1002/dmrr.2486
http://doi.org/10.3803/EnM.2017.32.2.180
http://doi.org/10.1016/S2213-8587(20)30216-3
http://doi.org/10.1016/j.psyneuen.2020.104698
http://doi.org/10.1111/j.1574-695X.1999.tb01397.x
http://www.ncbi.nlm.nih.gov/pubmed/10575137
http://doi.org/10.1016/S0140-6736(03)14904-5
http://doi.org/10.1081/ERC-120025037
http://doi.org/10.1186/s12931-020-01546-2
http://doi.org/10.4081/cp.2020.1271


J. Fungi 2021, 7, 616 11 of 13

30. Gavriilaki, E.; Anyfanti, P.; Gavriilaki, M.; Lazaridis, A.; Douma, S.; Gkaliagkousi, E. Endothelial Dysfunction in COVID-19:
Lessons Learned from Coronaviruses. Curr. Hypertens. Rep. 2020, 22, 63. [CrossRef]

31. Carlos, A.J.; Ha, D.P.; Yeh, D.-W.; Van Krieken, R.; Tseng, C.-C.; Zhang, P.; Gill, P.; Machida, K.; Lee, A.S. The chaperone GRP78 is
a host auxiliary factor for SARS-CoV-2 and GRP78 depleting antibody blocks viral entry and infection. J. Biol. Chem. 2021, 296,
100759. [CrossRef]

32. Klann, K.; Bojkova, D.; Tascher, G.; Ciesek, S.; Münch, C.; Cinatl, J. Growth Factor Receptor Signaling Inhibition Prevents
SARS-CoV-2 Replication. Mol. Cell 2020, 80, 164–174.e4. [CrossRef] [PubMed]

33. Jin, Y.; Ji, W.; Yang, H.; Chen, S.; Zhang, W.; Duan, G. Endothelial activation and dysfunction in COVID-19: From basic
mechanisms to potential therapeutic approaches. Signal Transduct. Target. Ther. 2020, 5, 293. [CrossRef] [PubMed]

34. Thacker, V.V.; Sharma, K.; Dhar, N.; Mancini, G.; Sordet-Dessimoz, J.; McKinney, J.D. Rapid endotheliitis and vascular damage
characterize SARS-CoV-2 infection in a human lung-on-chip model. EMBO Rep. 2021, 22, e52744. [CrossRef] [PubMed]

35. Ibrahim, I.M.; Abdelmalek, D.H.; Elshahat, M.E.; Elfiky, A.A. COVID-19 spike-host cell receptor GRP78 binding site prediction. J.
Infect. 2020, 80, 554–562. [CrossRef]

36. Girona, J.; Rodríguez-Borjabad, C.; Ibarretxe, D.; Vallvé, J.-C.; Ferré, R.; Heras, M.; Rodríguez-Calvo, R.; Guaita-Esteruelas,
S.; Martínez-Micaelo, N.; Plana, N.; et al. The Circulating GRP78/BiP Is a Marker of Metabolic Diseases and Atherosclerosis:
Bringing Endoplasmic Reticulum Stress into the Clinical Scenario. J. Clin. Med. 2019, 8, 1793. [CrossRef] [PubMed]

37. Farshbaf, M.; Khosroushahi, A.Y.; Mojarad-Jabali, S.; Zarebkohan, A.; Valizadeh, H.; Walker, P.R. Cell surface GRP78: An emerging
imaging marker and therapeutic target for cancer. J. Control. Release 2020, 328, 932–941. [CrossRef] [PubMed]

38. Sabirli, R.; Koseler, A.; Goren, T.; Turkcuer, I.; Kurt, O. High GRP78 levels in Covid-19 infection: A case-control study. Life Sci.
2021, 265, 118781. [CrossRef]

39. Rayner, J.O.; Roberts, R.A.; Kim, J.; Poklepovic, A.; Roberts, J.L.; Booth, L.; Dent, P. AR12 (OSU-03012) suppresses GRP78
expression and inhibits SARS-CoV-2 replication. Biochem. Pharmacol. 2020, 182, 114227. [CrossRef]

40. Leonard, A.; Grose, V.; Paton, A.W.; Paton, J.C.; Yule, D.I.; Rahman, A.; Fazal, F. Selective Inactivation of Intracellular BiP/GRP78
Attenuates Endothelial Inflammation and Permeability in Acute Lung Injury. Sci. Rep. 2019, 9, 2096. [CrossRef]

41. Calabretta, E.; Moraleda, J.M.; Iacobelli, M.; Jara, R.; Vlodavsky, I.; O’Gorman, P.; Pagliuca, A.; Mo, C.; Baron, R.M.; Aghemo, A.;
et al. COVID-19-induced endotheliitis: Emerging evidence and possible therapeutic strategies. Br. J. Haematol. 2021, 193, 43–51.
[CrossRef]

42. Huertas, A.; Montani, D.; Savale, L.; Pichon, J.; Tu, L.; Parent, F.; Guignabert, C.; Humbert, M. Endothelial cell dysfunction: A
major player in SARS-CoV-2 infection (COVID-19)? Eur. Respir. J. 2020, 56, 2001634. [CrossRef]

43. Iba, T.; Connors, J.M.; Levy, J.H. The coagulopathy, endotheliopathy, and vasculitis of COVID-19. Inflamm. Res. 2020, 69,
1181–1189. [CrossRef] [PubMed]

44. Ha, D.P.; Van Krieken, R.; Carlos, A.J.; Lee, A.S. The stress-inducible molecular chaperone GRP78 as potential therapeutic target
for coronavirus infection. J. Infect. 2020, 81, 452–482. [CrossRef] [PubMed]

45. Chu, H.; Chan, C.-M.; Zhang, X.; Wang, Y.; Yuan, S.; Zhou, J.; Au-Yeung, R.K.-H.; Sze, K.-H.; Yang, D.; Shuai, H.; et al. Middle
East respiratory syndrome coronavirus and bat coronavirus HKU9 both can utilize GRP78 for attachment onto host cells. J. Biol.
Chem. 2018, 293, 11709–11726. [CrossRef] [PubMed]

46. Liu, M.; Spellberg, B.; Phan, Q.T.; Fu, Y.; Fu, Y.; Lee, A.S.; Edwards, J.E.; Filler, S.G.; Ibrahim, A.S. The endothelial cell receptor
GRP78 is required for mucormycosis pathogenesis in diabetic mice. J. Clin. Investig. 2010, 120, 1914–1924. [CrossRef]

47. Alqarihi, A.; Gebremariam, T.; Gu, Y.; Swidergall, M.; Alkhazraji, S.; Soliman, S.S.M.; Bruno, V.M.; Edwards, J.E.; Filler, S.G.;
Uppuluri, P.; et al. GRP78 and Integrins Play Different Roles in Host Cell Invasion during Mucormycosis. mBio 2020, 11, 1–18.
[CrossRef]

48. Gebremariam, T.; Liu, M.; Luo, G.; Bruno, V.; Phan, Q.T.; Waring, A.J.; Edwards, J.E.; Filler, S.G.; Yeaman, M.R.; Ibrahim, A.S.
CotH3 mediates fungal invasion of host cells during mucormycosis. J. Clin. Investig. 2014, 124, 237–250. [CrossRef]

49. Chibucos, M.C.; Soliman, S.; Gebremariam, T.; Lee, H.; Daugherty, S.; Orvis, J.; Shetty, A.C.; Crabtree, J.; Hazen, T.H.; Etienne,
K.A.; et al. An integrated genomic and transcriptomic survey of mucormycosis-causing fungi. Nat. Commun. 2016, 7, 12218.
[CrossRef]

50. Lee, S.C.; Li, A.; Calo, S.; Heitman, J. Calcineurin plays key roles in the dimorphic transition and virulence of the human
pathogenic zygomycete Mucor circinelloides. PLoS Pathog. 2013, 9, e1003625. [CrossRef]

51. Vellanki, S.; Billmyre, R.B.; Lorenzen, A.; Campbell, M.; Turner, B.; Huh, E.Y.; Heitman, J.; Lee, S.C. A Novel Resistance Pathway
for Calcineurin Inhibitors in the Human-Pathogenic Mucorales Mucor circinelloides. mBio 2020, 11, 1–20. [CrossRef]

52. Soliman, S.S.M.; Baldin, C.; Gu, Y.; Singh, S.; Gebremariam, T.; Swidergall, M.; Alqarihi, A.; Youssef, E.G.; Alkhazraji, S.; Pikoulas,
A.; et al. Mucoricin is a ricin-like toxin that is critical for the pathogenesis of mucormycosis. Nat. Microbiol. 2021, 6, 313–326.
[CrossRef]

53. Watkins, T.N.; Gebremariam, T.; Swidergall, M.; Shetty, A.C.; Graf, K.T.; Alqarihi, A.; Alkhazraji, S.; Alsaadi, A.I.; Edwards, V.L.;
Filler, S.G.; et al. Inhibition of EGFR Signaling Protects from Mucormycosis. mBio 2018, 9, 1–13. [CrossRef]

54. Venkataraman, T.; Coleman, C.M.; Frieman, M.B. Overactive Epidermal Growth Factor Receptor Signaling Leads to Increased
Fibrosis after Severe Acute Respiratory Syndrome Coronavirus Infection. J. Virol. 2017, 91, 1–17. [CrossRef] [PubMed]

55. Venkataraman, T.; Frieman, M.B. The role of epidermal growth factor receptor (EGFR) signaling in SARS coronavirus-induced
pulmonary fibrosis. Antiviral Res. 2017, 143, 142–150. [CrossRef] [PubMed]

http://doi.org/10.1007/s11906-020-01078-6
http://doi.org/10.1016/j.jbc.2021.100759
http://doi.org/10.1016/j.molcel.2020.08.006
http://www.ncbi.nlm.nih.gov/pubmed/32877642
http://doi.org/10.1038/s41392-020-00454-7
http://www.ncbi.nlm.nih.gov/pubmed/33361764
http://doi.org/10.15252/embr.202152744
http://www.ncbi.nlm.nih.gov/pubmed/33908688
http://doi.org/10.1016/j.jinf.2020.02.026
http://doi.org/10.3390/jcm8111793
http://www.ncbi.nlm.nih.gov/pubmed/31717752
http://doi.org/10.1016/j.jconrel.2020.10.055
http://www.ncbi.nlm.nih.gov/pubmed/33129921
http://doi.org/10.1016/j.lfs.2020.118781
http://doi.org/10.1016/j.bcp.2020.114227
http://doi.org/10.1038/s41598-018-38312-w
http://doi.org/10.1111/bjh.17240
http://doi.org/10.1183/13993003.01634-2020
http://doi.org/10.1007/s00011-020-01401-6
http://www.ncbi.nlm.nih.gov/pubmed/32918567
http://doi.org/10.1016/j.jinf.2020.06.017
http://www.ncbi.nlm.nih.gov/pubmed/32535155
http://doi.org/10.1074/jbc.RA118.001897
http://www.ncbi.nlm.nih.gov/pubmed/29887526
http://doi.org/10.1172/JCI42164
http://doi.org/10.1128/mBio.01087-20
http://doi.org/10.1172/JCI71349
http://doi.org/10.1038/ncomms12218
http://doi.org/10.1371/journal.ppat.1003625
http://doi.org/10.1128/mBio.02949-19
http://doi.org/10.1038/s41564-020-00837-0
http://doi.org/10.1128/mBio.01384-18
http://doi.org/10.1128/JVI.00182-17
http://www.ncbi.nlm.nih.gov/pubmed/28404843
http://doi.org/10.1016/j.antiviral.2017.03.022
http://www.ncbi.nlm.nih.gov/pubmed/28390872


J. Fungi 2021, 7, 616 12 of 13

56. Ueki, I.F.; Min-Oo, G.; Kalinowski, A.; Ballon-Landa, E.; Lanier, L.L.; Nadel, J.A.; Koff, J.L. Respiratory virus-induced EGFR
activation suppresses IRF1-dependent interferon λ and antiviral defense in airway epithelium. J. Exp. Med. 2013, 210, 1929–1936.
[CrossRef]

57. Hondermarck, H.; Bartlett, N.W.; Nurcombe, V. The role of growth factor receptors in viral infections: An opportunity for drug
repurposing against emerging viral diseases such as COVID-19? FASEB BioAdvances 2020, 2, 296–303. [CrossRef]

58. Ibrahim, A.S.; Spellberg, B.; Walsh, T.J.; Kontoyiannis, D.P. Pathogenesis of mucormycosis. Clin. Infect. Dis. 2012, 54 (Suppl. S1),
S16–S22. [CrossRef]

59. Stanford, F.A.; Voigt, K. Iron Assimilation during Emerging Infections Caused by Opportunistic Fungi with emphasis on
Mucorales and the Development of Antifungal Resistance. Genes 2020, 11, 1296. [CrossRef] [PubMed]

60. Lecube, A.; Hernández, C.; Genescà, J.; Esteban, J.I.; Jardí, R.; García, L.; Simó, R. Diabetes is the main factor accounting for the
high ferritin levels detected in chronic hepatitis C virus infection. Diabetes Care 2004, 27, 2669–2675. [CrossRef]

61. Habib, H.M.; Ibrahim, S.; Zaim, A.; Ibrahim, W.H. The role of iron in the pathogenesis of COVID-19 and possible treatment with
lactoferrin and other iron chelators. Biomed. Pharmacother. 2021, 136, 111228. [CrossRef]

62. Zhou, F.; Yu, T.; Du, R.; Fan, G.; Liu, Y.; Liu, Z.; Xiang, J.; Wang, Y.; Song, B.; Gu, X.; et al. Clinical course and risk factors
for mortality of adult inpatients with COVID-19 in Wuhan, China: A retrospective cohort study. Lancet 2020, 395, 1054–1062.
[CrossRef]

63. Gómez-Pastora, J.; Weigand, M.; Kim, J.; Wu, X.; Strayer, J.; Palmer, A.F.; Zborowski, M.; Yazer, M.; Chalmers, J.J. Hyperferritinemia
in critically ill COVID-19 patients—Is ferritin the product of inflammation or a pathogenic mediator? Clin. Chim. Acta. 2020, 509,
249–251. [CrossRef]

64. Ibrahim, A.S. Host cell invasion in mucormycosis: Role of iron. Curr. Opin. Microbiol. 2011, 14, 406–411. [CrossRef]
65. Prakash, H.; Rudramurthy, S.M.; Gandham, P.S.; Ghosh, A.K.; Kumar, M.M.; Badapanda, C.; Chakrabarti, A. Apophysomyces

variabilis: Draft genome sequence and comparison of predictive virulence determinants with other medically important Mucorales.
BMC Genom. 2017, 18, 736. [CrossRef]

66. Ma, L.-J.; Ibrahim, A.S.; Skory, C.; Grabherr, M.G.; Burger, G.; Butler, M.; Elias, M.; Idnurm, A.; Lang, B.F.; Sone, T.; et al. Genomic
Analysis of the Basal Lineage Fungus Rhizopus oryzae Reveals a Whole-Genome Duplication. PLoS Genet. 2009, 5, e1000549.
[CrossRef]

67. Ibrahim, A.S.; Spellberg, B.; Edwards, J. Iron acquisition: A novel perspective on mucormycosis pathogenesis and treatment.
Curr. Opin. Infect. Dis. 2008, 21, 620–625. [CrossRef]

68. Ibrahim, A.S.; Gebremariam, T.; Lin, L.; Luo, G.; Husseiny, M.I.; Skory, C.D.; Fu, Y.; French, S.W.; Edwards, J.E., Jr.; Spellberg,
B. The high affinity iron permease is a key virulence factor required for Rhizopus oryzae pathogenesis. Mol. Microbiol. 2010, 77,
587–604. [CrossRef]

69. Stanford, F.A.; Matthies, N.; Cseresnyés, Z.; Figge, M.T.; Hassan, M.I.A.; Voigt, K. Expression Patterns in Reductive Iron
Assimilation and Functional Consequences during Phagocytosis of Lichtheimia corymbifera, an Emerging Cause of Mucormycosis.
J. Fungi 2021, 7, 272. [CrossRef]

70. Navarro-Mendoza, M.I.; Pérez-Arques, C.; Murcia, L.; Martínez-García, P.; Lax, C.; Sanchis, M.; Capilla, J.; Nicolás, F.E.; Garre, V.
Components of a new gene family of ferroxidases involved in virulence are functionally specialized in fungal dimorphism. Sci.
Rep. 2018, 8, 7660. [CrossRef]

71. Cappellini, M.D.; Musallam, K.M.; Taher, A.T. Overview of Iron Chelation Therapy with Desferrioxamine and Deferiprone.
Hemoglobin 2009, 33, S58–S69. [CrossRef]

72. Abobaker, A. Can iron chelation as an adjunct treatment of COVID-19 improve the clinical outcome? Eur. J. Clin. Pharmacol. 2020,
76, 1619–1620. [CrossRef]

73. Dalamaga, M.; Karampela, I.; Mantzoros, C.S. Commentary: Could iron chelators prove to be useful as an adjunct to COVID-19
Treatment Regimens? Metabolism. 2020, 108, 154260. [CrossRef] [PubMed]

74. Boelaert, J.R.; Fenves, A.Z.; Coburn, J.W. Deferoxamine Therapy and Mucormycosis in Dialysis Patients: Report of an International
Registry. Am. J. Kidney Dis. 1991, 18, 660–667. [CrossRef]

75. Daly, A.L.; Velazquez, L.A.; Bradley, S.F.; Kauffman, C.A. Mucormycosis: Association with deferoxamine therapy. Am. J. Med.
1989, 87, 468–471. [CrossRef]

76. Boelaert, J.R.; de Locht, M.; Van Cutsem, J.; Kerrels, V.; Cantinieaux, B.; Verdonck, A.; Van Landuyt, H.W.; Schneider, Y.J.
Mucormycosis during deferoxamine therapy is a siderophore-mediated infection. In vitro and in vivo animal studies. J. Clin.
Invest. 1993, 91, 1979–1986. [CrossRef]

77. Ibrahim, A.S.; Gebermariam, T.; Fu, Y.; Lin, L.; Husseiny, M.I.; French, S.W.; Schwartz, J.; Skory, C.D.; Edwards, J.E.; Spellberg,
B.J. The iron chelator deferasirox protects mice from mucormycosis through iron starvation. J. Clin. Invest. 2007, 117, 2649–2657.
[CrossRef]

78. Liu, M.; Lin, L.; Gebremariam, T.; Luo, G.; Skory, C.D.; French, S.W.; Chou, T.-F.; Edwards, J.E.; Ibrahim, A.S. Fob1 and Fob2
Proteins Are Virulence Determinants of Rhizopus oryzae via Facilitating Iron Uptake from Ferrioxamine. PLoS Pathog. 2015, 11,
e1004842. [CrossRef]

79. Chamilos, G.; Lewis, R.E.; Hu, J.; Xiao, L.; Zal, T.; Gilliet, M.; Halder, G.; Kontoyiannis, D.P. Drosophila melanogaster as a model
host to dissect the immunopathogenesis of zygomycosis. Proc. Natl. Acad. Sci. USA 2008, 105, 9367–9372. [CrossRef]

http://doi.org/10.1084/jem.20121401
http://doi.org/10.1096/fba.2020-00015
http://doi.org/10.1093/cid/cir865
http://doi.org/10.3390/genes11111296
http://www.ncbi.nlm.nih.gov/pubmed/33143139
http://doi.org/10.2337/diacare.27.11.2669
http://doi.org/10.1016/j.biopha.2021.111228
http://doi.org/10.1016/S0140-6736(20)30566-3
http://doi.org/10.1016/j.cca.2020.06.033
http://doi.org/10.1016/j.mib.2011.07.004
http://doi.org/10.1186/s12864-017-4136-1
http://doi.org/10.1371/journal.pgen.1000549
http://doi.org/10.1097/QCO.0b013e3283165fd1
http://doi.org/10.1111/j.1365-2958.2010.07234.x
http://doi.org/10.3390/jof7040272
http://doi.org/10.1038/s41598-018-26051-x
http://doi.org/10.3109/03630260903346924
http://doi.org/10.1007/s00228-020-02942-9
http://doi.org/10.1016/j.metabol.2020.154260
http://www.ncbi.nlm.nih.gov/pubmed/32418885
http://doi.org/10.1016/S0272-6386(12)80606-8
http://doi.org/10.1016/S0002-9343(89)80836-8
http://doi.org/10.1172/JCI116419
http://doi.org/10.1172/JCI32338
http://doi.org/10.1371/journal.ppat.1004842
http://doi.org/10.1073/pnas.0709578105


J. Fungi 2021, 7, 616 13 of 13

80. Ibrahim, A.S.; Edwards, J.E.; Fu, Y.; Spellberg, B. Deferiprone iron chelation as a novel therapy for experimental mucormycosis. J.
Antimicrob. Chemother. 2006, 58, 1070–1073. [CrossRef]

81. Shirazi, F.; Kontoyiannis, D.P.; Ibrahim, A.S. Iron starvation induces apoptosis in Rhizopus oryzae in vitro. Virulence 2015, 6,
121–126. [CrossRef]

82. World Health Organisation. Corticosteroids for COVID-19, Living Guidance. 2020. Available online: https://www.who.int/
publications/i/item/WHO-2019-nCoV-Corticosteroids-2020.1 (accessed on 20 May 2021).

83. Coutinho, A.E.; Chapman, K.E. The anti-inflammatory and immunosuppressive effects of glucocorticoids, recent developments
and mechanistic insights. Mol. Cell. Endocrinol. 2011, 335, 2–13. [CrossRef]

84. Alessi, J.; de Oliveira, G.B.; Schaan, B.D.; Telo, G.H. Dexamethasone in the era of COVID-19: Friend or foe? An essay on the
effects of dexamethasone and the potential risks of its inadvertent use in patients with diabetes. Diabetol. Metab. Syndr. 2020,
12, 80. [CrossRef]

85. Andrianaki, A.M.; Kyrmizi, I.; Thanopoulou, K.; Baldin, C.; Drakos, E.; Soliman, S.S.M.; Shetty, A.C.; McCracken, C.; Akoumianaki,
T.; Stylianou, K.; et al. Iron restriction inside macrophages regulates pulmonary host defense against Rhizopus species. Nat.
Commun. 2018, 9, 3333. [CrossRef]

86. Duzgun, A.; Bedir, A.; Ozdemir, T.; Nar, R.; Kilinc, V.; Salis, O.; Alacam, H.; Gulten, S. Effect of dexamethasone on unfolded
protein response genes (MTJ1, Grp78, Grp94, CHOP, HMOX-1) in HEp2 cell line. Indian J. Biochem. Biophys. 2013, 50, 505–510.

87. Ulatowski, L.M.; Lam, M.; Vanderburg, G.; Stallcup, M.R.; Distelhorst, C.W. Relationship between defective mouse mammary
tumor virus envelope glycoprotein synthesis and GRP78 synthesis in glucocorticoid-treated mouse lymphoma cells. Evidence for
translational control of GRP78 synthesis. J. Biol. Chem. 1993, 268, 7482–7488. [CrossRef]

88. Johnson, R.M.; Vinetz, J.M. Dexamethasone in the management of covid -19. BMJ 2020, 370, m2648. [CrossRef]
89. Waldorf, A.R.; Levitz, S.M.; Diamond, R.D. In vivo bronchoalveolar macrophage defense against Rhizopus oryzae and Aspergillus

fumigatus. J. Infect. Dis. 1984, 150, 752–760. [CrossRef]
90. Waldorf, A.R.; Ruderman, N.; Diamond, R.D. Specific susceptibility to mucormycosis in murine diabetes and bronchoalveolar

macrophage defense against Rhizopus. J. Clin. Investig. 1984, 74, 150–160. [CrossRef]
91. Ghuman, H.; Voelz, K. Innate and Adaptive Immunity to Mucorales. J. Fungi 2017, 3, 48. [CrossRef]
92. López-Muñoz, A.; Nicolás, F.E.; García-Moreno, D.; Pérez-Oliva, A.B.; Navarro-Mendoza, M.I.; Hernández-Oñate, M.A.; Herrera-

Estrella, A.; Torres-Martínez, S.; Ruiz-Vázquez, R.M.; Garre, V.; et al. An Adult Zebrafish Model Reveals that Mucormycosis
Induces Apoptosis of Infected Macrophages. Sci. Rep. 2018, 8, 12802. [CrossRef] [PubMed]

93. Rambach, G.; Fleischer, V.; Harpf, V.; Lackner, M.; Meinitzer, A.; Maier, H.; Engesser, J.; Lass-Flörl, C.; Speth, C. Comparative
immunopathogenesis in a murine model of inhalative infection with the mucormycetes Lichtheimia corymbifera and Rhizopus
arrhizus. PLoS ONE 2020, 15, e0234063. [CrossRef]

94. Voelz, K.; Gratacap, R.L.; Wheeler, R.T. A zebrafish larval model reveals early tissue-specific innate immune responses to Mucor
circinelloides. Dis. Model. Mech. 2015, 8, 1375–1388. [CrossRef]

95. Chinn, R.Y.W.; Diamond, R.D. Generation of chemotactic factors by Rhizopus oryzae in the presence and absence of serum:
Relationship to hyphal damage mediated by human neutrophils and effects of hyperglycemia and ketoacidosis. Infect. Immun.
1982, 38, 1123–1129. [CrossRef]

http://doi.org/10.1093/jac/dkl350
http://doi.org/10.1080/21505594.2015.1009732
https://www.who.int/publications/i/item/WHO-2019-nCoV-Corticosteroids-2020.1
https://www.who.int/publications/i/item/WHO-2019-nCoV-Corticosteroids-2020.1
http://doi.org/10.1016/j.mce.2010.04.005
http://doi.org/10.1186/s13098-020-00583-7
http://doi.org/10.1038/s41467-018-05820-2
http://doi.org/10.1016/S0021-9258(18)53200-2
http://doi.org/10.1136/bmj.m2648
http://doi.org/10.1093/infdis/150.5.752
http://doi.org/10.1172/JCI111395
http://doi.org/10.3390/jof3030048
http://doi.org/10.1038/s41598-018-30754-6
http://www.ncbi.nlm.nih.gov/pubmed/30143654
http://doi.org/10.1371/journal.pone.0234063
http://doi.org/10.1242/dmm.019992
http://doi.org/10.1128/iai.38.3.1123-1129.1982

	Introduction 
	Environmental Factors and Mucorales: A Possible Reason for the Surge in CAM 
	Host and Iatrogenic Factors in the Pathogenesis of CAM 
	Endothelial Cells and Their Receptors: An Interface in COVID-19 Disease and Mucormycosis 
	Iron: The Possible Link between COVID-19 Infections and Mucormycosis 
	Corticosteroid Therapy: A Friend-Turned-Foe in CAM 

	Conclusions 
	References

