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Abstract

The COVID-19 patients, both infected and recovered are rapidly contracting mucormycetes infections due to the ‘Mucor-
ales’ order, under Zygomycetes class of fungi. The mucorales fungi commonly known to exist in our natural surroundings
including soil, but the frequency of incidences was never rampant. This sudden spike in infections, is locally known as
‘black fungus,” and is affecting various organs, including- eyes, sinuses, nose, brain, skin, intestine, lungs, etc. The severity
of situation is ascertainable from the fact that, in certain cases surgical eye/jaws removal persists as the only viable option
to avert mortality, as therapeutic interventions are limited. This epidemic situation intrigued experts to investigate the prob-
able reason behind this unpredicted escalation in reported cases, including in recuperated COVID-19 patients, as person-to-
person spread of infection is not common. The comparison of physiological parameters in healthy and COVID-19 afflicted
patients highlights that the underlying conditions including diabetes mellitus, steroidal therapy, lymphopenia (decreased
CD4+ and CD8+ lymphocytes), deregulated cytokine release storm, elevated free iron levels (hemosiderosis) in blood and
insulin insensitivity are playing major roles in deteriorating conditions in rarely pathogenic fungal infections. This review
is an attempt to explain the rationalities that makes people vulnerable to mucormycetes infection.
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Introduction

The COVID-19 patients, either recovering or now salvaged,
are contracting fungal infections in post complications.
These infections are instigated by a wider fungal group,
called mucormycetes, and disease is termed as COVID-
19 associated mucormycosis (CAM) [1]. Although, it is
reported as ‘Black fungus’ in news statements, due to its
dark pigmentation, but is scientifically incorrect, as ‘dema-
tiaceous’ fungi, are rather called as black fungi, which are far
less fatal than mucormycetes [2]. The mucormycetes infec-
tions are leading to eye sight loss, jaw and teeth infections,
often followed by need of subsequent surgeries to remove
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eyes/jaws, and death in many cases [3]. The mucormycosis
related mortality is 35-50% in afflicted people [1]. In a year,
almost 45,000 cases of mucormycosis are already reported
[4]. Most of the cases have been reported from India, which
coincidently has second highest number of diabetic people
in the world [5]. Besides that, France, Iran, Russia, Pakistan,
Bangladesh, Mexico, Oman, Egypt, Argentina, United States
of America etc. have reported cases of this fungus as well
[4, 6-10].

Conflictingly, mucormycetes infections are usually rare,
as these are saprophytic, ubiquitous fungi and regularly
found in soil, air, manure, wood and decaying matter [8].
This fungus is sometimes found in the flora of nostrils and
mucus of healthy people (immunocompetent), but doesn’t
result in illness [9]. Thus, it was startling to observe the acute
rise of these fungal infections in COVID-19 patients. Addi-
tionally, like SARS-CoV-2 infection, males were found to be
more inflicted with mucormycetes infections than females
counterparts [10, 11]. Thus, it became imperative to under-
stand the changes in physiology of pandemic struck patients,
which results in an acute rise in incidences and mortality
in COVID-19 patients, even after they have recovered. In
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this review, we have attempted to understand the fungus, its
classification, symptoms, life cycle, mechanism of infection
and lastly the factors that support the violent increase in its
spread among SARS-CoV-2 infected patients.

Classification and symptoms

Mucormycetes are non-septate filamentous fungi (mold) and
its colonies are cottony white or greyish black in colour.
The mucormycosis (previously known as Zygomycosis (for
zygospore formation)), first explained in 1855, is caused
by Mucorales order, which is distributed into eleven gen-
era and 27 species [7]. Infections from any of these species
come under mucormycosis, but Rhizopus spp, including—
R. arrhizus, R. homothallicus, R. oryzae, R. pusillus and R.
delemar etc. lead in causing life-threatening illness among
them, followed by Mucor and Lichtheimia. These fungi
spread from initial site and can cause systemic infection,
which affect- lungs, kidney, bone, bladder, gastrointestinal
tract, skin, heart, brain etc. Based on the site of infection,
invasive mucormycosis is categorised into following types,
including- (1) Rhinocerebral/ sino-orbital (in sinus and
brain; also called as rhinocerebral mucormycosis; RCM),
(2) Pulmonary (lung), (3) Gastrointestinal, (4) Cutaneous
(skin) and (5) Scattered/disseminated, occurs when infec-
tion spread to other parts of the body through bloodstream

Fig. 1 Life cycle of Zygo-
mycetes fungi. Zygomycetes
life cycle have both asexual
and sexual phases in their life
cycles. A In asexual phase,
hyphae produce sporangia bear-
ing numerous haploid sporan-
giospores, because of mitosis.
These sporangia rupture and
release spores, which germi-
nate again to form hyphae. B
In the sexual phase, plus and
minus haploid (n) mating types
conjugate and create a heter-
okaryotic zygosporangium (2n),
which fuse to form a diploid
zygote formation, as a result of
karyogamy
Sporangiospores
Sporangium»

Columella

Sporangium
Differentiation
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[9]. In COVID-19 patients, the rhino-orbital mucormyco-
sis is chiefly prevalent, followed by orbito-cerebral and the
mucormycosis in lungs is seen in 10% of cases only. Among
these, rhino-orbital infections are the deadliest and result
in more than 50% mortality. Thus, timely identification
of mucormycosis becomes important. Diagnosis relies on
symptoms, culture, and histopathology from sinus sample or
debridemented region and computed tomography (CT) [12,
13]. PCR of fungal DNA in serum is quicker, than culture
or histopathology. Magnetic resonance imaging (MRI) of
orbital region, paranasal sinuses and brain, with or without
CT is usually enacted to review magnitude of the infection
[3, 13, 14].

The life cycle of this fungus involves various stages and
discussed next, which would help in understanding the
spread of infection as well.

Life cycle and reproduction

Mucorales chiefly grow as hyphae, which are coenocytic,
and septa formation is rare. These are haploid (n) fungi,
which divide by both asexual and sexual mode of repro-
duction, as shown in Fig. 1. Asexual reproduction involves
sporangia, bearing multiple spores, is the faster mode. These
sporangia rupture to release sporangiospores, which forms
germ tube and give rise to hyphae like structure (Fig. 1A).
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Variation in structure of columella is common among differ-
ent species [15]. The sexual reproduction involves fusion of
opposed sexual spores (zygospores), called gametangia; fol-
lowed by zygotic meiosis (Fig. 1B). These gametangia arise
either from a single mycelium (homothallic); or from sepa-
rate thalli (heterothallic). Sexually compatibility is deter-
mined from expression of a transcription factor (TF) at the
mating locus, having two alleles: sexP for the (+) and sexM
for the (—) mating types respectively. Dissimilar TF express-
ing cells fuse to form a black and thick-walled zygospore,
which is able to survive adverse conditions (Fig. 1B). On
return of favourable conditions, the zygote spore germinates
to form hyphae, which produces sporangium after meiosis.
In spite of both modes of reproduction, the asexual sporan-
giospores are supposed to be the source of infection/ dis-
semination and might be the preferred mode inside humans,
due to its faster rate of multiplication, and discussed next.

Molecular mechanism of mucormycosis
in COVID-19 patients

The time gap between diagnosing COVID-19 infection and
contracting mucor infections is around 15 days [1, 12, 16].
The entry of fungi usually begins with inhalation of sporan-
giospores from air/dust through nose (sometimes from ears)
(Fig. 2), although consumption of contaminated food, entry
through cuts/ abrasion in the skin, infection from medical
devices (linen, bandages) and ventilation system can also
lead to contracting infection. These fungi although harmless,

become life threatening in immune-compromised patients,
having underlying conditions like transplant, corticoster-
oids therapy, hematologic malignancies, hyperglycaemia,
ketoacidosis etc. Studies on the Rhizopus infections implies
that, for the rationales still unidentified, spores inhalation
in hematologic malignancies (and neutropenic) patients
cause pulmonary infections, whereas patients with diabetic
ketoacidosis (DKA) are more prone to RCM [17].

Findings on R. delemar causing RCM in DKA animal
models show that, molecular recognition between fungal
CotH3 (Homolog of bacterial spore coat protein) protein and
mammalian nasal Glucose-regulated protein 78 (GRP78),
promotes adherence in the first stage of infection (Fig. 2).
Here, the CotH surface proteins might be functioning as
invasions enzymes to promote infection [15]. Its importance
is determinable from the fact that anti-CotH3 antibodies pro-
vide protection in DKA murine model for mucormycetes
infection. Additionally, R. oryzae CotH3 protein expression
on the non-pathogenic yeast S. cerevisiae, lead to mamma-
lian cell’s invasion [18].

In the successive step of infection, patients with high
glucose, iron, and ketone body levels provide a suitable
microenvironment for heightened expression of both
CotH3 and GRP78, leading to trapping of fungi inside
sinus cavities (Fig. 2) [10, 18]. Here, fungal cells elongate
into tube-like hyphal strands, spreading into the sinuses,
lungs, skin, soft tissues and blood stream, causing tis-
sue and epithelium penetration. In the advanced stage,
angio-invasion (entry into blood vessels) (Fig. 2) lead to
spread of infection to jaws, bones, nerve and brain, which
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Fig.2 In rhino-cerebral mucormycosis (RCM), fungal cells spore
coat protein CotH3 recognises the mammalian Glucose-regulated
protein 78 (GRP78) on nasal epithelial cells to invade, colonize and
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cause blurred vision and ocular alterations [9, 10]. It is
understood that during this process, fungal cells require
iron, which is sequestered with iron binding proteins in
healthy people, whereas acidosis results in dissociation
of iron from sequestering protein and release of free iron
(Fe3*) [19]. All these factors, as shown in Fig. 2, support
the fungal growth and lysis of blood vessels, which results
in thrombosis and necrosis of the affected tissue. Notably,
presence of CotH fungal protein is limited to Mucorales
surface only, and could be the reason behind its better
angio-invasive properties than other fungi [17]. In pulmo-
nary mucormycosis, another fungal protein CotH7 helps
in gaining entry to lungs, by interacting with host’ laminin
and collagen IV of basement membrane [17]. Apart from
CotH, other components like cell wall, spore germination
proteins, iron-sequestration enzymes and host immune
evasion in phagocytes also are responsible for pathol-
ogy of this fungus [10]. Polymorphonuclear neutrophils
(PMN5s) provide the first line of defence after infection. In
subsequent step, PMNs secrete interleukin-1 beta (IL-1p),
induce production of pro-inflammatory cytokines, medi-
ate Th17 differentiation, along with secretion of IL-10,
TNF-a, IL-6, IL-12, activation of natural killer (NK)
cells, acute phase proteins production, antibody secretion
and dendritic cells (DC) maturation. The phagocytic cells
in DKA condition are not able to contain the infection, its
spread leads to establishment of disease and finally once
it reaches to brain, leads to mortality in patients. Apart
from the normal course of infection, the main risk fac-
tors which resulted in an epidemic like situation in some
populations is imperative to be highlighted and is taken
up in next section.

Risk factors of mucormycetes infections,
particularly in COVID-19 patients

Until now, mucormycetes infection were generally related
with renal failure, haematological disorders and intensive
care unit (ICU) admission [9]. However, the unforeseen
recent rise of mucormycosis in COVID-19 patients led
to exploration of the differences in physiology of normal
and COVID-19 patients. This culminates in delineation of
multiple factors, studied earlier in isolated studies and now
compiled in Fig. 3. Initially, it appeared that, lungs being the
primary target in COVID-19 disease, thus patients requiring
oxygen supply are provided such through pipelines, along
with humidifiers and a possible seepage (iatrogenic) with
any localized fungal growth could be the triggering factor.
This is possible as smaller hospitals use a central oxygen
system, and several oxygen points originate from this com-
mon system, under emergency conditions. On top of this,
COVID-19 patients already have a weakened immune sys-
tem and disease exhaustion leaves them vulnerable to con-
tracting even rare infections, which develop and spread eas-
ily, with full-fledged symptoms. The spread of infection can
also occur through contaminated medical devices and linens
(nosocomial infections). The patients with underlying liver
and kidney ailments are also susceptible to mucorales infec-
tion. The cancer and organ transplant patients are also at
the edge in developing infection. Besides these, many other
factors are crucial key regulatory elements and discussed
separately below.

Diabetes mellitus and ketoacidosis

The underlying uninhibited diabetes mellitus (DM) in
COVID-19 patients, results in high sugar levels. This

Fig.3 List of the various factors Nosocomial Liver. Kidnev ailments
contributing to higher incidence Infections . ! 4 ¢
of mucormycosis in COVID-19 immunosuppressants etc
patients Insulin insensitivity \
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uncontrolled glycaemic level impedes the viral clearance
and reduces T-cell function (both Cytotoxic T cells (Tc) and
Helper T cells (Th) cells), which lowers immune response
[13, 20]. On top of that, SARS-CoV-2 virus infection man-
agement includes rampant steroids administration, which
although is life-saving in shrinking the lungs inflammation
and controlling damage due to an overdriven and deregu-
lated body's immune system in COVID-19 patients [11]. But
steroidal therapy is long known to cause hyperglycaemia in
people, and thus combination of existing diabetes DM and
steroidal therapy in COVID-19 patients, results in extremely
high sugar levels, reaching more than 450-500 mg/dL [21,
22]. The body cannot utilize this high blood sugar due to
limited insulin release, leading to alternative fat metabolism
and resulting in ketoacidosis. Both high sugar and acidic
blood, generates a luxuriant atmosphere for mucorales fungi
to flourish [23]. Reports suggest that mere 2-3 weeks of ste-
roidal therapy and prolonged ICU stays are enough to lower
the immunity substantially and increases susceptibility of
patients to mucor infections. The ketoacidosis and ketonemia
in COVID-19 patients, also weakens phagocytic activity and
patients with scarce phagocytes or with reduced phagocytic
activity are at greater risk of mucormycosis [24].

Cytokine release storm (CRS) and lymphopenia

Severe COVID-19 disease patients typically display a
delayed innate immune response in recognition of virus,
which culminates in a deferred but heightened response
against SARS-CoV-2. This allows the virus to multiply
exponentially and, in a comeback, retort the host releases
interferon’s (IFNs). These IFNs activate many cells like-
dendritic cells (DC), macrophages and in turn secrete vari-
ous cytokines like IL-6 (Interleukin-6), IL-1, IL-8, IL-12,
TNF-a, IL-17 etc., termed as cytokine release storm (CRS)
and results in lymphopenia due to various mechanisms,
including exhaustion phenotype and programmed cell death
in lymphocytes [11]. Thus, results in decrease in population
of both Th and Tc cells which are chief warriors of acquired
immune system. These cells are important in clearing the
fungal cells as well, thus it is not surprising that a general
weakened immune system is not enough and fast growing
mucor fungi spreads very rapidly in body.

Dysregulated iron metabolism

IL-6, IL-1 and TNF-a released in CRS are pro-inflammatory
cytokines and results in inflammation. The elevated levels of
IL-6 almost became a parameter in ascertaining the severity
of COVID-19 infection [11]. COVID-19 and IL-6 led hyper-
inflammation also known to results in iron-dysregulation,
which manifest as hyper-ferritinemia. Ferritin is the main
site of iron storage and stores iron as Fe3* [25]. The normal

ferritin levels are around 250 ng/ml and in critical patients
of COVID-19, including non-survivors, the levels are more
than twofold (450-1140 ng/ml) [26]. The IL-6 increases fer-
ritin and hepcidin synthesis in humans. Hepcidin, an iron
regulatory hormone is released from liver and limit iron to
certain cells, including- macrophages and enterocytes by
decreasing cellular iron export via FPN1 (iron exporter fer-
roportin 1) transporter [25]. This results in high intracellular
levels of iron, which interacts with cellular reactive oxygen
species (ROS), reactive nitrogen species (RNS) and reactive
sulphur species (RSS) in iron dependent peroxidation mech-
anisms. Ultimately, the increased intracellular iron leads to
ferroptosis (programmed cell death) and tissue injury. This
led to ferritin discharge into the circulation and here fer-
ritin liberates its iron, producing extremely high levels of
free iron in blood. Thus, iron-chelators, like deferoxamine
is administered to COVID-19 patients for regulating iron
levels [27]. Although chelators effectively reduce serum
iron levels, but improperly supplies iron to mucormycetes,
which acts as a fuel to their growth [28, 29]. These condi-
tions supply iron to otherwise iron-starved mucormycetes
fungi. These events support mucorales infection, which pro-
gresses rapidly (4-5 cm in a day) and soon reaches the brain
(rhino-orbito-cerebral).

Insulin resistance

Interestingly, prolonged IL-6 exposure leads to decreased
glucose sensitivity and inhibition of insulin signalling. This
is due to the suppression of alpha serine/threonine-protein
kinase (AKT) signalling and explained in Fig. 4. Actually,
elevated levels of IL-6 bind to its receptor IL-6R, lead-
ing to JAK-STAT pathway, involving STAT3 dimerization
and enhanced levels of suppressor of cytokine signalling
3 (SOCS-3), which tags the Insulin Receptor Substrate 1
(IRS-1) protein for ubiquitin mediated proteasomal degra-
dation. This finally results in failure of transport of Glucose
Transporter type 4 (GLUT-4) carrying vesicles to plasma
membrane of cells. Thus, cells fail to uptake glucose inside,
leading to higher glucose in blood, resulting in Type 2 Dia-
betes Mellitus (T2DM) (Fig. 4) [30, 31]. Besides that, in
COVID-19 patients, p-islet cells of pancreas possibly are
infected and might result in reduced insulin discharge. In
the attempt to bring the high sugar under control, dose of
insulin, reaches to 20—40 U/h and is oddly excessive, as an
average diabetic person is dose never reaches more than 80
U/day.

All these factors culminate and create a dangerous com-
bination, which support mucormycetes growth and its
related mortality. The physiological parameters in recovered
COVID-19 patients also take time to return to normal and
thus still exist as a susceptible group. Ultimately, this quick
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Fig.4 Pathway involving IL-6
and insulin resistance. Elevated
levels of IL-6 bind to its recep-
tor IL-6R, leading to JAK-STAT
pathway involving STAT3
dimerization and enhanced
levels of SOCS-3, which tag
the IRS-1 protein for ubiquitin-
based degradation. This finally
results in failure of transport of
GLUT-4 carrying vesicles to
plasma membrane of cells and
suspension of uptake of glucose
into cells, leading to high glu-
cose levels in blood

spread of fungus warrants a hard-hitting treatment with
antifungals and surgical removal. The treatment options for
mucormycosis are also limited and discussed below.

Remedial measures, treatment
and conclusions

The life-threatening RCM in COVID-19 patients generally
starts with throbbing headache, fever, facial and nasal pain
or numbness, redness around the eyes and/or nose and black-
ish nasal discharge. This soon follows toothache, loosening
of teeth, jaws swelling, eyesight loss and occasionally face
paralysis etc. In extreme cases, when the infection spreads
further, then removal of the eyes or the partial/full jaw bones
becomes the only life-saving option. Multiple sites getting
affected demands the support of ENT, neurology, dental and
ophthalmology departments at once and makes the situa-
tion severe. On top, mucormycosis has a poor prognosis,
so prevention is definitely better than cure. Thus, COVID-
19 recovered patient’s needs to be instructed for staying
indoors and re-establish their resistance, as well as reduce
their fungal exposure from environment. The hot and humid
conditions, oxygen masks promote the spread of mucormy-
cetes, so, another prophylactic measure is to advise health-
care workers and technical staff in ICU wards for frequent
change of flow meters and periodically sanitization of oxy-
gen tubing. Additionally, it is imperative that COVID-19
patients, kept on high doses of steroids and antibiotics are
regularly monitored for hyperglycaemia and acidosis. Even
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COVID-19 recovered patients should have follow-up of their
sugar levels for a few months.

The major antifungals like azoles and echinocandins are
not effective against zygomycetes. Thus, timely diagnosed
patients infected with mucorales are often injected with lipo-
somal amphotericin B injections (5 mg/kg/day) for at least
10 days to several weeks [9, 12, 16]. However, it is important
to mention that amphotericin B has substantial side effects,
especially kidney damage (nephrotoxicity). Along with that,
its swift administration along with steroid therapy can also
lead to hypokalaemia, a condition of low levels potassium
(K™) in the blood serum and may lead to cardiac dysfunc-
tion [32-34]. Thus, it is evident that a multi-professional
squad including ophthalmologist, neurosurgeon, critical care
specialist, microbiologist, cardiologists and pathologist is
fundamental in successful management of mucormycosis. In
an overburdened and exhausted health care structure, locat-
ing hospitals where mucormycosis requires further surgical
and follow-up care is another trauma. Thus, there is a need
to identify new targets and drugs for management of rare
infections. These unpredicted infections are creating extra
distress for physically, emotionally, and financially drained
patients from recently transpired COVID-19 infection too.
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