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ABSTRACT

In the current pandemic, COVID-19 patients with predisposing
factors are at an increased risk of mucormycosis, an uncommon
angioinvasive infection that is caused by fungi with Mucor
genus which is mainly found in plants and soil. Mucormycosis
development in COVID-19 patient is related to various factors,
such as diabetes, immunocompromise and neutropenia. Excessive
use of glucocorticoids for the treatment of critically ill COVID-19
patients also leads to opportunistic infections, such as pulmonary
aspergillosis. COVID-19 patients with mucormycosis have a very
high mortality rate. This review describes the pathogenesis and
various treatment approaches for mucormycosis in COVID-19
patients, including medicinal plants, conventional therapies, adjunct

and combination therapies.

KEYWORDS: Mucormycosis; COVID-19; Immunosuppression;

Pathogenesis; Treatment

1. Introduction

The spread of COVID-19 infection and the associated health

issues are serious concerns for the whole world today[1,2]. In current
COVID-19 pandemic, mucormycosis has been identified as one of
the major opportunistic infections in critically ill COVID-19 patients.
This creates an urgent need to understand the molecular mechanism
of dual pathology involved in the COVID-19 patients superimposed
with fungal infections of rare opportunistic variants. Facts suggest
that in critically ill COVID-19 patients, mucormycosis offers an
overall mortality rate of 50%, which is triggered by the concomitant
use of steroids. The use of steroids to reduce the inflammation of
the lungs is a good strategic treatment for COVID-19 patients, but
steroids are also reported to reduce the immunity and push up

blood sugar levels in both diabetics and non-diabetic patients. This

“To whom correspondence may be addressed. E-mail: shivkanya_fuloria@aimst.edu.
my; neerajkumar @aimst.edu.my

This is an open access journal, and articles are distributed under the terms of the
Creative Commons Attribution-Non Commercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the work non-commercially, as long
as appropriate credit is given and the new creations are licensed under the identical
terms.

For reprints contact: reprints @medknow.com

©2021 Asian Pacific Journal of Tropical Medicine Produced by Wolters Kluwer-
Medknow. All rights reserved.

How to cite this article: Subramaniyan V, Fuloria S, Darnal HK, Meenakshi DU,
Sekar M, Nordin RB, et al. COVID-19-associated mucormycosis and treatments.
Asian Pac J Trop Med 2021; 14(9): 401-409.

Article history: Received 11 June 2021
Accepted 16 September 2021

Revision 29 August 2021
Available online 28 September 2021



402

drop in immunity may trigger the mucormycosis among critically
ill COVID-19 patients. India is one of the countries that is majorly
affected with the mucormycosis in critically ill COVID-19 patients.
The prevalence of mucormycosis in India is approximately 0.14
cases per 1 000 population, that is 80 times the prevalence of
mucormycosis in developed countries. Mucormycosis is an angio-
invasive disease that is caused by fungi of the order Mucorales like
Rhizopus, Mucor, Rhizomucor, Cunninghamella and Absidial3-5].
However, mucormycosis is an exceedingly rare infection in the
general population. It is caused by the exposure to Mucor mould
that is commonly found in soil, plants, manure, decaying fruits and
vegetables|6].

It is ubiquitous and found in the soil and air and even in the nose
and mucus of healthy individuals. It frequently affects the lungs,
sinuses, orbit and brain. It can be life-threatening in diabetic,
severely immunocompromised, cancer and HIV/AIDS patients[7.8].
Mucormycosis is one of the rare fungal infections having a high
mortality rate. In addition to the ongoing pandemic crisis, the
rise in the number of deadly black fungus or mucormycosis (an
epidemic within the corona pandemic) cases have posed a major
challenge to the healthcare workers[9.10]. The situation is further
complicated due to the emergence of resistance as well as limited
efficacy of currently available antifungal drugs for the treatment of
this deadly infection[11,12]. Multimodal approach is essential for the
successful management and treatment of this dangerous and deadly
infection of mucormycosis[13]. Based on the facts over severity of
mucormycosis in COVID-19 patients, this present review has been
designed to explore the pathogenesis and various treatments against

mucormycosis for its successful management.

2. Pathogenesis

2.1. Histology

Mucormycosis (black fungus) is caused by a class of fungi known
as Zygomycetes[14]. Their hyphae are non-septate and branched at
the right angle can easily be visible in H & E stained slides under a
low-power light microscope, however, staining with Grocott-Gomori
methenamine silver best shows the hyphae in invaded tissues[15].
They are broad wide with thick wall, in contrast to septate and
acute angled branching in Aspergillus species[16]. Mucormycosis
is known as Mucor circinelloides and aspergillosis is an uncommon
fungal infection that is almost confined to immunocompromised
individuals. In COVID-19 patients, the major risk factors for the
occurrence of mucormycosis includes diabetes mellitus-type I and
type I, obesity, lympho-hematopoietic malignancies, metabolic

syndrome, insulin resistance, fatty liver diseases, chronic alcoholism,
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hypertension, neutropenia, corticosteroid therapy, allogenic bone
marrow transplantation, congenital immunodeficiencies and severe
combined immunodeficiency of both humoral and cell mediated

typel17].

2.2. Vasculitides

Both Zygomycetes and Aspergillus cause a non-distinctive
suppurative or granulomatous reaction with a predilection to cause
invasion of blood vessels (vasculitis) and manifests in thrombosis,
vascular necrosis and infarction, leading to severe clinical
features|18,19]. Evidence suggests dissemination of Aspergillus (white
fungus), Candida (yellow fungus) and Mucor (black fungus) in
the setting of neutropenia especially in COVID-19 patients|20.21].
Aspergillus and Mucor are known to cause the vascular invasion via
projection of the branching septate hyphae from their fruiting body
(conidia)[22,23]. As these organisms gain foot hold on the tissue
via their hyphae (hold), so they are difficult to dislodge. Similarly,
other fungi like Coccidioides immitis and Histoplasma capsulatum
may lead to pulmonary disease resembling that of Mycobacterium
tuberculosis with granulomatous inflammation[24]. Surprisingly, fungi
do not have a propensity for vascular invasion, and Pneumocystis
pneumonia is not typically accompanied by vascular changes but
common in immunocompromised individuals[25]. Candida infections
are typically superficial and have Gram-positive budding cells with
pseudo hyphae, while actinomycosis organism (Actinomyces) are
typically long filamentous Gram-positive bacilli[26,27]. At times open
wounds may be contaminated by Clostridium perfringens which are
large Gram-positive rods producing gas gangrene[28]. These fungi
must be excluded by histology and tissue culture in appropriate

media if required|29].

2.3. Rhino—cerebral and pulmonary mucormycosis

Patients suffering from the fungal infection typically have
symptoms of stuffy and bleeding nose, swelling of and pain in the
eyes, drooping of eyelids, fixed and dilated pupil, ophthalmoplegia,
blurred and loss of vision[30]. There could be black patches of skin
around the nose. Most of the COVID-19 patients arrive late to get
medical attention, so it becomes difficult to treat mucormycosis,
and finally the patient suffers from loss of vision. In such condition,
immediate surgery to remove the eye is recommended, in order to
stop the spreading of infection further into the brain[31]. In a current
study, retrobulbar injection of amphotericin B is recommended
as an adjunctive treatment modality to prevent exenteration[15].
Reports suggest strain of COVID-19 appears to be virulent, and
blood sugars soaring is remarkably higher in young individuals

that are suffering from the mucormycosis[32]. As Zygomycetes
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mainly prevails in the nasal cavity or sinuses, which is also the site
favoured by RNA coronaviruses, so they may interact with each
other which may facilitate the fungi to spread directly to the brain,
orbit and other head and neck structures[33]. Evidence suggests
observation of fulminant invasive rhino cerebral mucormycosis in
young diabetic patients with ketoacidosis[34]. Even diffuse military
type of pulmonary involvement or cavitary lesions are also detected
under radiological examination[35]. Similarly, invasive aspergillosis
is also reported to be present exclusively in the immunosuppressed
patients, which may cause necrotising pneumonia with possibility
of dissemination to the brain[36]. As Aspergillus resides in crypts
of tonsils in normal person, they may migrate to bronchi causing
allergic bronchopulmonary aspergillosis with type [ hypersensitivity
and IgE antibodies against Aspergillus and eosinophilia in blood
smear in some asthmatic patients[37]. It is observed that unhygienic
oral practices in the children and adolescents may exacerbate such
cases even in non-immunocompromised individuals. Aspergilloma
(fungal ball) may develop in ectatic bronchi or lung cyst or post-
tubercular cavities predisposing to infection and haemoptysis[38].
Similar Aspergillus infection and bacterial suppuration are also
reported in a new-born baby involving the ethmoidal sinus with
bony sequestrum formation[39]. In certain geographical areas, a
small number of endemic fungal infections are also observed in the
immunocompetent individuals. For example, Histoplasma capsulatum
(a dimorphic fungus) is highly prevalent in the Mississippi river
valley, that often presents as flu like illness and manifests in
granulomatous lesion like tuberculosis[40]. Similar tropism has been
observed with Coccidioides immitis and Blastomyces dermatitidis in

the southern U.S[41].

3. Potential of medicinal plants—based drugs against
mucormycosis

Essential oils from the different parts of the aromatic medicinal
plants have been reported to exhibit moderate to excellent anti-
fungal activity. For example, the essential oil from the Ocimum
gratissimum plant exhibits good fungicidal activity against all
Candida species[42-45]. Oil of Melaleuca alternifolia commonly
known as tea tree oil exerts synergistic effect in combination with
nystatin, fluconazole, amphotericin B against different species of
Candidal46]. A study by Chhonker et al. reported the potential of
chitosan-amphotericin-B combination to treat the fungal keratitis[47].
However, various other classes of phytochemicals such as flavonoids,
phenolic compounds, coumarins, xanthones, lignans, triterpenes,
saponins and alkaloids isolated from various medicinal plants have

also been reported to exhibit antifungal activity[48].
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4. Conventional therapy against mucormycosis

Efficacious therapeutic algorithms and the use of different
adjunctive and supportive therapies based on the co-morbid
ailments or chronic disease status are necessary to improve the
treatment outcome and survival rate in patients. In the second
wave of COVID-19, the severity and the incidence of this deadly
fungal infection is surprising and it poses a challenge to the health
community. The antifungal treatment alone is ineffective due to
vascular thrombosis and an extensive ischemic necrosis barrier,
preventing antifungal agents’ entry in adequate concentrations.
Therefore, radical debridement of infected and necrotic tissue with
drainage of infected paranasal sinuses should be performed as soon
as possible to minimize the fungal load in the tissue. In addition,
sinus lavage by amphotericin B during functional endoscopic sinus
surgery with extensive debridement of involved sinuses can be
associated with better results[15]. Health workers in the task force
are instructed to take utmost importance to control the blood sugar
level, reduce steroid intake and discontinue any therapy involving
immunomodulatory drugs, especially those recovered from or
infected with COVID-19. Unfortunately, few reports have made
strong prescriptions or therapeutic regimens for this infection.
ESCMID/ECMM guidelines recommend standard protocols for
the effective management of mucormycosis[49]. Treatment using
steroids in patients with COVID-19 along with other comorbidities
like haematological malignancies, and diabetes creates a perfect
environment for this fungal growth, and it leads to exponential increase
in the risk of mucormycosis. Patients who are post COVID-19 with
uncontrolled diabetes are the main targets for mucormycosis, and the
rapid correction of metabolic abnormalities is mandatory[49].

Clinical evidence reports that using Sodium bicarbonate with insulin
is associated with better therapeutic outcome for its ability to prevent
the Mucorales from invading the host tissue. It has been reported
that delaying the therapy (with amphotericin B) for this fungal
infection for 5 days results in two-fold increase in mortality with
82% compared to 48% who started treatment immediately in case
of the haematological malignancy patients. So, there is a correlation
between the importance of early diagnosis and treatment pattern in
COVID-19 recovered patients (that are prone to mucormycosis)[50].

Corticosteroids and other immunosuppressive drugs should be
titrated properly and replaced by other effective pharmacological
agents, if possible, to manage the condition of the patient. In—vitro
studies report that mucormycosis is resistant to most of the antifungal
agents including voriconazole, fluconazole and itraconazole.
Surprisingly, there is no validated minimum inhibitory concentration
(MIC) breakpoints presented for any of the antifungal agents for the
management of mucormycosis. Optimal dose for antifungal agents

including triazoles such as posaconazole and isavuconazole is yet
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to be validated, and requires definitive, prospective, and controlled

clinical judgments|50].

4.1. Surgical treatment of the mucormycosts

Facts suggests using the aggressive surgical debridement approach
in the treatment of rhinocerebral mucormycosis. Traditionally the
external or transantral approach has been considered as classical
approach. Endoscopic sinus surgery (ESS) is an effective method
for radical resection. A study reported use of ESS in the treatment
of nine rhinocerebral mucormycosis patients, of which the six
patients underwent only ESS, whereas the remaining three patients
underwent combined treatment of ESS with transantral procedure.
Study revealed that the treatment of rhinocerebral mucormycosis
with ESS alone or in combination with traditional surgical
procedures offers the benefit of lower operative morbidity and higher

operative accuracy[51].

4.2. Polyenes: Amphotericin B (AMB)

AMB is the primary drug of choice and the most effective drug
reported so far against 524 clinical isolates of Mucorales except for some
species of Cuminghamela and Apophysomyces[49]. Lipid formulations
of AMB like liposomal AMB (LAMB) and AMB lipid complex
have better therapeutic index than conventional AMB. These are
recommended by ESCMID/ECMM in the dose range of 5 mg/kg/day
to 10 mg/kg/day as a first line therapy for mucormycosis especially
in case of CNS infection, but this recommendation has been revisited
based on French mycosis clinical trial report[52]. A prospective,
uncontrolled French mycosis study reported that 12 weeks treatment
of patients using 10 mg/kg/day of LAMB in combination with
surgery seems to be beneficial with a good response rate (45%)[52.53].
However, study also revealed that 40% of patients with high dose
of LAMB exhibits renal impairment with notable increase in serum
creatinine level after the therapy, whereas some patients reported
electrolyte imbalance. These results alarmed the health workers and
warranted for further clinical trials and dictation of dose reduction.
Relatively high AMB MIC value supports the use of high dose of
AMB to achieve clearance of fungus from tissues and the efficacy of
LAMB was also found to be dose-dependant[54]. There seems to be a
better correlation between AMB and treatment outcomes in patients

with mucormycosis.

4.3. Triazoles: Posaconazole

Posaconazole acts by depleting ergosterol from the fungal cell.
Triazoles plays a significant role in the management of difficult-to-

treat mucormycosis. Antifungal activity of these drugs varies from one
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species to another. Serum concentrations higher than 4 000 mg/mL are
required for suppressing the growth of Rhizopus species with an MIC
of 2 mg/mL, as it is the most common agent causing mucormycosis.
It is available as oral suspension with a dose range of 200 mg and
should be administered 3 to 4 times daily. This drug should be
administered for several months if needed. It should be taken with
food rich in fat to enhance its bioavailability, but this administration
has its own drawbacks based on the condition of critically ill patients
of COVID-19 and many therapeutic failures are reported due to drug
absorption problems. In order to overcome its pharmacokinetic (PK)
disadvantages and to enhance the bioavailability, several formulation
scientists and pharmaceutical companies formulated different
dosage forms including tablets and IV injections|55]. Tablet dosage
form appears to be better with optimal PK and pharmacodynamics
parameters. ECIL-6 guidelines recommend the use of posconazole
as salvage or maintenance therapy while ESCMID/ECMM
recommends its use as first line therapy[54.56].

This drug is considered as the first line only in the clinical cases
where AMB is absolutely contraindicated while some clinical
studies suggested using isovucanzole in this situation. It is also used
as a salvage therapy especially in patients unresponsive or intolerant
to LAMBJ57.58]. As per the clinical case reports, posoconazole oral
suspension as salvage therapy was well tolerated with only minimal
gastrointestinal side effects and the response rate was 61% and
70%, respectively[56]. Therapeutic drug monitoring is suggested for
this drug therapy because of its fluctuating PK and PD parameters.
In rare clinical cases [V formulation of posaconazole with beta
cyclodextrin has been administered. Controversies still exist for
combinational therapy of posaconazole and caspofungin as they are

advised as salvage treatment by ECIL-6[56,57].

4.4. Isovuconazole

Isovuconazole is a recently approved triazole with wide spectrum of
antifungal activity and plays a noticeable role against mucorales[56].
It is considered as an alternative to AMB and is used as first line
treatment in mucormycosis based on an open label clinical trial
report[57]. This drug should be administered for several months
if needed. Effects of isovuconazole were compared with the
conventional AMB and fortunately the results were similar and
encouraging. But the trial has the limitation of small sample size
and external control matching. This drug is available as oral and [V
formulations and has many PK and PD advantages like linear kinetics,
no need of therapeutic drug monitoring, less drug interactions, less
toxicity and excellent oral bioavailability[55]. None of the adverse
effects like hepatotoxicity, nephrotoxicity, QT prolongation or ocular
toxicity has been reported for the isovuconazole. Several clinical

reports have shown the dose-dependant effect of this drug as in the
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case of posaconazole and this drug can be used as a salvage therapy
in heavily immunocompromised mucormycosis patients including
those cases with failure of posaconazole therapy[55.58]. The major
concern about this drug is that some recent clinical reports concluded
the breakthrough of mucormycosis and other fungal attacks in
patients receiving this drug as prophylaxis or for treatment. There is
also a report of cross tolerance where patients exposed to prolonged
prophylaxis with posaconazole develop breakthrough mucormycosis
and are resistant to isovuconazole and all this information is
stated in the regulatory studies of this drug. Hence these alarming
reports should be considered while treating the patients, especially

immunocompromised patients[58].

4.5. New antifungal agents

4.5.1. VT1161-investigational drug

It is a fungal CYP51 inhibitor and possesses prominent action
against different mucorales. In—vivo preclinical data supports the
therapeutic activity of VT1161 as it increases the survival rate
of neutropenic mice with mucormycosis and additional studies
are in the limelight to confirm the efficacy of this molecule and
this is considered as an asset for the therapeutic management of

mucormycosis[59].

4.5.2. Fosmanogepix; APX00IA (formerly E1210)
This drug targets Gwtl, a step in the glycosylphosphatidyl

inositol post translational modification pathway of surface proteins
in the fungi, which is proved to be effective in protecting the
immunosuppressed mice from Rhizopus infection and it is under

clinical trial phase for approval process[60].

4.5.3. Hemofungin

This is also a novel agent that inhibits the in—vitro growth of
several fungi including Rhizopus and it inhibits the final step of heme

biosynthesis[61.62].

4.6. Adjunct and combinational therapy

4.6.1. Deferasirox

Preclinical reports showed supporting evidence about the use of
deferasirox. It is an iron chelator. A prospective, randomised, clinical
study in patients reported higher mortality rate after treatment
with deferasirox (DFX). Hence ECIL-6 and SCMID/ECMM
recommended not to use DFX in patients with mucormycosis[60]. But
many recent clinical trial reports showed that DFX is beneficial as an
adjunct therapy in patient with diabetes. Combination of LAMB with
DFX is reported to be synergistically improved 80% survival rate

when compared with monotherapy and placebo. Several exploratory
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studies about the adjunct DFX therapy for mucormycosis are still

ongoing[51.63].

4.6.2. Granulocyte macrophage colony stimulating factor

(GMCSF) and interferon
In—vitro assays and preclinical data support the use of GMCSF and

INF in the management of mucormycosis because these molecules
possess the ability to enhance the immune response. But there is no

clinical evidence about their therapeutic strategies[64].

4.6.3. Echinocandins

This drug targets the enzyme expressed by Mucorales especially
Rhizopus oryzae. Enhanced exposure of beta glycans on the fungal
surface results in immune stimulation is also considered as another
mechanism for therapeutic action. Combination therapy with other
antifungal agents has been reviewed as a means to improve the
treatment outcomes of mucormycosis in COVID-19 recovered
patients.

However, most clinical outcomes data evaluating combination
therapy are from case series and case reports, and the majority
of comparative data derives from in-vitro models and animal
studies[65]. The high morbidity and mortality of COVID-19
associated mucormycosis, demands for combination therapy for
suppression of severity of disease. This treatment approach would
improve the patient’s condition and provide better management of
infection. Based on the dosage formulation and safety profile, facts
suggests some drug combinations as most appropriate regimens
for mucormycosis treatment, such as: echinocandins and polyenes;
echinocandins and AMB; Caspofungin and amphotericin B lipid
complex; Anidulafungi and liposomal amphotericin B; posaconazole
and AMB; posaconazole and DFX, hyperbaric oxygen and AMB,
GMCSF and lipid formulations of amphotericin B; and Interferon y

and lipid formulations of amphotericin B[66].

5. Comorbidity associated mucormycosis

Diabetes mellitus was an independent risk factor for rhino-orbital-
cerebral mucormycosis in a meta-analysis of 600 series with 851
cases. The most common species isolated was Rhizopus species,
with an overall mortality of 46%. A case of COVID-19 with rhino-
orbital mucormycosis coinfection associated with ketoacidosis
was reported in a patient with recent-onset diabetes mellitus[67].
Pathogenic mechanisms involved in fungal aggressiveness include
decreased phagocytic activity, accessible amounts of iron due to
the displacement of protons by transferrin in diabetic ketoacidosis
and fungal heme oxygenase, which promotes iron absorption for

its metabolism[68]. In a case of severe COVID-19 associated with
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fungal coinfection, cell counts revealed that there was a progressive
increase in white blood cell count and neutrophils while lymphocytes
progressively decreased[69.70].

It is hypothesised that SARS-CoV-2 infection may affect CD4"
and CD8" T-cells, which are highly involved in the pathological
process of COVID-19 infection[71.72]. It has been shown that in
severe COVID-19 cases, there is a reduction in the absolute number
of lymphocytes and T-cells, which is associated with the worst
outcomes. Mucorales-specific T-cells (CD4" and CD8") produce
cytokines such as interleukin (IL)-4, IL-10, IL-17 and interferon-
gamma (IFN-y) that damage the fungal hyphae[73,74]. Such specific
T-cells were seen only in patients affected by invasive mucormycosis,
and they concluded that they could be a useful surrogate diagnostic
marker of an invasive fungal disease[75]. It might be speculated
that lymphopenia could increase the risk of developing invasive
mucormycosis, while the recovery of lymphocyte count could
improve the adaptive immune system and induce the production of
Mucorales-specific T-cells, which might have a role in controlling
the invasive infection[76]. Alterations in cell-mediated immunity, such
as chemotaxis, phagocytosis, and cytokine secretion were shown in
type | and type I[ diabetes[77].

Individuals with diabetes have been described to have alterations
in innate immune system components. Natural killer cell activity is
reduced in individuals with diabetes, and more pro-inflammatory M1
macrophages are present[78]. Furthermore, T-cell activity is skewed.
Disease severity in patients is due to not only the viral infection but also
the host response. Elevated glucose levels may also suppress the antiviral
response. In the context of COVID-19, severe disease progression
is described by a delay in IFN-y response with a prolonged
hyperinflammatory state and lower CD4 and CDS8 cell numbers[79].
Regardless of the involvement of the endothelial cells, the initial
delay in IFN-y response together with the hyperinflammatory
response in individuals with diabetes may exacerbate the ‘cytokine
storm’ and increase COVID-19 severity[80]. Increased vascular
lesions, endothelial inflammation and vasoconstriction associated
with endothelial dysfunction put individuals with diabetes at a
greater risk for endothelitis in several organs. Change of vascular
tone towards more vasoconstrictions may lead to subsequent organ
ischaemia, tissue oedema and a procoagulant state[81]. This may
explain the thromboembolic episodes observed in these cases.
Finally, dysregulated immune cell populations and activity observed
in individuals with diabetes play a critical role in aggravating the
severity[82]. The mean duration between the diagnosis of COVID-
19 and the development of symptoms of mucormycosis was
(15.6£9.6) days. Control of hyperglycaemia, early treatment with
liposomal amphotericin B and surgery are essential for the successful
management of mucormycosis[67]. Thus, the use of glucocorticoids

in mild COVID-19 cases (without hypoxaemia) or the utilisation of
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higher doses of glucocorticoids should be avoided[83]. Further, in the
absence of a clear benefit, drugs targeting immune pathways such as
tocilizumab should be discouraged. For the successful management
of mucormycosis, a high index of clinical suspicion, low threshold
for diagnosis in patients with risk factors, neuroimaging, and specific
diagnostic tests with a coordinated effort from a multidisciplinary
team including ophthalmology, otorhinolaryngology, infectious
diseases, neurosurgery, critical care, microbiology and pathology
department are crucial. A delay of even 6days in initiating treatment
doubles the 30-day mortality from 35% to 66%|67]. Patients with
mucormycosis and their responses to antifungal agents are hosts
and sites dependant. This is very crucial in this pandemic because
many patients have multiple morbidities especially diabetes,
immunocompromised, haematological malignancies and stem
cell transplant recipients. Hence host dependant variation in drug
treatment success should always be considered in the prognosis and
management of patients with mucormycosis. To be efficacious in
therapeutic intervention, several clinical trials and pharmacovigilance

are the need for the successful management of mucormycosis[84].

6. Conclusions

The present review was intended to explore the pathogenesis
and various treatment approaches against mucormycosis in
COVID-19 patients. The current review highlights the histology
of mucormycosis that including the pathogenesis of vasculitis,
rhino-cerebral and pulmonary mucormycosis and relation between
SARS and COVID-19. This review describes various therapeutic
approaches against mucormycosis, including medicinal plants-based
drugs, conventional therapy, and adjunct and combinational therapies
to avoid mucormycosis associated complication in COVID-19
critically ill patients. This study concludes and suggests that further
clinical trials and pharmacovigilance studies are needed for the
successful management of mucormycosis in COVID-19 patients

using therapeutic intervention.

Conflicts of interest statement

The authors declare no conflict of interest.

Acknowledgements

All the authors of this manuscript are thankful to their respective

Departments/Universities for successful completion of this study.



COVID-19-assoctated mucormycosts and treatments

Authors' contributions

VS.,NKF, SF, HK.D, D.UM., M.S,, RB.N,, S.C., K.V.S. and
S.A.K. developed the date curation and theoretical formalism. V.S.,
N.K.E,SE,YSW, UK, K.S., RM. and VK.S. contributed writing
review and editing. V.S., N.K.E. and S.F. authors contributed to the
final version of the manuscript. All authors have read and agreed to

the published version of the manuscript.

References

[1] Subramaniyan V, Chakravarthi S, Seng WY, Kayarohanam S, Fuloria
NK, Fuloria S. Impact of COVID-19 in public health: Prevalence and
preventive approaches. Pak J Pharm Sci 2020; 33(4): 1739-1745.

[2] Narayanan DKL, Kayarohanam S, Fuloria S, Fuloria NK, Janakiraman
AK, Djearamane S, et al. COVID-19 vaccine candidates under clinical
evaluation-a review. Intern J Pharm Res 2021; 13(1): 4588-4598.

[3] Skiada A, Pavleas I, Drogari-Apiranthitou M. Epidemiology and
diagnosis of mucormycosis: An update. J Fungi (Basel) 2020; 6(4): 265.

[4] Prakash H, Chakrabarti A. Global epidemiology of mucormycosis. J
Fungi (Basel) 2019; 5(1): 26.

[5] Mehta S, Pandey A. Rhino-orbital mucormycosis associated with COVID-
19. Cureus 2020; 12(9): €10726. doi: 10.7759/cureus.10726.

[6] Katragkou A, Walsh TJ, Roilides E. Why is mucormycosis more difficult
to cure than more common mycoses? Clin Microbiol Infect 2014; 20(6):
74-81.

[7] Azoulay E, Russell L, Van de Louw A, Metaxa V, Bauer P, Povoa P, et
al. Diagnosis of severe respiratory infections in immunocompromised
patients. Intens Care Med 2020; 46(2): 298-314.

[8] Kohler JR, Casadevall A, Perfect J. The spectrum of fungi that infects
humans. Cold Spring Harb Perspect Med 2014; 5(1): a019273. doi:
10.1101/cshperspect.a019273.

[9] Behera D, Praveen D, Behera MR. Protecting Indian health workforce
during the COVID-19 pandemic. J Family Med Prim Care 2020; 9(9):
4541-4546.

[10]Shreftler J, Petrey J, Huecker M. The impact of COVID-19 on healthcare
worker wellness: A scoping review. West J Emerg Med 2020; 21(5): 1059-

1066.

[11]Wall G, Lopez-Ribot JL. Current antimycotics, new prospects, and future
approaches to antifungal therapy. Aniibiotics (Basel) 2020; 9(8): 445.

[12]Gupta AK, Parwal C, Mangal M, Gambhir SS, Nanda BS, Sarangi K.
Treating mucormycosis using a multimodality approach: A case series.

Wound Care 2018; 27(11): 735-742.

[13]Donal E, Delgado V, Bucciarelli-Ducci C, Galli E, Haugaa KH, Charron
P, et al. Multimodality imaging in the diagnosis, risk stratification,
and management of patients with dilated cardiomyopathies: An expert
consensus document from the European Association of Cardiovascular

Imaging. Eur Heart ] Cardiovasc Imag 2019; 20(10): 1075-1093.

407

[14]Moorthy A, Gaikwad R, Krishna S, Hegde R, Tripathi KK, Kale PG, et
al. 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; 20(3):
1-8.

[15]Bayram N, Ozsaygili C, Sav H, Tekin Y, Gundogan M, Pangal E,
et al. Susceptibility of severe COVID-19 patients to rhino-orbital
mucormycosis fungal infection in different clinical manifestations. Jpn J
Ophthalmol 2021; 65(4): 515-525.

[16]Sanguinetti M, Posteraro B, Beigelman-Aubry C, Lamoth F, Dunet V,
Slavin M, et al. Diagnosis and treatment of invasive fungal infections:
Looking ahead. J Antimicrob Chemother 2019; 74(2): 1i27-ii37. doi:
10.1093/jac/dkz041.

[17]Boniche C, Rossi SA, Kischkel B, Barbalho FV, Moura AND,
Nosanchuk JD, et al. Immunotherapy against systemic fungal infections
based on monoclonal antibodies. J Fungi (Basel) 2020; 6(1): 31.

[18]Montafio DE, Voigt K. Host immune defense upon fungal infections with
mucorales: Pathogen-immune cell interactions as drivers of inflammatory
responses. J Fungi (Basel) 2020; 6(3): 173.

[19]Goéralska K, Blaszkowska J, Dzikowiec M. Neuroinfections caused by
fungi. Infection 2018; 46(4): 443-459.

[20]Arastehfar A, Carvalho A, Houbraken J, Lombardi L, Garcia-Rubio R,
Jenks JD, et al. Aspergillus fumigatus and aspergillosis: From basics to
clinics. Stud Mycol 2021; 100: 100115.

[21]Peng J, Wang Q, Mei H, Zheng H, Liang G, She X, et al. Fungal co-
infection in COVID-19 patients: Evidence from a systematic review and
meta-analysis. Aging (Albany NY) 2021; 13(6): 7745-7757.

[22]Son HIJ, Song JS, Choi S, Jung J, Kim MJ, Chong YP, et al. A comparison
of histomorphologic diagnosis with culture- and immunohistochemistry-
based diagnosis of invasive aspergillosis and mucormycosis. Infect Dis
(Lond) 2020; 52(4): 279-283.

[23]Seidel C, Moreno-Veldsquez SD, Ben-Ghazzi N, Gago S, Read ND,
Bowyer P. Phagolysosomal survival enables non-lytic hyphal escape
and ramification through lung epithelium during Aspergillus fumigatus
infection. Front Microbiol 2020; 11: 1955.

[24]Amarnath S, Deeb L, Philipose J, Zheng X, Gumaste V. A
comprehensive review of infectious granulomatous diseases of the
gastrointestinal tract. Gastroenterol Res Pract 2021; 2021: 8167149. doi:
10.1155/2021/8167149.

[25]0juawo O, Htwe T, Thein OS, Sahal A. Pneumocystis pneumonia
causing cavitating lung nodules in an immunocompetent individual. BM./
Case Rep 2021; 14(4): €241061.

[26]K6nonen E, Wade WG. Actinomyces and related organisms in human
infections. Clin Microbiol Rev 2015; 28(2): 419-442.

[27]Nouioui I, Carro L, Garcia-Lopez M, Meier-Kolthoff JP, Woyke T,
Kyrpides NC, et al. Genome-based taxonomic classification of the
phylum Actinobacteria. Front Microbiol 2018; 9: 2007. doi: 10.3389/
fmicb.2018.02007.

[28]Mehdizadeh Gohari I, A Navarro M, Li J, Shrestha A, Uzal F, McClane



408

BA. Pathogenicity and virulence of Clostridium perfringens. Virulence
2021; 12(1): 723-753.

[29]Thomas PA. Current perspectives on ophthalmic mycoses. Clin Microbiol
Rev 2003; 16(4): 730-797.

[30]Sikora A, Zahra F. Nosocomial infections. In: StatPearls. [Internet].
Treasure Island (FL): StatPearls Publishing; 2021.

[31]Sen M, Honavar SG, Sharma N, Sachdev MS. COVID-19 and eye: A
review of ophthalmic manifestations of COVID-19. Ind ] Ophthalmol
2021; 69(3): 488-509.

[32]Sharma S, Grover M, Bhargava S, Samdani S, Kataria T. Post coronavirus
disease mucormycosis: A deadly addition to the pandemic spectrum. J
Laryngol Otol 2021; 135(5): 442-447.

[33]Deutsch PG, Whittaker J, Prasad S. Invasive and non-invasive fungal
rhinosinusitis-a review and update of the evidence. Medicina (Kaunas)
2019; 55(7): 319. doi: 10.3390/medicina55070319.

[34]Alekseyev K, Didenko L, Chaudhry B. Rhinocerebral mucormycosis and
COVID-19 pneumonia. J Med Cases 2021; 12(3): 85-89.

[35]Parkar AP, Kandiah P. Differential diagnosis of cavitary lung lesions. J
Belg Soc Radiol 2016; 100(1): 100. doi: 10.5334/jbr-btr.1202.

[36]Firacative C. Invasive fungal disease in humans: Are we aware of the real
impact? Mem Inst Oswaldo Cruz 2020; 115: €200430. doi: 10.1590/0074-
02760200430.

[37TWu YX, Zuo YH, Cheng QJ, Huang Y, Bao ZY, Jin XY, et al. Respiratory
Aspergillus colonization was associated with relapse of acute exacerbation
in patients with chronic obstructive pulmonary disease: Analysis of data
from a retrospective cohort study. Front Med (Lausanne) 2021; 8: 640289.
doi: 10.3389/fmed.2021.640289.

[38]Prasad BPK, Ray B. Singular observation of a desirable change
after bronchial artery embolization for hemoptysis in intracavitary
aspergilloma. Ind J Radiol Imag 2017; 27(2): 225-228.

[39]Hope WW, Walsh TJ, Denning DW. The invasive and saprophytic
syndromes due to Aspergillus spp. Med Mycol 2005; 43(1): S207-S238.
[40]Kuate MPN, Ekeng BE, Kwizera R, Mandengue C, Bongomin F.
Histoplasmosis overlapping with HIV and tuberculosis in sub-Saharan
Africa: Challenges and research priorities. Ther Adv Infect Dis 2021; doi:

10.1177/20499361211008675.

[41]Kischkel B, Rossi SA, Santos SR, Nosanchuk JD, Travassos LR, Taborda
CP. Therapies and vaccines based on nanoparticles for the treatment of
systemic fungal infections. Front Cell Infect Microbiol 2020; 10: 463.

[42]Soliman S, Alnajdy D, El-Keblawy AA, Mosa KA, Khoder G, Noreddin
AM. Plants' natural products as alternative promising anti-Candida drugs.
Pharmacogn Rev 2017; 11(22): 104-122.

[43]Kamatenesi-Mugisha M, Oryem-Origa H, Odyek O, Makawiti DW.
Medicinal plants used in the treatment of fungal and bacterial infections
in and around Queen Elizabeth Biosphere Reserve, western Uganda. Afric
J Ecol 2008; 46: 90-97.

[44]Sepahvand A, Ezatpour B, Tarkhan F, Bahmani M, Khonsari A, Rafieian-
Kopaei M. Phytotherapy in fungi and fungal disease: A review of

effective medicinal plants on important fungal strains and diseases. In J

Vetriselvan Subramaniyan et al./ Asian Pacific Journal of Tropical Medicine 2021; 14(9): 401-409

Pharm Sci Res 2017; 8: 4473-4495.

[45]Nakamura CV, Ishida K, Faccin LC, Filho BP, Cortez DA, Rozental S, et
al. In vitro activity of essential oil from Ocimum gratissimum L. against
four Candida species. Res Microbiol 2004; 155(7): 579-586.

[46]Felipe LO, Junior WFDS, Araidjo KC, Fabrino DL. Lactoferrin, chitosan
and Melaleuca alternifolia-natural products that show promise in
candidiasis treatment. Braz J Microbiol 2018; 49(2): 212-219.

[47]Chhonker YS, Prasad YD, Chandasana H, Vishvkarma A, Mitra
K, Shukla PK, et al. Amphotericin-B entrapped lecithin/chitosan
nanoparticles for prolonged ocular application. Int J Biol Macromol 2015;
72: 1451-1458.

[48]Negri M, Salci TP, Shinobu-Mesquita CS, Capoci IR, Svidzinski TI,
Kioshima ES. Early state research on antifungal natural products.
Molecules 2014; 19(3): 2925-2956.

[49]Skiada A, Lass-Floerl C, Klimko N, Ibrahim A, Roilides E, Petrikkos G.
Challenges in the diagnosis and treatment of mucormycosis. Med Mycol
2018; 56(1): 93-101.

[S0]Gebremariam T, Lin L, Liu M, Kontoyiannis DP, French S, Edwards
JE Jr., et al. Bicarbonate correction of ketoacidosis alters host-pathogen
interactions and alleviates mucormycosis. J Clin Invest 2016; 126(6):
2280-2294.

[5S1]Jiang RS, Hsu CY. Endoscopic sinus surgery for rhinocerebral
mucormycosis. Am J Rhinol 1999; 13(2): 105-109.

[52]Warris A, Lehrnbecher T, Roilides E, Castagnola E, Briiggemann RIM,
Groll AH. ESCMID-ECMM guideline: Diagnosis and management of
invasive aspergillosis in neonates and children. Clin Microbiol Infect 2019;
25(9): 1096-1113.

[53]Lanternier F, Poiree S, Elie C, Garcia-Hermoso D, Bakouboula P, Sitbon
K, et al. Prospective pilot study of high-dose (10 mg/kg/day) liposomal
amphotericin B (L-AMB) for the initial treatment of mucormycosis. J
Antimicrob Chemother 2015; 70(11): 3116-3123.

[54]Sipsas NV, Gamaletsou MN, Anastasopoulou A, Kontoyiannis DP.
Therapy of mucormycosis. J Fungi (Basel) 2018; 4(3): 90.

[55]Tissot F, Agrawal S, Pagano L, Petrikkos G, Groll AH, Skiada A, et al.
ECIL-6 guidelines for the treatment of invasive candidiasis, aspergillosis
and mucormycosis in leukemia and hematopoietic stem cell transplant
patients. Haematologica 2017; 102(3): 433-444.

[S6]Rybak JM, Marx KR, Nishimoto AT, Rogers PD. Isavuconazole:
Pharmacology, pharmacodynamics, and current clinical experience with
a new triazole antifungal agent. Pharmacotherapy 2015; 35(11): 1037-
1051.

[S7]Marty FM, Ostrosky-Zeichner L, Cornely OA, Mullane KM, Perfect
JR, Thompson GR, et al. Isavuconazole treatment for mucormycosis: A
single-arm open-label trial and case-control analysis. Lancet Infect Dis
2016; 16(7): 828-837.

[58]Graves B, Morrissey CO, Wei A, Coutsouvelis J, Ellis S, Pham A, et al.
Isavuconazole as salvage therapy for mucormycosis. Med Mycol Case Rep
2016; 11: 36-39.

[59]Shubitz LF, Roy ME, Trinh HT, Hoekstra W], Schotzinger RJ, Garvey



COVID-19-assoctated mucormycosts and treatments

EP. Efficacy of the investigational antifungal VT-1161 in treating
naturally occurring coccidioidomycosis in dogs. Antimicrob Agenis
Chemother 2017; 61(5): e00111-17.

[60]Gebremariam T, Alkhazraji S, Alqarihi A, Wiederhold NP, Shaw KJ,
Patterson TF, et al. Fosmanogepix (APX001) is effective in the treatment
of pulmonary murine mucormycosis due to Rhizopus arrhizus. Antimicrob
Agents Chemother 2020; 64(6): ¢00178-20.

[61]Lamoth F, Kontoyiannis DP. Therapeutic challenges of non-Aspergillus
invasive mold infections in immunosuppressed patients. Antimicrob
Agents Chemother 2019; 63(11): e01244-19.

[62]Ben Yaakov D, Rivkin A, Mircus G, Albert N, Dietl AM, Kovalerchick
D, et al. Identification and characterization of haemofungin, a novel
antifungal compound that inhibits the final step of haem biosynthesis. J
Antimicrob Chemother 2016; 71(4): 946-952.

[63]Reed C, Ibrahim A, Edwards JE Jr., Walot I, Spellberg B. Deferasirox, an
iron-chelating agent, as salvage therapy for rhinocerebral mucormycosis.
Antimicrob Agents Chemother 2006; 50(11): 3968-3969.

[64]Sam QH, Yew WS, Seneviratne CJ, Chang MW, Chai LYA.
Immunomodulation as therapy for fungal infection: Are we closer? Front
Microbiol 2018; 9: 1612.

[65]Huang AM, Nagel JL, Crass RL, Nguyen C. Combination therapy for the
treatment of mucormycosis: Examining the evidence. Curr Fungal Infect
Rep 2015; 9: 94-110.

[66]Haidar G, Singh N. How we approach combination antifungal therapy
for invasive aspergillosis and mucormycosis in transplant recipients.
Transplantation 2018; 102(11): 1815-1823.

[67]Sen M, Lahane S, Lahane TP, Parekh R, Honavar SG. Mucor in a viral
land: A tale of two pathogens. Indian J Ophthalmol 2021; 69(2): 244-252.

[68]Lu G, Wang J. Dynamic changes in routine blood parameters of a severe
COVID-19 case. Clin Chim Acta 2020; 508: 98-102.

[69]Anurag A, Jha PK, Kumar A. Differential white blood cell count in the
COVID-19: A cross-sectional study of 148 patients. Diabetes Metab Syndr
2020; 14(6): 2099-2102.

[70]Tarke A, Sidney J, Methot N, Zhang Y, Dan JM, Goodwin B, et al.
Negligible impact of SARS-CoV-2 variants on CD4" and CD8" T cell
reactivity in COVID-19 exposed donors and vaccinees. bioRxiv 2021.
doi: 10.1101/2021.02.27.433180.

[71]Lin L, Lu L, Cao W, Li T. Hypothesis for potential pathogenesis of
SARS-CoV-2 infection-a review of immune changes in patients with

viral pneumonia. Emerg Microbes Infect 2020; 9(1): 727-732.

409

[72]Naundorf S, Schroder M, Hoflich C, Suman N, Volk HD, Griitz G. IL-
10 interferes directly with TCR-induced IFN-gamma but not IL-17
production in memory T cells. Eur J Immunol 2009; 39(4): 1066-1077.

[73]Buldain I, Martin-Souto L, Antoran A, Areitio M, Aparicio-Fernandez
L, Rementeria A, et al. The host immune response to Scedosporium/
Lomentospora. ] Fungi (Basel) 2021; 7(2): 75.

[74]Revannavar SM, Supriya PS, Samaga L, Vineeth VK. COVID-19
triggering mucormycosis in a susceptible patient: A new phenomenon
in the developing world? BMJ Case Rep 2021; 14(4): e241663. doi:
10.1136/ber-2021-241663.

[75]Pasero D, Sanna S, Liperi C, Piredda D, Branca GP, Casadio L, et al.
A challenging complication following SARS-CoV-2 infection: A case
of pulmonary mucormycosis. Infection 2020. doi: 10.1007/s15010-020-
01561-x.

[76]Corrao S, Pinelli K, Vacca M, Raspanti M, Argano C. Type 2 diabetes
mellitus and COVID-19: A narrative review. Front Endocrinol (Lausanne)
2021; 12: 609470. doi: 10.3389/fendo.2021.609470.

[77]De Bandt JP, Monin C. Obesity, nutrients and the immune system in the
era of COVID-19. Nutrients 2021; 13(2): 610. doi: 10.3390/nu13020610.

[78]Erener S. Diabetes, infection risk and COVID-19. Mol Metab 2020; 39:
101044. doi: 10.1016/j.molmet.2020.101044.

[79]Ramasamy S, Subbian S. Critical determinants of cytokine storm and
type I interferon response in COVID-19 pathogenesis. Clin Microbiol Rev
2021; 34(3): €00299-20.

[80]Rajendran P, Rengarajan T, Thangavel J, Nishigaki Y, Sakthisekaran D,
Sethi G, et al. The vascular endothelium and human diseases. Int J Biol
Sei 2013; 9(10): 1057-1069.

[81]Hussain A, Bhowmik B, do Vale Moreira NC. COVID-19 and diabetes:
Knowledge in progress. Diabetes Res Clin Pract 2020; 162: 108142. doi:
10.1016/j.diabres.2020.108142.

[82]Gopalaswamy R, Subbian S. Corticosteroids for COVID-19 therapy:
Potential implications on tuberculosis. Int J Mol Sct 2021; 22(7): 3773.
doi: 10.3390/ijms22073773.

[83]Singh AK, Majumdar S, Singh R, Misra A. Role of corticosteroid in
the management of COVID-19: A systemic review and a clinician's
perspective. Diabetes Metab Syndr 2020; 14(5): 971-978.

[84]Lv L, Gu S, Jiang H, Yan R, Chen Y, Chen Y, et al. Gut mycobiota
alterations in patients with COVID-19 and HIN1 infections and their
associations with clinical features. Commun Biol 2021; 4(1): 480. doi:

10.1038/s42003-021-02036-x.



