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The Coronavirus outbreak globally has changed the medical system and also led to a

shortage of medical facilities in both developing and underdeveloped countries. The

COVID19 disease, being novel in nature along with high infectivity and frequent mutational

rate, has been termed to be fatal across the globe. The advent of infection by SARS-CoV-2

has brought a myriad of secondary complications and comorbidities resulting in additional

challenges to the health care system induced by novel therapeutic procedures. The

emerging variant with respect to the Indian subcontinent and the associated genetic mu-

tations have worsened the situation at hand. Proper clinical management along with

epidemiological studies and clinical presentations in scientific studies and trials is neces-

sary in order to combat the simultaneous waves of emerging strains. This article summa-

rizes three of the major fungal outbreaks in India namely mucormycosis, candidiasis and

aspergillosis, and elaborates their subtypes, pathogenesis, symptoms and treatment and

detection techniques. A detail of future therapeutics under consideration are also elabo-

rated along with a general hypothesis on how COVID19 is related to immunological ad-

vances leading to major widespread fungal infection in the country. The factors that

contribute in promoting virus proliferation and invasive fungal infections include cell-

mediated immunity, associated immunocompromised conditions and treatment protocols

that slows down immune mechanisms. To better comprehend a fungal or bacterial

outbreak, it is very important to conduct audits mediated through multicenter national

and state research teams for recognizing patterns and studying current cases of fungal

infection in both healthy and comorbid groups of COVID19 patients.

ª 2021 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction gave a free entry to any bacterial or fungal infection. The coro-
The COVID19 has amplified amyriad of complications that eli-

cited severe diseases due to the weakening of the immune

system or owing to the presence of other comorbidities that
.com (P. Patel).

. Published by Elsevier L
navirus disease 2019 (COVID19) is caused by the novel severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a vi-

rus that has led to the loss of millions of lives in just over a

year (Coronavirus Disease (COVID-19), n.d.-a). Though this
td. All rights reserved.
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viral outbreak was unprecedented, the healthcare system has

evolved at a rapid pace to combat every aspect of the disease

and its burdens. However, finite loopholes in tackling the virus

and its supplementary diseases have led to the increasing rise

in deaths from minor bacterial or fungal infections taking a

gargantuan shape. Some of the common fungal diseases asso-

ciated with the COVID19 are aspergillosis from the fungus

Aspergillus, Candida from C. auras, Histoplasmosis and Blasto-

myocis (Nucci et al., 2021). Bacterial infections from strains

that are resistant to extended antibiotics like A. baumannii

and S. aureus have also been reported among patients infected

with the coronavirus. (see Table 1)

Respiratory viral infections have promoted opportunistic

infections ever since they have identified during the 1918

influenza (H1N1) pandemic (Morens et al., 2008). To analyze

the incidence of fungal infections in COVID19 patients,

various databases like PubMed, Google Scholar, Scopus,

Embase, Web of Science etc. have been studied to find the

interconnecting link between COVID19 and the immune sys-

tem and how it reacts and gets susceptible to fungal infec-

tions. Even though multiple publications have been found

that shed light on the COVID19 developments, however, very

few articles correspond to the association of the COVID19

with the immune system. The following review tries to find

out the subtle association between the viral and fungal

outbreak concerning the immune changes; hence, the authors

have tried to find out major interconnecting factors between

the two. A brief on how other accessory factors have aggra-

vated this disease manifestation has also been addressed.

Invasive Candidiasis or candidemia is another type of fungal

infection being increasingly reported in COVID-19. Recent

studies on fungal infections in COVID19 patients have shown

C. albicans to be the most common (around 44%), followed by

C. auris (around 23.2%) and some rare cases of infection by C.

glabrata, C. parapsilosis and C. tropicalis (Arastehfar et al.,

2020). This review discusses the prevalence and pathogenesis

of candidiasis and establishes probable pathogenic mecha-

nism of the disease in COVID-19. Cases of invasive pulmonary

aspergillosis had also been reported during the 2009 influenza

pandemic (Lat et al., 2010). COVID19 associated aspergillosis

mainly attacks hosts who have compromised immune sys-

tems. ARDS associated with immune dysregulation can

further increase the chances of fungal infections (Han and

Mallampalli, 2015). Our immune system generally keeps these

fungal infections at bay, however, once the immune system

succumbs, it gives a free passage for other secondary infec-

tions to unleash their potency and cause havoc.

Echinocandin class of antifungals are used as primary

treatment for invasive candidiasis in COVID-19. Candida auris

is a multidrug resistant variety of Candida species which is

resistant to most conventionally used antifungals like azoles

(Arastehfar et al., 2020). It has been speculated that corticoste-

roid therapy has a significant role in the advancement of CAPA

(Koehler et al., 2021). There has been a considerable amount of

rise in CAPA cases in patients who have undergone corticoste-

roid treatments (Bartoletti et al., 2020; White et al., 2020a).

Drugs like tocilizumab and dexamethasone have been effi-

cient in the trials against COVID19. However, when used in

excess can also make patients vulnerable to fungal diseases

(Schauwvlieghe et al., 2018; Bartoletti et al., 2020). A hypothesis



C
O
V
ID

1
9

a
ss
o
ci
a
te
d

ca
n
d
id
ia
si
s

(I
n
v
a
si
v
e

ca
n
d
id
ia
si
s
o
r

C
a
n
d
e
d
im

ia
)

C
a
n
d
id
a
a
lb
ic
a
n
s,

C
a
n
d
id
a

a
u
ra
s,

C
a
n
d
id
a
gl
a
b
ra
ta
,

C
a
n
d
id
a
p
a
ra
p
il
op

si
s,

C
a
n
d
id
a
tr
op

ic
a
li
s

(C
h
a
k
ra
b
a
rt
i
A
&

R
,2

0
1
4
;

M
e
is

a
n
d
C
h
a
k
ra
b
a
rt
i,

2
0
0
9
)

O
ra
l
th

ru
sh

,
fe
v
e
r,

lo
w

b
lo
o
d
p
re
ss
u
re
,

a
b
d
o
m
in
a
l
p
a
in
,
u
ri
n
a
ry

tr
a
ct

in
fe
ct
io
n
,
le
si
o
n
s

o
n
sk

in
.

D
is
ru

p
ti
o
n
o
f
cu

ta
n
e
o
u
s

a
n
d
m
u
co

sa
l
b
a
rr
ie
r

a
ll
o
w
s
y
e
a
st

ce
ll
s
to

e
n
te
r
in
to

b
lo
o
d
st
re
a
m

(P
e
tr
ik
k
o
s
et

a
l.
,
2
0
1
2
a
)

A
b
d
o
m
in
a
l
p
e
ri
to
n
iu
m
,

lu
n
g
s
(M

o
h
a
m
e
d
et

a
l.
,

2
0
2
0
;
R
e
ic
h
e
n
b
e
rg
e
r
e
t

a
l.
,
2
0
0
2
)

B
lo
o
d
cu

lt
u
re
,
b
-D

-

G
lu
ca

n
a
ss
a
y
,
M
a
n
n
a
n

a
n
ti
g
e
n
a
ss
a
y
,

P
o
ly
m
e
ra
se

C
h
a
in

R
e
a
ct
io
n
(P
C
R
),

T
2
C
a
n
d
id
a
p
a
n
e
,

M
A
L
D
I-
T
O
F
(C

la
n
cy

a
n
d

N
g
u
y
e
n
,
2
0
1
8
;
D
ia
gn

os
is

a
n
d
T
es
ti
n
g
|I
n
v
a
si
v
e

C
a
n
d
id
ia
si
s
|C

a
n
d
id
ia
si
s
|

T
yp

es
of

D
is
ea

se
s
|F

u
n
ga

l

D
is
ea

se
s
|C

D
C
,
n
.d
.;

P
a
p
p
a
s
et

a
l.
,
2
0
1
8
)

E
ch

in
o
ca

n
d
in
s

(a
n
id
u
la
fu

n
g
in
,

ca
sp

o
fu

n
g
in

o
r

m
ic
a
fu

n
g
in
)

(B
e
n
-A

m
i,
2
0
1
8
;

C
a
n
d
id
em

ia
(B
lo
od

In
fe
ct
io
n
)
a
n
d

O
th
er

C
a
n
d
id
a

In
fe
ct
io
n
>
,

n
.d
.;
>
C
a
n
d
id
ia
si
s

(I
n
v
a
si
v
e)

-

In
fe
ct
io
u
s
D
is
ea

se
s

-
M
S
D

M
a
n
u
a
l

P
ro
fe
ss
io
n
a
l

E
d
it
io
>
,
n
.d
.

L
ip
o
so

m
a
l
a
m
p
h
o
ce

tr
in

B
,
A
zo

le
s
(v
o
ri
co

n
a
zo

le
,

fl
u
co

n
a
zo

le
,

p
o
sa

co
n
a
zo

le
)
(B
e
n
-

A
m
i,
2
0
1
8
;
C
a
n
d
id
em

ia

(B
lo
od

In
fe
ct
io
n
)
a
n
d
O
th
er

C
a
n
d
id
a
In
fe
ct
io
n
>
,
n
.d
.;

P
a
p
p
a
s
et

a
l.
,
2
0
0
4
)

C
O
V
ID

1
9

a
ss
o
ci
a
te
d

a
sp

e
rg
il
lo
si
s

A
sp

e
rg
il
lu
s
fu

m
ig
a
tu

s,

A
sp

e
rg
il
lu
s
fl
a
v
u
s,

A
sp

e
rg
il
lu
s
te
rr
e
u
s,

a
n
d

a
sp

e
rg
il
lu
s
n
ig
e
r
(M

a
rr

et

a
l.
,
2
0
0
2
)

F
e
v
e
r,

C
h
e
st

p
a
in
,

C
o
u
g
h
,
C
o
u
g
h
in
g
u
p

b
lo
o
d
,
S
h
o
rt
n
e
ss

o
f

b
re
a
th

(A
sp

er
gi
ll
os
is

|

T
yp

es
of

Fu
n
ga

l
D
is
ea

se
s
|

Fu
n
ga

l
D
is
ea

se
s
|C

D
>
,

n
.d
.)

In
h
a
la
ti
o
n
o
f
C
o
n
id
ia

(T
h
o
m
p
so

n
a
n
d

P
a
tt
e
rs
o
n
,
2
0
1
1
)

L
u
n
g
s
(T
h
o
m
p
so

n
a
n
d

P
a
tt
e
rs
o
n
,
2
0
0
8
)

C
o
m
p
u
te
d

T
o
m
o
g
ra
p
h
y
-s
ca

n
,

G
a
la
ct
o
m
a
n
n
a
n
a
n
ti
g
e
n

te
st

(R
e
ic
h
e
n
b
e
rg
e
r
et

a
l.
,

2
0
0
2
;
W

o
n
e
t
a
l.
,
1
9
9
8
b
)

V
o
ri
co

n
a
zo

le

(U
ll
m
a
n
n
e
t
a
l.
,

2
0
1
8
)

�E
ch

in
o
ca

n
d
in
s,

is
a
v
u
co

n
a
zo

le
,

a
m
p
h
o
te
ri
ci
n
B
,

p
o
sa

co
n
a
zo

le
(J
e
n
k
s
et

a
l.
,
2
0
1
9
)

Rise in cases of mucormycosis, candidiasis and aspergillosis 69
also claims that immune responses may also be responsible

for COVID19. So anti-cytokine therapy has been used to com-

bat COVID19 (McGonagle et al., 2020). The highmutational rate

of the Coronavirus and the emergence of new strains that

tend to develop resistance to the medications already in use

complexes its clinical manifestations; hence makes its treat-

ment compound. The relationships mentioned in this paper

tend to build a clear idea about immune regulatory systems

and particular factors that pertain to the proliferation of

mucormycosis, aspergillosis, and candidiasis. Occurrence of

fungal infection along with respiratory infections has been a

common scenario. COVID19 will pertain until the advent of

efficient vaccines or herd immunity is achieved (Thompson

III et al., 2020). Therefore, it becomes a necessity to consider

fungal diseases as a serious threat. Mucormycosis, candidi-

asis, and aspergillosis have also occurred in the past during

influenza pandemics, and is often reported in ICU patients

with hospitalization over a long period of time. In the near

future, we are likely to face more respiratory viral outbreaks

where cases of associated fungal diseases will also rise.

Due to the already compromised immune system, oppor-

tunistic infections find easy access to invade the body. One

such notable fungal infection that has caused a stir in the pre-

sent healthcare system is the black fungus or themucormyco-

sis, which is an infrequent, but serious infection that

complexes the course of COVID19 (Werthman-Ehrenreich,

2021). Occurrence of the candidiasis as well as aspergillosis

has also been reported in healthcare centers, a fungal infec-

tion that adds on surplus complications to the already deadly

viral outbreak. Apart from these cases, other relatively rare

fungal infections such as Histoplasmosis, Blastomyocis, Pneu-

mocystis pneumonia, and Cryptococcosis have also been re-

ported (Ribes et al., 2000a). This report mainly encompasses

mucormycosis, candidiasis, and aspergillosis, and deals with

their pathogenesis, diagnosis and treatment techniques.

Comprehensive therapeutic detailing of emerging treatment

procedures are elaborated in conjunction with a widespread

speculation on how COVID19 is associated with immunolog-

ical advances main to foremost fungal contamination within

the country.
2. Mucormycosis

The rampant rise in mucormycosis cases in addition to

COVID19 complications in India has stirred uproar amongst

the Healthcare facility. The mucormycosis fungi belong to

the order ofMucorales, a core group ofMucoromycota. The accu-

rate epidemiology of mucormycosis in the developing and

under-developed countries is inadequately documented due

to inadequate data as a result of sub-optimal information,

poor exposure, and dearth of treatment facilities in multiple

healthcare centers (Chakrabarti and Singh, 2011). Rhino-

orbito-cerebral presentation associated with uncontrolled

diabetes is the principal form of mucormycosis (Chakrabarti

and Singh, 2014). Though, hematological malignancies, trans-

plants and immunocompetency are major risk factors for

mucormycosis, it is commonly coupled with unconstrained

diabetes with or without ketoacidosis in India (Meis and

Chakrabarti, 2009). Mucormycosis is often classified based
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on its fungal widespread in terms of anatomical localization.

This can be classified into six subtypes. In rhinocerebral

mucormycosis, the fungus spreads in the nasal cavity, orbital

fissures, and sinuses. Pulmonarymucormycosis is localized in

the lung, hematogeneous, and lymphatic spread. Skin burns,

skin maceration, and contaminated dressings acquire cuta-

neous mucormycosis. Gastrointestinal mucormycosis is

transmitted from ingestion of fungi, hence this fungal infec-

tion is localized mostly in the gastrointestinal tract. Dissemi-

nated mucormycosis is usually characterized by the

hematogenous spread in patients on immunosuppressive

and antifungal prophylaxis. The sixth type is that of the un-

common presentations mostly localized in endocarditis, oste-

omyelitis, peritonitis, and pyelonephritis (Petrikkos et al.,

2012a; Kwon-Chung et al., 2012). Chronic corticosteroid usage

is another preliminary factor in the initiation and proliferation

of mucormycosis, hence this disease occurrence has gained a

high prevalence in COVID19 patients. A total of 28,252 cases of

mucormycosis infection have been reported in Indian states

with almost 86% of cases suffering from COVID19 complica-

tions, out of which 62.3% of the patients are hyperglycemic

as of 13 June 2021 (Black Fungus: These 2 States Account for

Nearly 42% of India’s 28,252 Mucormycosis Cases, n.d.).

The term “black fungus” is often considered to be a

misnomer, and has been colloquially used due to the appear-

ance of a black eschar on patients affected (Mucormycosis, Black

Fungus Not Same, Don’t Use Interchangeably: Docs, n.d.). The

word “black fungus” actually refers to the fungal infection

by mucormycosis, however, this term has been occasionally

used by the Indianmedia in order to easily identify the disease

and report the same to the common netizens of the country

(Mucormycosis, Black Fungus Not Same, Don’t Use

Interchangeably: Docs, n.d.).

Pathogenesis

Mucormycosis is an infrequent angiotropic and opportunistic

fungal infection characterized by the necrosis of the cells and

tissue it invades in due to vascularization by hyphae. The

most frequent medical appearance of mucormycosis is

Rhino-Orbital-Cerebral Infection, which is assumed to initiate

from the inhalation of spores into the paranasal sinuses by a

vulnerable immunocompromised multitude (Mucormycosis

(Zygomycosis) - UpToDate, n.d.-a). The most common underly-

ing comorbidity associated with mucormycosis is hyperglyce-

mia, malignancies, transplantations, systemic corticosteroid

use, neutropenia, and the viral COVID19 infection

(Werthman-Ehrenreich, 2021). The common symptoms of

this disease include acute sinusitis with fever, nasal conges-

tion, purulent nasal discharge, headache, and sinus pain

which spread to adjacent cavernous sinus spaces, brain, pal-

ate and orbits (Gamaletsou et al., 2012). Amajor distinguishing

factor between a mucormycosis infection and normal septate

hyaline molds is the width and pattern of hyphal branching.

Usually, Mucorales have a 90-degree hyphal branching

compared to the 45� in molds. However, specific identification

and distinction of the above are often difficult in infected tis-

sues because of the interstitial pressure on the branching

structure by the fungal outgrowth. Also, the hyphae’s

ribbon-like nature and wider surface area, along with the
presence of non-specific lesions is another distinct feature

for the identification of mucormycosis growth (Frater et al.,

2001; Chermetz et al., 2016; Cornely et al., 2019).

The Rhino-orbital-cerebral-mucormycosis (ROCM) origi-

nates in the sinuses and nasal cavity and reproduces at a

high rate depositing sporangiospores all the way up to the

brain. It rapidly spreads its hyphae all across and quickly

travels to the other body parts via the bloodstream, a condition

known as Disseminated mucormycosis, making this infection

acute and fatal (Black Fungus Infection Symptoms, Treatment,

Causes: Mucormycosis Black Fungal Infection in Covid 19 Patients

Symptoms and Other Details, n.d.). The Pulmonarymucormycosis

occurs when the spores are inhaled into the respiratory system

and infect lungs causing fever, chest pain and bloody hemopty-

sis (As Black Fungus Cases Rise in India, AIIMS Chief Lists Key

Factors to Prevent Mucormycosis, n.d.). The symptoms of this

fungal infection include facial swelling, sinus congestion, head-

ache, and black lesions on the palate and nasal cavity, partial

blindness, ultimately leading to tissue necrosis through toxic

means if left untreated (Erica Carabajal, 2021). The fungal

spores reproduce at a rapid growth rate because of phagocy-

tosis and also affect the lung parenchyma causing oxygen

shortage and respiratory failures in many cases. Also reports

suggest that the fungus degrades the sinus and orbital skeletal

tissues under favourable environments like high blood sugar

and damages orbital sockets leading to frozen eye movements,

brain strokes and rapid bleeding (Black Fungus Infection

Symptoms, Treatment, Causes: Mucormycosis Black Fungal

Infection in Covid 19 Patients Symptoms and Other Details, n.d.).

Infection spreads to the brain via a retro-orbital route, and to

the frontal lobe through the ethmoid sinuses (Gamaletsou

et al., 2012); Werthman-Ehrenreich (2021). The exponential

rise of mucormycosis cases in COVID19 patients and increased

mortality rate has indeed created a holocaust, thus raising con-

cerns both nationally and globally. Two cases in Delhi, India re-

ported manifestation of the “black fungus” in the stomach and

colon leading to intestinal perforations in patients with

COVID19 history, a complication atypical to the normal respira-

tory and sinus infection (Black Fungus in Intestine: Rarest of Rare

Cases Found, Treated at Delhi’s Sir Ganga Ram Hospital -

Coronavirus Outbreak News, n.d.).

Phagocytosis by this fungus compromises neutropenia and

steroid therapy in COVID19 patients. Themechanism of ketone

reduction in the fungus aids to effectively thrive in the acidotic

atmosphere in diabetic ketoacidosis. Additionally, acidosis

leads to the dissociation of iron leading to protein segregation

in blood serum, thus promoting virulence and continued exis-

tence. The high blood glucose condition favors growth of

mucormycosis through improved expression of protein recep-

tor GRP 78whichmagnifies attachment toMucorales, and finally

leads to reduction in phagocytosis coupled with high blood

sugar. Subsequently, considerable clotting in the cavernous si-

nus, jugular veins, and blockage of the carotid artery has also

been reported in many cases. ROCM rapidly spreads to the

brain via the cribriform plate and orbital apex, engendering

possible medical conditions like internal carotid artery occlu-

sion, ethmoid and sphenoid sinusitis cranial nerve palsy, chias-

mal infarction, intracranial aneurysm, ocular posterior

scleritis, fungal meningitis, and even death(Rhino-Orbital-

Cerebral Mucormycosis - EyeWik>, n.d.).
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Detection and Evaluation

The initial clinical presentation of this fungal infection in-

cludes sinusitis, nasal discharge, ophthalmoplegia, pyropto-

sis, malaise, fever, Periorbital Edema and ptosis. The

hallmark of the fungal spread is a distinctive black scab over

the skin, orbit, palate, jaws and nasal mucosa (Prabhu and

Patel, 2004). Imaging studies like CT/MRI of paranasal sinuses,

craniocerebrum orbital lobe, frontal and sphenoid sinus will

commonly assist in studying lesion masses, and the nature

of soft tissue that are infected(Rhino-Orbital-Cerebral

Mucormycosis - EyeWik>, n.d.; Rhino-Orbital Cerebral

Mucormycosis - PubMe>, n.d.). A bronchoalveolar lavage

(BAL), biopsy possibly will aid in the diagnosis (Ling et al.,

2014). However, the best diagnostic procedure that guarantees

intravascular presence of mucormycosis is a biopsy of the tis-

sue sample that detects 45� branching dichotomous septate of

the fungus, and histopathological confirmations like HþE (he-

matoxylin-eosin), PAS(periodic acid-Schiff) and GMS(Grocott-

Gomori’s methenamine silver stain) (Rhino-Orbital-Cerebral

Mucormycosis - EyeWiki, n.d.). RT PCR techniques along with

MALDI/TOF mass spectrometry can also be useful in identi-

fying the fugus (Ling et al., 2014). None of the serological or

blood tests like CBC has been reported to be useful

(Mucormycosis (Black Fungus) Symptoms, Treatment & Diagnosis,

n.d.).

In patients with diabetes, both CT and MRI imaging is usu-

ally preferred. In patients suffering from cancer and have he-

matological malignancies, pulmonary CT scan is

recommended for the detection of the reversed halo sign, an

area of ground glass opacity surrounded by a ring of consoli-

dation on thoracic CT. It is followed by cranial, thoracic and

abdominal CT in order to detect extensive fungal

manifestation.

Confirmation using histopathological testing includes

staining of tissue sections with haematoxylin-eosin (HE), peri-

odic acid-Schiff stain (PAS), or Grocott-Gomori’s

methenamine-silver stain (GMS), or both. PCR techniques on

either fresh or formalin-fixed paraffin-embedded tissue have

proven to be highly specific by using immunochemistry anal-

ysis. Culturing specimens will aid identification of fungus

genera and species. Direct fluorescence microscopy can help

in pathological distinction of Mucorales specific structural fea-

tures like angle of hyphal branch, septation and dimensions.

Detection of circular DNA can be a probable diagnosticmarker

using molecular based techniques like PCR or qPCR assays for

DNA extraction from serum or blood sample (Guarner et al.,

2011).
Diagnosis and Treatment of Disease

Salvage therapy and other immuno as well as antifungal ther-

apy, sometimes prove to be of little help because of the already

weakened immunity caused due to COVID19 infection (Jiang

et al., 2016). However, multiple research and medicinal combi-

nations are being experimented to give better results and pre-

vent the fungal infection from turning fatal (Fig. 3). Till date,

no potential randomized clinical trials have been registered in
order to address and extrapolate the optimal antifungal ther-

apy for mucormycosis. Furthermore monotherapy has a very

low success rate; hence prospective interventional clinical

studies never occurred (Chakrabarti et al., 2006; Spellberg

et al., 2005). The diagnosis of mucormycosis depends on the

investigational and imaging data available, pathological and

histological outcomes and comorbidities already present in

the patient. Established antifungal treatments like Amphoteri-

cin B deoxycholate (AmB) have shown toxicity in certain pa-

tients, and resistance to a few of the isolates have also been

reported. Though lipid derivatives of Amphotericin showed

diminished nephrotoxicity than AmB, however, high cost plays

a vital role in the availability of this treatment to the common

masses especially for underdeveloped and developing nations

(Spellberg et al., 2005). Investigational and adjunctive therapies

such as Itraconazole have shown lowactivity in animalmodels,

and should not be considered as a first line therapy for mucor-

mycosis treatment (Rickerts et al., 2002a). Posaconazole and

ravuconazole, investigational triazoles, have shown potential

in vitro activity against mucormycosis, hence proving to be a

highly effective treatment (Dannaoui et al., 2003).

For treatment of mucormycosis patients with drugs, in

case of patients with neutropenia, primary prophylaxis with

controlled drug release like Posaconazole is usually adminis-

tered orally. It is useful as a step down treatment after prelim-

inary therapy using Amphotericin B (Rai et al., 2016a). The

standard therapeutic treatment for patients suffering from

mucormycosis is a combination of surgical intervention, pre-

natal therapy with Amphotericin B, and treatment of underly-

ing conditions like diabetic ketoacidosis and COVID19 viral

infection in order to reduce mortality(Coronavirus Disease

(COVID-19>, n.d.-b; Rai et al., 2016a). Amphotericin B deoxy-

cholate has been the drug of choice over past decades. Isavu-

conazole or voriconazole in combination with antifungal

therapy in moderate strength for the first-line treatment of

mucormycosis has proven to be beneficial in patients

admitted to Intensive Care Unit (ICU), and can be applied as

a maintenance therapy (Isavuconazole for the Prevention of

COVID-19-Associated Pulmonary Aspergillosis - Full Text View -

ClinicalTrials.Gov, n.d.). Salvage therapeutic drugs for anti-

fungal treatment like Tocilizumab, Fluconazole or Caspofun-

gin should be strictly avoided if no beneficial effect is observed

after first administration (Garg et al., 2021). In COVID19 infec-

tions, administration of steroids (mostly dexamethasone

and methylprednisolone) during a suspected cytokine storm

when the inflammatory markers like CRP, FERRITIN, IL-6,

ESR starts to rise, and lead to an increase in neutrophil to

lymphocyte ratio) is therapeutically effective (Garg et al.,

2021). Steroids cause a decrease in immunity in conditions

like CKD, HIV, patients on immunosuppressive drugs, and un-

controlled diabetes, hence, it leads to an easymanifestation of

infections like mucormycosis (Edara et al., 2020; Sharun et al.,

2020). One of the major contributing factors to COVID19 Asso-

ciated mucormycosis is the use of Corticosteroids like gluco-

corticoids, which is generally administered in COVID19

patients in order to lower immune response especially during

cytokine storms (Garg et al., 2021; Guideline for Management of

Mucormycosis in Covid-19 Patients Background, n.d.). Hence, it
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becomes an easy target for any fungal infection. Hence, judi-

cious use of corticosteroids is recommended. Also anti-

inflammatory therapies like IL-6 therapies that target the im-

mune system must be avoided (Kimmig et al., 2020). Other

possible therapies include Hyperbaric Oxygen Therapy, use

of cytokines for immunomodulation, iron starvation therapy,

and use of Deferasirox that act as iron chelating agents

(Tragiannidis and Groll, 2009; Mucormycosis (Zygomycosis) -

UpToDate, n.d.-b).

Relation between mucormycosis and COVID 19

According to Indian CDC, if any patient who has already con-

tracted the COVID19 infection, and is currently under steroidal

medications, a few listed symptoms canprovide a better under-

standing of the fungal contraction and its systematic staging.

Such red flags include black discoloration, white ulcer, periocu-

lar or facial edema, regional pain in orbits, sinus and jaws, pro-

topsis, facial paresthesia, facial palsy and seizures, and loss of

vision accompanied by headache in extreme infections

(Honavar, 2021). Appropriate diagnostic modality and tailored

therapy can be helpful in preventing and eradicating the fungal

infection. A complex coordination of factors lead to systemic

immune alterations in COVID19 patients, that gives rise to sec-

ondary infections which impact overall survival of affected

people. This in turn greatly hampers innate immunity by

reducing T lymphocytes, CD4þ and CD8þ cells in the body

(Mehta and Pandey, 2020). One of the major clinical presenta-

tions of COVID19 is the presence of host iron in mucormycosis
Fig. 1 e Mucormycosis infection in
patients (Fig. 1). The angioinvasive nature of mucormycosis

leads to the fungi recurring its major source of iron through

heme either intracellularly through heme oxygenase or

through iron strips via a reductase-permease system

(Honavar, 2021; Mehta and Pandey, 2020). A weakened immune

system due to COVID19 infection is considered to be one of the

main reasons for the manifestation of the fungal disease.

Though a definite and direct relationship between COVID19

and mucormycosis is absent, the literature study mentioned

below suggests the existence of an indirect association.

Interaction of mucormycosis with PMNs, Cytokines, T cells, and
Endothelial receptors in a COVID19 patient
Polymorphonuclear leukocytes (PMNs) or neutrophil granulo-

cytes provide the first line of defense against any infection and

offer innate immunity by rapidly killing invading microbes,

thus, are potential effectors of inflammation (Di Carlo, et al.,

2001). The COVID19 infection originates after the entry of

the Coronavirus into the host cells, and then attaches to the

Angiotensin-Converting Enzyme (ACE), which is a metallic

peptide present on the host cell surface (Hamming et al.,

2004). Neutrophils are effective in fighting the fungi by the as-

sembly of cytokines and neutrophil extracellular traps (NETs)

(Papayannopoulos, 2018). NET acts as immune-modulators,

and causes oxidation of DNA and fungal peptides. COVID19

induced NETosis causes the production of cytokines, chemo-

kines and cells inducing inflammation, and its level increases

in patients with Acute Respiratory Distress Syndrome (ARDS),

and Chronic Obstructive Pulmonary Disease (COPD), that
patients affected by COVID19.
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ultimately is a major leading cause of “cytokine storm” in pa-

tients (Wong et al., 2019). NETs induce an immune-thrombotic

effect in the body specifically in lungs and kidneys, and leads

to chromatin decondensation and increased intensity of

circulating platelet-neutrophil clusters, thus this condition in-

creases the chances of cell apoptosis, tissue damage, multior-

gan failure, and even death (Garg et al., 2021; Middleton et al.,

2020). In COVID19 affected patients suffering from mucormy-

cosis fungal infection, inflammatory response is highly influ-

enced by chemotactic factors from fungal pathogens. In case

of hyperglycemic subjects, these chemotactic protein levels

were sufficiently decreased due to high neutrophil production

as an immune response to the hyphae growth. However, in

diabetic patients, due to the high blood sugar level, fungal

reproduction occurred at a much higher rate, hence it over-

took neutrophil production rate that is necessary to combat

the infection. Toll-like Receptors (TLR-2 and TLR-4) signaling

activates Amphotericin B, hence the activity of neutrophils

in killing the fungus increases manifold times (Silvia et al.,

2005). The endothelial receptor glucose-regulated protein 78

(GRP78) attaches to the surface of the fungus and induces

cell proliferation through the fungal coat protein homologue

3 (CotH3) leading to alterations in metabolism activities, and

GRP78 expression (Salazar and Brown, 2018). A high GRP78

has been consistently reported in patients affected with the

Coronavirus, with studies showing the interaction between

GRP78 with SARS-CoV-2 and ACE2 (Carlos, et al., 2021; Sabirli

et al., 2021).

Interaction of mucormycosis with DCs, IFNs, Platelets and
Macrophages in a COVID19 patient
Dendritic cells play a key role in innate as well as adaptive im-

mune response during host pathogenesis, and present anti-

gens to immune cells, thereby activating inflammatory

mediators and effector cells that proceed to kill the foreign

body(Dhodapkar et al.). SARS-CoV-2 induces production of cy-

tokines and interferon (IFN) secretions. Infection by the Coro-

navirus leads to a downregulated expression of major

histocompatibility complex (MHC) receptors (MHC-1 and

MHC-2), thus leading to diminished T-cell response. Addition-

ally natural major histocompatibility complex (MHC) Killer

cells incite cell death specifically in cells that lack MHC-I

expression, hence indirectly killing dendritic cells leading to

viral persistence that provides a breeding milieu for other

fungal invasion (Dhodapkar et al.,; Han et al., 2021). The hy-

phae and spores of the fungi fuel the maturation of dendritic

cells (DCs), and upregulate the expression of helper T cells

(Wurster et al., 2017). The hyphal spores however decrease

its reproduction efficiency when it is exposed to platelets in

the blood, since platelets induce homeostasis and bind to

the sporangiospores, thereby initiating immune action

against the fungus leading to phagocytosis (Hassan and

Voigt, 2019). Macrophages play a crucial role in defense

against Mucor infection by initiating innate immunity. Macro-

phages activates phagocytosis, and initiates restriction to the

metabolism of iron by the fungi leading to an adept increase in

nutritional stress (Jorens et al., 1995). Neutrophil activation in

response to mucormycosis infection activates Toll-like recep-

tors and Nod-like receptors leading to the production of Tu-

mor Necrosis Factor-a (TNF-a), Interferon- g (IFN-g) and
Interleukins, which further induces phagocytosis and

increased Macrophage production (Nicol�as et al., 2020; Jorens

et al., 1995). Sometimes Macrophages do not succeed in

clearing resting spores, which later thrive in high diabetic

and iron conditions in non-immunocompetent COVID19 pa-

tients (Nicol�as et al., 2020). Hence, most fungal reproduction

goes unnoticed unless it surpasses a certain threshold of

widespread infection, a condition that later becomes difficult

to arrest.

Future Therapeutics and Ways to Combat the Fungal
Outbreak

Detailed analysis and initiation of clinical trials related to anti-

fungal therapy and intrinsic understanding about themolecu-

lar biology as well as mechanism of action of Mucorales sp. is

warranted for better patient treatment. Invasive research on

salvage and single-institution retrospective studies should

be further researched considering multiple inherent biases

with special focus on host heterogeneity, clinical presenta-

tions and underlying pathophysiological mechanisms. Risk

stratification and staging along with elaborative scorecard

studies will help in a better clinical outcome and wide treat-

ment therapeutic advances (Fig. 2) (Kontoyiannis et al., 2012).

Advanced comparative studies on early testing and diagnosis

should be given priority for earlier detection of the fungal

outspread (Kontoyiannis et al., 2012). Advanced comparative

studies on early testing and diagnosis should be given priority

for earlier detection of the fungal outbreak. Even though a

small number of aggregated cases of “black fungus” have

been reported over the past few decades, the severity of this

fungal infection increasedmanifold times, piling up the death

toll and draining healthcare resources. Mucorales have a ke-

tone reductase enzyme, thus it provides a favourable milieu

to thrive in hyperglycemic and diabetic ketoacidosis condi-

tions accompanying poor diagnosis. Hence control of diabetes

with Insulin therapy and continuous glucosemonitor (CGM) in

order to improve patient’s metabolic control (Bayram et al.,

2021; Type 2 Diabetes: How Is It Treated? (For Teens) - Nemours

Kidshealt>, n.d.).

Cerebral complications like abscess and infarction due to

the angioinvasive nature of this infection have been recog-

nized in multiple cases. Early diagnosis, surgical intervention

if needed, and antifungal therapy are vital in enhancing prob-

able results. Anti-coagulation or thrombolytic therapy during

acute infection that leads to chromatin decondensation and

added complication is a probable treatment. It also leads to

limited efficacy of anti-fungal medications and surgical inter-

vention (He et al., 2021). Hence, further understanding of

thrombolytic effect, as well as use of triple complement

NET-coagulation axis can lead to a plausible therapeutic

outcome for the patient. In case of patients with a “cytokine

storm”, a high IL-6 production by inflammatory monocytes

is observed. Studies on antifungal cytokine production, and

its interaction with Peripheral blood mononuclear cells

(PBMCs) in case of mucormycosis patients with COVID19 his-

tory can help in providing suitable data to arrest the disease

complexity (Monta~no and Voigt, 2020). Th2, Th17, cytokines

and Tregs have proven to be potential players in both COVID19

associated Acute Respiratory Distress Syndrome (ARDS) and
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mucormycosis complications, hence novel single cell technol-

ogy in order to differentiate the heterogeneous cloud of im-

mune web and divulge into improved diagnostic and

therapeutic outcomes (Bayram et al., 2021; He et al., 2021).

Th2 impairs Th1 inflammatory response, hence exploring

the chemokine and cytokine milieu as a possible therapeutic

target, as well as monitoring the inhibitory effects of elevated

Tregs and macrophage signaling in disease diagnostics can be

plausible therapeutic targets to combat the COVID19 associ-

ated fungal infection (Bayram et al., 2021).

Effective inhibition of NETosis with natural and synthetic

peptides that act as immune-modulators can cause reduction

in “cytokine storm”, thus can be a possible therapeutic inter-

vention in case of COVID19 patients with mucormycosis. A

conservative multistep approach based on clinical presenta-

tions and imaging findings will lead to a combination thera-

peutic approach that will aid treatment of the viral as well
Fig. 2 e A comprehensive summary describing the overuse of s

mucormycosis infection.
as fungal disease at one time. Targeting of GRP78 in COVID19

patients due to its major role in protein synthesis and folding

and viral protein maturation can lead to a significant reduc-

tion in the binding of GRP78 to ACE2, and thus act asmolecular

chaperones to prevent viral entry (Carlos et al., 2021; Sabirli

et al., 2021). Use of GRP78 as auxiliary targets in combination

therapy can aid in combating mucormycosis as well. Interac-

tion between mucormycosis and macrophages in COVID19

affected patients can lead to mobilizing DCs in SARS-CoV-2

therapy and act as a critical initiation point of invasion and

characterization, can be used as a therapeutic intervention

(Ghuman and Voelz, 2017; Gamaletso et al., 2012). Also iron

regulation and glucose check can be a suitable modality of

treatment in order to impact nutritional ability of the fungus

and prevent its widespread growth (Andrianaki et al., 2018).

One of the paramount measures to combat the fungal

outspread from metamorphosing into a nationwide epidemic
teroid treatment in COVID19 infected patient leading to



Fig. 3 e A comprehensive summary of Mucormycosis detection and treatment process.
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is by proper immunization against COVID19 since the major-

ity of the patients with mucormycosis presented with clinical

background of COVID19. The high occurrence of almost 75% of

mucormycosis cases in COVID19 patients, with an 80% mor-

tality rate has stricken lofty alarms in the Health Care system

in India. Hence, quantum number of measures and increased

vigilance with ample social awareness about the occurrence,

side effects and proper treatment is warranted. Some of the

worst affected states in India include Madhya Pradesh,
Gujarat, Karnataka and Haryana. The daily rise in death tolls

and the rapid infection rate envisage an alarming indication,

with the Health Ministry requesting the states to declare this

fungal as an epidemic outbreak if situation turns dire under

the Epidemic diseases Act of 1897(Health Ministry Asks States

to Declare Black Fungus an Epidemic | India News - Times of

Indi>, n.d.). Vital measures like more trained manpower and

human resource, higher communication with the negligent

masses, more funding and medical facilities, increased
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vigilance, rapid vaccination to ensure herd immunity, and im-

mediate prognosis and diagnosis of the disease is the need of

the hour (Health Ministry Asks States to Declare Black Fungus an

Epidemic | India News - Times of India, n.d.). Vital measures like

more trained manpower and human resource, higher

communication with the negligent masses, more funding

and medical facilities, increased vigilance, rapid vaccination

to ensure herd immunity, and immediate prognosis and diag-

nosis of the disease is the need of the hour.

Side effects of Steroids Therapy for Controlling the Severity of
COVID19 in mucormycosis patients
Corticosteroid therapy is one of the leading therapeutic pro-

cedures that are followed in case of mucormycosis treatment

in COVID19 infected patients in order to reduce its severity.

Immunomodulation agents like the controlled use of cortico-

steroids especially in case of patients with diabetes ketoacido-

sis alongwith the administration of immunosuppressors have

proven to be effective (Barshes et al., 2004). However, often

overuse of such drugs have shown to cause adverse effects

in patients. Steroid overuse have significantly impact the

increased occurrence of angioinvasive maxillofacial mucor-

mycosis (Moorthy et al., 2021). Studies by Aditya Moorthy

et al. showed a higher incidence of COVID19 patient cohorts

suffering from angioinvasive maxillofacial mucormycosis

who have been previously administered with corticosteroids.

The immunosuppressive nature associated with glucocorti-

coids have led to increased susceptibility to mucormycosis in-

fections (Moorthy et al., 2021; Sabirli et al., 2021). The

administration of steroids ismostly determined by doctors ac-

cording to the patients case history; however, often overuse of

this drug have been found in many instances. Hence, a stan-

dard blanket protocol regarding indiscriminate drug usage

need to be emphasized by statuary governmental bodies. A

metanalysis study by YakangWang et al. deduced that cortico-

steroid treatment specifically in COVID19 patients hindered

viral clearance, without any significant improvement on sur-

vival; hence, judicial administration is warranted. The clas-

sical function of corticosteroids in reducing inflammation

and inhibiting immune responses often lead to dysfunctional

immune system that easily caves in to secondary infections

(Wang et al., 2021). The time duration of corticosteroids ther-

apy is crucial, especially in cases administration for a period

exceeding 10 days. No evidence has been yet found that pro-

vides testimony to the therapeutic use of corticosteroids in

preventing pulmonary fibrosis in COVID19 patients (Mishra

and Mulani, 2021). Conversely, studies have shown that

extended use of steroids can be detrimental to health. In

fact, overuse of methylprednisolone therapy more than 2

weeks after the onset of ARDS might contribute to increased

mortality (Steinberg et al., 2006). COVID19 is of syndemic na-

ture, hence it gives rise to multiple secondary diseases and in-

fections; thus failure to address the original causative agent

will contribute to weakened public health responses and

increased death rate.

During hyperglycaemic conditions, phagocytes do not

function properly that weakens chemotaxis and cellular

phagocytosis. In such conditions, corticosteroids need to be

used. Iron is utilized by pathogens fromhost cells for their sur-

vival. Surplus iron is bound to hosts via carrier proteins like
Transferrin, ferritin, and lactoferrin, and this mechanism en-

sures toxic iron from being accumulated in blood serum

through reduced ability to chelate iron. This is a unique

defence mechanism against viruses, bacteria and fungi espe-

cially Mucorales, since they cannot thrive in such an environ-

ment (Bhogireddy et al., 2021). Autopsy reports from

COVID19 patients administered with steroids revealed a hy-

percoagulable state with profound endothelial injury post

infection suggesting thrombosis from steroid use (Maiese

et al., 2021). Often immune dysregulation leads to the reduc-

tion of T lymphocytes, CD4þT, and CD8þT cells that alter

innate immunity, hence making our body more susceptible

to fungal infections. COVID19 disease progression is associ-

ated with thrombotic microangiopathies (TMA), often associ-

ated with angioinvasion and vascular injury, resembling

mucormycosis infection (Sweeney et al., 2020). Corticosteroid

uptake often results in uncontrolled hyperglycaemia and dia-

betic ketoacidosis. This results in a low pH, and an ideal me-

dium for mucor growth. It also reduces the activity of WBCs

to perform phagocytosis, impairs bronchoalveolar macro-

phages migration, ingestion, and phagolysosome fusion mak-

ing a diabetic patient exceptionally vulnerable to

mucormycosis (Singh et al., 2021).

The below flowchart postulates how overuse of steroid

therapy might lead to mucormycosis in COVID19 patients:
3. Candidiasis

A fungal infection caused by a kind of yeast called Candida is

known as candidiasis. Candida are usually harmless in a healthy

person and commonly grow on the skin, inside the mouth,

throat, gut and vagina. Serious infections can occur if Candida

enters into the bloodstream, a condition called Candidemia, or

internal organs, a condition called invasive candidiasis. Candida

albicans is the species which is most commonly seen in infec-

tions but recently Candida auris is another species that has

recently been causing drug-resistant infections especially in

COVID-19 patients(Candidiasis | Types of Diseases | Fungal

Diseases | CD>, n.d.). C. auris findings were especially high

among studies in India (Arastehfar et al., 2020b).Candida auris in-

fections leading to invasive candidiasis cases are becoming

increasingly prevalent in COVID19 patients, who are critically

ill, as secondary opportunistic infections (Zhou et al., 2020).

Serious cases of COVID19 are treated with broad-spectrum anti-

microbial drugs and immunosuppressive drugs like corticoste-

roids which reduces the body’s immunity and possibly leads

to opportunistic fungal infections (Song et al., 2020).
Pathogenesis

Candida infections may be acute, chronic or episodic and are

most common in the throat, skin, bronchi, lungs or gastroin-

testinal tract. Disruptions in skin or mucosal barriers of

immunocompromised patients allow Candida colonies to

invade into the bloodstream. Large number of colonies in

the bloodstream can also cause persorption through gastroin-

testinal wall (Jerez Puebla, 2012). Candida species infect host

cells by first adhering to the host cell surface using adhesins

(glycosylphosphatidylinositol-linked cell surface
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glycoproteins), starting of growth hyphae by thigmotropism

(directed growth) and expressing invasins (like E-cadherin or

N-cadherin) which allow the fungi to enter host cell via endo-

cytosis (Fig. 4). It also forms biofilms which can enhance its

pathogenicity and protect it from attack (Chakrabarti and

Sood, 2021). C. auris forms biofilms on inanimate objects

which when come into contact with human skin, cause infec-

tion. Adhesins like IFF4, CSA1, PGA7 etc. and transporters like

YHD3, RDC3 andMDR1 help in infection and drug-resistance of

C. auras (Chakrabarti and Sood, 2021).

C. auris is also resistant to some types of disinfectants such

as those with quaternary compounds and cationic surface-

active compounds. Due to this they are quite difficult to

remove from surfaces (Cortegiani et al., 2018). Candida species,

have the ability of phenotype switching (usually between

white and opaque cells) as a response to stress, to help them

grow in a wide range of environments (Chakrabarti and

Sood, 2021). The yeast to hyphae switching plays a huge role

in causing invasive candidiasis. At pH < 6, yeast form domi-

nates and at pH > 7 hyphal growth dominates. Hyphal growth

is also influenced by starvation conditions, presence of N-ace-

tylglucosamine and CO2. The ability to changemorphology al-

lows the fungi to evade the host’s immune system. The fungi

then secrete aspartyl proteases and phospholipases which

promote tissue invasion and organ damage (Bommanavar

et al., 2017).
Transmission and Symptoms

Transmission of candidiasis occurs through hospital environ-

ments and objects like oxygen masks, the skin of healthcare

workers, feeding tubes, catheters, and through ventilation
Fig. 4 e Steps of Candida infe
tubes and vascular catheters used in extracorporeal mem-

brane oxygenation (ECMO) (Arastehfar et al., 2020b). Some

symptoms of invasive candidiasis or candidemia include fever

with chills, low blood pressure, disorientation, abdominal ab-

scesses and pain, urinary tract infection, and sudden clusters

of non-painful pustular lesions on the skin on an erythema-

tous base (Riad et al., 2021). Cases of oral candidiasis (thrush),

that is white lesions inside the mouth, were also reported in

mild or moderately ill COVID19 patients especially in people

wearing total dentures or prostheses (Riad et al., 2021;

Corchuelo and Ulloa, 2020; Jeronimo et al., 2021). In a cohort

study in a COVID19 intensive care unit (ICU), candidiasis or

candidemia was detected in 2.5% of the patients, with 67%

of them being caused by C. auris and remaining by C. albicans

and C. tropicalis (Chowdhary et al., 2020).
Relation between COVID19 and candidiasis

Lymphopenia is often seen in severely ill COVID19 patients.

The ratio between neutrophils and lymphocytes increases

which in turn increases the risk of an acute coronary syn-

drome, haemorrhage in the cerebrum. Even polymyositis, der-

matomyositis, and mortality can be caused (Chowdhary et al.,

2020). The host’s innate immune system consists of cells like

macrophages, dendritic cells, natural killer cells, and T and B

lymphocytes which produce cytokines to fight against the vi-

rus and activate inflammation. Interleukin-1 and 6 (IL-1 and

IL-6), Tumor necrosis factor (TNF-a), and Interferons (IFN-a

and IFN-g) are some of the pro-inflammatory cytokines

released during SARS-CoV2 infection (Tang et al., 2020). The

excessive inflammatory reaction causes a sudden increase

in the level of these cytokines, leading to a situation called
ction in COVID19 patients.
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“cytokine storm”. This type of immune response is so aggres-

sive that it actively destroys tissues of blood vessels, capil-

laries, alveoli, and lung injuries with severe respiratory

distress (Acute respiratory distress syndrome or ARDS) and

can cause multi-organ failure leading to fatality (Ragab et al.,

2020). Some therapeutics administered to prevent this cyto-

kine storm are monoclonal antibodies (IL-6 inhibition by toci-

lizumab), intravenous immunoglobulins (IVIg) and even

corticosteroids (like methylprednisolone and dexametha-

sone), which are responsible for immunosuppression (Ragab

et al., 2020; Shimizu, 2019; Tang et al., 2020).

Role of Glucocorticoid Therapy in Increasing Susceptibility to
Candida

Corticosteroids, particularly glucocorticoids are administered

in cases of severe COVID19 patients. Glucocorticoids have pro-

found inhibitory effects on the immune system cells (T-lym-

phocytes, macrophages, Polymorphonuclear leukocytes, etc.)

and inhibit the synthesis of the inflammatory cytokines IL-

1b, IL-2, IL-6, and TNF-a by inhibiting the transcription factor

called nuclear factor kB (NFkB) (Lionakis and Kontoyiannis,

2003; Tang et al., 2020). Regulation of Th1/Th2 T helper cell sys-

tem is also affected, favoring Th2 cytokine response and hin-

dering phagocytic functions against invading fungal

infections (Lionakis and Kontoyiannis, 2003; Tang et al.,

2020). Glucocorticoids increase the risk for developing Candi-

demia and invasive candidiasis (Riche et al., 2020). Due to the

inhibition of secretion of TNF-a, the ability of monocytes to

hinder the growth of Candida species is greatly reduced in

presence of glucocorticoid dexamethasone (Heidenreich

et al., 1994). Glucocorticoids have also been found to help

with the adhesion of the fungal cells to the host’s epithelial

cells. Increases in Candida growth in the gastrointestinal tract

and bloodstream due to glucocorticoids have also been shown

in mice model studies (Riche et al., 2020a; Heidenreich et al.,

1994).

Diagnosis

Diagnosis of candidiasis and candidemia is most commonly

done by examining the physical symptoms and growing cul-

tures from blood samples. Blood cultures are considered the

“gold standard” for diagnosing candidiasis (Nieto et al., 2019).

While blood cultures can be used to detect the presence of

Candida, sometimes in deep-seated Candidemia or invasive

candidiasis, the number of fungal cells in the infected tissue

or in circulation are rather few, making it difficult to detect

through simple blood culture tests and requires invasive pro-

cedures (Arastehfar et al., 2020a). Blood cultures are also very

time-consuming (Song et al., 2020b). Techniques like Polymer-

ase Chain Reaction (PCR), assay detecting b-D-Glucan, and

mannan antigen testing need to be used to detect deep-

seated infections (Clancy and Nguyen, 2018; Ngyuyen et al.,

2012). 1,3-b-D-Glucan (BDG) and mannan are compounds

that are components of the fungal cell walls of some patho-

genic species including Candida. Mannan antigen-

antimannan IgG tests are used in Europe but not in North

America as it is not FDA-approved. FDA-approved BDG assays

like Fungitell use colorimetric or turbidimetric assays to detect
binding of BDG with horseshoe crab coagulation cascade and

observing the rate of cascade activation, instead of measuring

the concentration of BDG (Lamoth et al., 2020). However, BDG

assays cannot detect the species of fungi and give frequent

false positives. PCR assays on blood samples are also not

FDA-approved as diagnostic tests, but with PCR the exact spe-

cies of Candida can be identified (98). T2Candida nanodiagnos-

tic panel is an FDA-approved automated molecular test based

on magnetic resonance by which whole blood samples can be

used to detect Candida directly, within 5 h. This test targets the

5 most common pathogenic Candida species. C. albicans, C.

glabrata, C. krusei, C. tropicalis, and C. parapsilosis and can also

be used for C. auris (Clancy and Nguyen, 2018). MALDI-TOF

MS (Matrix-Associated Laser Desorption/Ionization- Time of

Flight Mass Spectrometry) technology is a fast and widely

available technology that can identify the yeast species from

blood cultures without sub-culturing within a few minutes

(Clancy and Nguyen, 2018).

Current Available Treatments

Prompt diagnosis and treatment of Candida infections, espe-

cially invasive candidiasis is required as it increases the mor-

tality rate in COVID19 patients (Rickerts et al., 2002b). Candida

auris (especially clade I isolates) infections show resistance to

fluconazole and sometimes even to amphotericin B

(Chaabane et al., 2019). The first choice of treatment is Echino-

candins, followed by liposomal amphotericin B, voriconazole,

posaconazole, isavuconazole, and fluconazole as the second-

choice alternatives, depending on the sensitivity of the fungi

to the drugs (Rai et al., 2016b). Echinocandins interrupt fungal

cell wall synthesis by inhibiting the glucan synthesis pathway

(Arastehfar et al., 2020a; Chaabane et al., 2019). Azoles inhibit

the enzyme lanosterol 14-a-demethylase. This prevents the

biosynthesis of an important compound called ergosterol

and disrupts the cell membrane. Amphocetrin also disrupts

cell membranes by binding to ergosterol and causes cell death

(Arendrup and Patterson, 2017). However, some strains are

resistant to most antifungal medications, in which case, there

could be hard to control outbreaks in hospital environments.

Proper precautions and fast diagnosis, treatment, and isola-

tion protocols but be undertaken in such scenarios

(Sanguinetti et al., 2015).

Drug Resistance
It is rare for Candida albicans, to be resistant to antifungal drugs

but is sometimes seen with recurrent infections and long-

term antifungal use. Candida auris infections, which are rare

but are being increasingly reported, especially in COVID-19

cases are unfortunately multi-drug resistant (Cowen et al.,

2015).

Resistance to azoles can be due to two mechanisms. The

ERG11 gene codes for lanosterol 14-a-demethylase enzyme,

the enzyme targeted by azole drugs. Overexpression or muta-

tion of ERG11 causes overproduction of ergosterol by target

enzyme or reduced affinity to azoles respectively, leading to

azole resistance. The second resistance is due to plasma

membrane efflux pumps, particularly the ATP-Binding

Cassette (ABC) and major facilitator superfamily (MFS) trans-

porter pumps. Overexpression of MDR1 gene in MFS pump
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confers resistance to fluconazole and overexpression of CDR

genes (CDR1 and CDR2) of ABC transporter are responsible

for resistance towards multiple azole classes (de Oliveira

Santos et al., 2018). C. glabrata, C. krusei and C. tropicalis are

the strains which commonly show azole resistance (de

Oliveira Santos et al., 2018).

The target enzyme of echinocandins is the b (1, 3)-D-

Glucan synthase enzyme which helps in the formation of

the cell wall of Candida. Mutations in the FKS gene of the

enzyme, particularly in the highly conserved “hot spot” re-

gions, give certain species of Candida (C. glabrata, C. dublinien-

sis, C. Krusei, C. Tropicalis) resistance against echinocandins

by increasing minimum inhibitory concentration or reducing

sensitivity to the drug (Bhatt et al., 2021a). Resistance to poly-

enes like amphotericin B is rare. Polyenes work by binding to

the compound ergosterol, thus creating pores in the cell wall

of the fungus and causing nutrients and cell death.
Future Therapeutics

Due to the widespread resistance against antifungal drugs,

new therapeutics for Candida infections, particularly the

dangerous invasive candidiasis, are being researched. Ibrexa-

fungerp, sold under the brand name Brexafemme, is a new

drug approved by the FDA on June 1st, 2021 (Azie et al.,

2020). It is a semi-synthetic derivative of the tripenoid, enfu-

mafungin, which can be orally or parenterally administered

and inhibits b-D-Glucan synthesis, thus preventing the forma-

tion of cell walls of fungi. It is effective against C. albicans, C.

auris, C. tropicalis, C. krusei, C. parapsilosis, and C. glabrata

(Srivastava et al., 2018). Fosmanogepix is a drug currently un-

dergoing clinical trials whose mechanism of action is noveld

inhibition of Gwt1, a high conserved fungal enzyme that helps

in fungal glycosylphosphatidylinositol anchor biosynthesis

(Tang et al., 2020). Dendritic cell based therapy and colony

stimulating factor [like Granulocyte colony-stimulating factor

(G-CSF),macrophage colony-stimulating factor (M-CSF)] based

therapies are immune based therapeutics are being success-

fully studied in mice models for treatment of candidiasis

(Mucormycosis (Zygomycosis) - UpToDate, n.d.-c). An antifungal

vaccine made with genetically engineered live attenuated C.

albicans tet-NRG1 has been tested against hematogenously

disseminated candidiasis. Heat-killed yeasts (HKY) of Saccha-

romyces cerevisiae, when injected subcutaneously into mice,

acted as vaccines against not only Candida but also Aspergillus,

Coccidioides, Cryptococcus, and Rhizopus general (Metodiev,

2017). The development of novel therapeutic techniques is of

utmost need to fight against candidiasis and other secondary

fungal infections which affect COVID19 patients.
4. Aspergillosis

Aspergillus is one of the most prevalently occurring mould

that is invariably found in soil and decaying vegetation(Asper-

gillosis: Causes, Types and Treatment - The Pharmaceutical

Journa>, n.d.). The word “aspergillosis” encompasses the dis-

eases caused by aspergillus, but predominantly refers to those

caused by Aspergillus fumigatus. Several cases of aspergillosis

have occurred in patients as an aftermath of COVID 19
(Yusuf et al., 2021). Aspergillosis can also be caused in humans

by Aspergillus flavus, Aspergillus terreus, and Aspergillus niger

(Marr et al., 2002).

Aspergillus is found in both outdoor and indoor environ-

ments as it disseminates large quantities of conidia (asexual

spores) into the air (Pegorie et al., 2017a). Although the inspira-

tion of aspergillus is prevalent, only a limited number of peo-

ple are prone to develop clinical disease. Such people have

poor immune systems and/or damaged lungs, therefore,

they are also at an increased risk of developing aspergillosis.

This disease is not cannot be transmitted from one person

to another, therefore it is not contagious(Aspergillosis: Causes,

Types and Treatment - The Pharmaceutical Journa>, n.d.). The

dearth of routine, subtle, non-culture diagnostic procedures

has made the situation far worse than anticipated. According

to a survey, 3288e4257 cases of invasive aspergillosis and

110667e235070 cases of allergic bronchopulmonary aspergil-

losis (ABPA) have been reported, thus further complicating

asthma or cystic fibrosis (Pegorie et al., 2017a). Cases of co-

infections caused by aspergillosis mainly occur in COVID19

patients who are suffering from severe/critical illness (Lai

and Yu, 2021). Invasive pulmonary aspergillosis (IPA) in

COVID19 cases have varied from 19.6% to 33.3% (Lai and Yu,

2021).

CAPA characteristics and host factors

One of the factors that have contributed to the increasedmor-

tality rates of COVID19 is the COVID19 Associated Pulmonary

Aspergillosis (CAPA); several cases have been reported until

now (Koehler et al., 2021). Invasive Pulmonary Aspergillosis

(IPA) is burgeoning as a potential co-infection in patients

alongwith COVID19 and Acute Respiratory Distress Syndrome

(ARDS), and two studies have depicted a surge in mortality

rates, 16% and 25% more compared with patients without

known knowledge of aspergillus infection (Bartoletti et al.,

2020; White et al., 2020b). Some symptoms of CAPA include fe-

ver, chest pain, cough, coughing up blood, and shortness of

breath(Symptoms of Aspergillosis | Aspergillosis | Types of Fungal

Diseases | Fungal Diseases | CD>, n.d.). These high mortality

rates resemble the rates of Influenza-Associated Pulmonary

Aspergillosis (IAPA), in which the survival rates of intensive

care unit (ICU) patients were 24% less than in patients without

this co-infection (Schauwvlieghe et al., 2018). Apart from

these, there are other noteworthy resemblances between

Influenza-Associated Pulmonary Aspergillosis (IAPA) and

COVID19 associated Pulmonary Aspergillosis (CAPA), like

high ubiquity, unavailability of host factors for invasive fungal

infection, concurrency in the disease diagnosis time required

after ICU admission, and the occurrence of lymphopenia

(Koehle et al., 2021). The role of SARS-CoV-2 in CAPA is still

not confirmed, and there might be other supplementary risk

factors, such as corticosteroid therapy, that are responsible

for the advancement of the disease (Koehle et al., 2021). Barto-

letti and his colleagues conducted research where patients

were mostly given anti-interleukin (IL)-6 treatment with toci-

lizumab, as well as corticosteroids (Bartoletti, et al., 2020). It

has been shown that acute corticosteroid therapy was consid-

erablymore pervasive in patients with CAPA, and a corticoste-

roid was more prevalently employed in cases where the
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survival rate was poor (Bartoletti, et al., 2020; White et al.,

2020a). Although dexamethasone has shown competency in

the trials against COVID19, extensive use of this drug can

make the host prone to such super-infections (Horby et al.,

2021; Somers et al., 2021).

Pathogenesis

Aspergillus species infiltrate the host body via the lungs pri-

marily because of the inspiration of conidia. However, reports

of the infection by subjection and inspiration of water aero-

sols contaminated with aspergillus spores have come into ex-

istence (Warris et al., 2002; Anaissie et al., 2002). Invasive

aspergillosis is a major reason for morbidity and mortality in

immune-deficient patients (Chabi et al., 2015). If the host lacks

effective defense mechanisms following pulmonary subjec-

tion, the spores inhabiting the alveoli grow in size and germi-

nate (Chabi et al., 2015). Hyphal transformation with vascular

invasion results in the extent of infection proliferation. In a

study, consisting of 104 coronavirus afflicted patients, 8

(7.7%) patients had Invasive Pulmonary Aspergillosis (IPA)

diagnosed within an age range of 60 yearse86 years (Chabi

et al., 2015). This study included only males who had acquired

Invasive Pulmonary Aspergillosis (IPA) after their COVID19 re-

ports came out negative. All 8 cases were of Aspergillus fumiga-

tus, and samples were taken from sputum and

bronchoalveolar lavage fluid (BALF) (Wang et al., 2020).

Aspergillus fumigatus is an opportunist fungus, hence, one

of the shortcomings in fathoming how it causes the infection

pertains to the preliminary stages of infection (Culibrk et al.,

2019). The most notable initial association is between the

inspired conidia and the human airway. The Actin related pro-

tein (Arp2/3) complex and theWAS-Interacting Protein Family

Member 2 (WIPF2) have been regarded as the protein that is

liable for the manifestation of conidia by epithelial cells in

the bronchial tract. It has been demonstrated by using a cell

culture model that RNAi-mediated invasion of WIPF2 drasti-

cally diminishes the internalization of conidia into airway

epithelial cells. It has also been found that WIPF2 is ephemer-

ally restricted to the site of the bound conidia (Culibrk et al.,

2019). As conidia have survived phagocytosis by novice phago-

cytes and germinated, it is plausible that phagocytosis by

airway epithelial cells enables them to circumvent the im-

mune response initiated bymacrophages guarding the airway

epithelium. Although it is convincing that the incorporation of

conidia by bronchial epithelial cells is dependent on actin

polymerization and rearrangement, more information is

required to be conclusive (Wasylnka and Moore, 2003). How-

ever, the Arp2/3 complex and WIPF2 play an active role in

mitigating the incorporation of A. fumigatus conidia into the

cellular passages (Culibrk et al., 2019).

Relation between aspergillosis and COVID 19

An increase in bacterial and fungal superinfections in associ-

ation with COVID19 has beenwidely known to have deadly ef-

fects, thus complicating the course of diagnosis and

treatment. Influenza Associated Pulmonary Aspergillosis

(IAPA) gives rise to an exaggerated clinical presentation in pa-

tients suffering from Acute Respiratory Distress Syndrome
(ARDS). The Coronavirus leads to direct damage to the epithe-

lial walls, by hampering ciliary clearance, hence provides a

further favorable milieu for aspergillosis to infect host tissue

cells and lead to immune dysregulation (Fig. 5) (Koehler

et al., 2021). The development of interest in anti-cytokine ther-

apy as an effective strategy to reduce exaggerated immune re-

sponses related with MAS/sHLH, is driven by the hypothesis

that such immune responses may be the cause of COVID19

related ARDS (McGonagle et al., 2020). Hyperinflammatory im-

munodeficiency often corresponds with the compromised

function of the perforin and NK and CD8þ cytotoxic T-cells.

These NK and CD8þ cytotoxic T-cells are responsible for

pore formation that results in cell lysis and in turn, initiates

apoptosis of the infected cells. Furthermore, this results in

the proliferation of T-cell induced IFNg driven consequential

cytokine driven macrophage activation. It has been specu-

lated from the initial data available that the exacerbation of

COVID19 may be related to reduced IFN-g production by

CD4 þ T cells (McGonagle et al., 2020). Administration of high

dosage of immunomodulatory drugs shows a substantial

part in the high prevalence of CAPA amongst patients. Added

challenges are faced due to the incidence of a cytokine storm

in most COVID19 subjects that warrants the usage of both

antifungal and antiviral therapy, thus complexing the clinical

presentations (Bartoletti et al., 2020).

Function of interleukin (IL)-10 in CAPA
Interleukin (IL)-10 is associatedwith amyriad of inflammatory

diseases and imparts a consequential role in the regulation of

cellular immune responses (Sainz et al., 2007). The surge in the

level of interleukin (IL)-6 and interleukin (IL)-10 in influenza A

virus pandemic (H1N1) patients may have resulted in the

advancement of the disease (Sainz et al., 2007). A study based

on rodent models infected with aspergillosis showed that

there was a considerable increase in the level of sera (IL)-10,

which brings about an ingress of phagocytic cells and might

curb the magnitude of local tissue damage by aspergillus

infection (Yu et al., 2011). The higher T helper 2 (Th2) or lower

T helper 1 (Th1) responses might have contributed to the

repressed expression of macrophage responses, therebymak-

ing the host prone to aspergillosis (Kamizato et al., 2009;

Sharpe et al., 2021). Overall, the post respiratory viral Th-2 im-

mune response of elevating interleukin (IL)-10 along with the

ephemeral T helper 1 (Th1) immune reduction leads to inva-

sive aspergillosis (Pegorie et al., 2017).

Function of interleukin (IL)-6 in CAPA
There was a significant rise in the level of interleukin-6, inter-

leukin-10, interleukin-1b, TNF-a, and monocyte chemoattrac-

tant protein-1 in acute coronavirus infected patients (Liu,

et al., 2020; Fu et al., 2020). Such high levels of cytokine may

further worsen the complications of COVID19. Postmortem

pathology has shown signs of tissue damage and interstitial

infiltrations with macrophage and monocyte in the lungs,

heart, and gastrointestinal mucosa (Lai and Yu, 2021b). IL-6

being a multifunctional cytokine ensures immune responses

against aspergillosis therefore the body enables a consider-

able rise in the interleukin-6 level after the infection (Su

et al., 2019; Shen et al., 2016). Patients infected with invasive

pulmonary aspergillosis (IPA)may have fewer T cell responses
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to IL-6 (Camargo et al., 2015). Nevertheless, the occurrence of

multiple biological side-effects like increasing vessel perme-

ability, acute respiratory distress syndrome (ARDS), cardiac

arrhythmia, and reducing myocardial contractility can be

owed to the surge in IL-6 signaling in coronavirus infected pa-

tients with cytokines releasing syndrome (CRS) (Lai and Yu,

2021b). One of the efficient measures against COVID19 can

be the blockage of IL-6 targeting the host immune system.

An approved drug in patients with COVID19 induced pneu-

monia, ARDS, and surged interleukin-6 is tocilizumab that is

essentially a recombinant humanized monoclonal anti-IL-6

receptor antibody (Lai and Yu, 2021b). However, it might lead

to aspergillosis by limiting the probable Interleukin-6 immune

response (Cai et al., 2020).
Imaging and diagnostic techniques

There has been an alarming rise in aspergillosis along with

rudimentary respiratory diseases such as acute asthma and

COPD, and this also includes patients with severe influenza

and SARS-CoV-2 virus (Lescure et al., 2020; Li and Xia, 2020;

Yang et al., 2020). The paucity of fast, specific, and accurate

diagnostic tests have further contributed to the cause of the

high mortality rate (Brown et al., 2012). The diagnosis greatly

depends on the pathogen culture received from invasive bi-

opsy, or identification and quantification of biomarkers in

serum or bronchoalveolar lavage fluid (BALf) retrieved during

invasive bronchoscopy, owing to the vagueness of the symp-

toms (Segal, 2009; Garg et al., 2015). Although several imaging
techniques like computed tomography (CT), or magnetic reso-

nance imaging (MRI) have been employed to ameliorate

noninvasive diagnosis, radiological markers of infection are

not pathognomonic for IPA(Segal, 2009; Garg et al., 2015). How-

ever, a radiological aberration in a chest-CT is applied in

several places as an inducer for starting antifungal drug treat-

ment in a feverish patient who is showing negligible response

to antibiotics (Loizidou et al., 2016). Clinical strains of A. fumi-

gatus have developed resistance against azole, the primary

reason for this is delayed or inappropriate treatment of IPA(-

Thornton, 2020; Vermeulenet al., 2013). Hence, new and

improved IPA diagnosis techniques are required that will

permit noninvasive detection of lung infection in vivo, and

also enhance monitoring of disease receptiveness to anti-

fungal treatments (Sophie et al., 2021).

Prognosis of IPA when neutropenic patients undergo pul-

monary changes and also suffer from antibiotic resistance fe-

ver is accomplished mainly by radiological

imaging(Reichenberger et al., 2002). The “halo sign” which is

a hemorrhagic pulmonary nodule is a standard sign of IPA.

The halo can only be detected for a limited period of 5e14 after

the inception of IPA. It has also been reported in cases of alve-

olar hemorrhage, bronchiolitis obliterans organizing pneu-

monia, and viral infections (Riche et al., 2020b). Its specificity

has been observed at 80 % (Reichenberger et al., 2002). This

chest radiography is too elementary for the prognosis of IPA.

The detection of the halo is often not possible at earlier stages

because of the presence of non-specific nodular lesions

(Reichenberger et al., 2002). One of the best available sensitive
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radiological methods that are capable of detecting rudimen-

tary variations of IPA is the Computed tomography (CT)

scan. Although ultrafast CT with lessened scanning time has

been verified in animals, the specificity ranges between 60

and 98%(Won et al., 1998). Magnetic resonance is not a viable

option till now for the diagnosis of IPA(Reichenberger et al.,

2002). Nevertheless, the general pattern of an isointense

nodular lesion on a T1-weighted image and a hyperintense

center on a T2-weighted image (target sign) with

Gadolinium-Diethylenetriamine pentaacetic acid (Gd-DTPA)

improved rim margin is observed in the final stages of the

infection. The early prognosis of IPA is still not plausible via

Magnetic Resonance Imaging (MRI) (Won et al., 1998). Another

method for imaging inflammatory processes such as hyper-

metabolic foci is 18 F-fluoro-2-deoxyglucose positron emis-

sion tomography (FDG-PET). Despite being a precise

technique further knowledge is required to determine its effi-

ciency against IPA(Reichenberger et al., 2002).

Neutropenic patients are unable to avail themselves of

antibody testing because their antigen presentation and

lymphocyte action are compromised (Saugier-Veber, et al.,

1993.). However, an antigen-based test namely the Galacto-

mannan (GM) antigen test can be used (Reichenberger et al.,

2002). Galactomannan (GM) is a mould cell wall polysaccha-

ride that is present in the aspergillus species. Detection of

monoclonal antibodies (mAb) by latex agglutination is

another pervasively used technique that identifies the (1-

w5)-b-D-galactofuranoside side chain of the GM. It provides a

sensitivity of 13e95% and specificity of 86e100%. Enzyme-

linked immunosorbent assay (ELISA) of GM antigen offers

10e15 fold higher sensitivity as compared to the latex aggluti-

nation method. This method employs the same antibody for

trapping (Machetti et al., 1998; Verweij et al., 1995). A study

conducted on 19 patients infected with IPA utilizing either

monoclonal or polyclonal antibodies, depicted a sensitivity

of 95% and a specificity of 99e100% for ELISA (Swanink et al.,

1997). The efficacy of the antigen test relies on the spread

and severity of the disease (Reichenberger et al., 2002). In

1996, the nested Polymerase chain reaction (PCR) method

was applied to detect Aspergillus species (Yamakami et al.,

1996). A 135 bp fragment in the mitochondrial DNA, a multi-

copy 18s ribosomal ribonucleic acid (rRNA) in Aspergillus spe-

cies, and a 401-bp fragment in the ribosomal deoxyribonucleic

acid (rDNA) complex ofA.fumigatus serve the purpose of target

genes in PCR. The PCR detection has potential but so far the re-

sults produced are varying in nature (Reichenberger et al.,

2002). Bronchoscopy with bronchoalveolar lavage (BAL) has

the potential to be an efficient technique in the detection of in-

fections in neutropenic patients (Cordonnier et al., 1994).

Nevertheless, this method is not recommended for COVID19

patients because it generates aerosol, which can further exac-

erbate the condition (Wahidi et al., 2020). Although this

method is capable of detecting IPA, it still requires more

research before it can be deemed harmless (Jantunen et al.,

2000).

Antifungal treatment for CAPA

Antifungal treatment can prove to be efficient against

COVID19 associated IPA. Voriconazole and isavuconazole
can be considered competent against CAPA (Arastehfar et al.,

2020). Apart from its short therapeutic window, its interaction

with other drugs renders it limited for use in an ICU environ-

ment (Jenks et al., 2019). Voriconazole is capable of engaging in

drugedrug interaction as it is metabolized through CYP2C19,

CYP2C9, and CYP3A4 (Baniasadi et al., 2015). Voriconazole

can interact with Remdesivir as both are substrates for

CYP3A4, remdesevir metabolism is mediated by hydrolase ac-

tivity (Puelles et al., 2020). Other alternatives for the treatment

of IPA are isavuconazole and liposomal amphotericin B

(Patterson et al., 2016). In comparison with voriconazole, isa-

vuconazole has a better pharmacokinetic profile and is less

toxic. Despite isavuconazole being better than voriconazole

it is also a substrate for CYP3A4, which reduces its efficacy

(Patterson et al., 2016). Another alternative can be liposomal

amphotericin B but it is inefficient in the case of ICU renal

insufficiency. Therefore it can be incompetent against SARS-

CoV-2 which can lead to kidney injury owing to renal tropism

(Puelles et al., 2020). Itraconazole, which is seldom used

against aspergillosis, has shown some antiviral activity and

has been competent in the feline coronavirus model (Takano

et al., 2019). This efficiency pertains to it being a cholesterol

transport inhibitor. Although itraconazole is an excellent

alternative, it has the same problem of drugedrug interac-

tions. Despite not being the first drug preference, echinocan-

dins have shown competency against aspergillus hyphae

(Aruanno et al., 2019). They also offer less drugedrug interac-

tion and can be used in concoction with other antifungal

drugs. Overall they can be a good choice for combination anti-

fungal therapy (Aruanno et al., 2019). Some cases of triazole-

resistant A.fumigatus have come up that have

cyp51ATR34L98H mutation (Marr et al., 2002). Several new

drugs that are currently under clinical trial are namely, ibrex-

afungerp, olorofim, and fosmanogepix. Among these ibrexa-

fungerp has structural similarity with echinocandins, it

prevents fungal-1,3-glucan synthase with activity against

triazole-resistant Aspergillus species. Olorofim and fosmano-

gepix target fungal dihydroorotate dehydrogenase, which is

an essential enzyme for fungal DNA synthesis. They also

inhibit the fungal enzyme Gwt1 thereby preventing fungal

cell wall integrity (Mohamed et al., 2020). These drugs have

shown competency against Aspergillus species so it is specu-

lated that theywill also prove to be efficient against CAPA. The

current inadequacy in establishing proper guidelines for

controlled drug development and diagnosis has further esca-

lated the problem by several folds. It has become an absolute

necessity to develop better diagnostic and treatment strate-

gies to save-guard the population from such superinfections.
5. Conclusion

Fungal infection in the wake of COVID19 has led to added com-

plications and further devastations with its death, illness, and

economic despair. The B.1.617 variant of the Coronavirus dur-

ing the COVID19 s wave has caused major global concerns

(Dyer, 2021). The COVID19 has given rise to amyriad of second-

ary bacterial and fungal infections, with the prevalence of a

high rate of secondary infections from drug-resistant patho-

gens. The limited treatment options along with empiric
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antifungal therapy pose serious risks of aggravating Antimicro-

bial Resistance (AMR) (Khurana et al., 2021). The sharp increase

in fungal cases is not well studied. A trilogy of factors like the

rampantmisuse of steroids especially inmild infection, uncon-

trolled diabetes in the Indian population, andmucosal damage

by the virusmaking the patient severely immunocompromised

have combined to create the fungal infection more deadly

(Harvey et al., 2021). The key towards countering rapidly

increasing secondary infection due to resistant pathogens in

COVID19 infected patients is antimicrobial stewardship pro-

grams that will aim towards rapid de-escalation and selecting

optimal empiric treatment (Dyer, 2021).

Neutralizing antibodies and passively administered anti-

bodies are promising therapeutical agents against SARS-

CoV-2. The adaption capability of SARS-CoV-2 to invading an-

tibodies is unclear, hence it raises a pertinent question

regarding the mutational landscape of the virus. Hence, drugs

that might be useful today against this viral infection, might

deem useless tomorrow. The inefficiency of monoclonal anti-

bodies against antibody-resistant SARS-CoV-2mutants can be

improved by using antibody combinations that specifically

attack neutralizing epitope (Weisblum et al., 2020). A major

challenge in controlling the COVID19 transmission is its abil-

ity to be asymptomatic in people that gets infected from the

virus. The pathogenicity and virulence of the Coronavirus is

presently being studied in order to decode the evolutional

pattern of genetic variation and transmission in a short span

of time. Immunologically important SARS-CoV-2 genes have

been identified and studied through genomic analysis studies.

A larger number of emerging variants with mutational land-

scapes higher than previous circulating variants have been

identified through these studies, and these variants have

increased transmission rates (Viral Genetics and Immune

Evasion: Implications for Vaccine Development | Technology

Networks, n.d.). Hence, these lineages of emerging viruses

have been commonly termed as "variants of concern" (Kemp

et al., 2021). Until now, no solid proof has been found that

shows the effect of antigenicity of the SARS-CoV-2 spike pro-

tein leading to the neutralization of antibodies. Mutations in

the spike protein genes often lead to resistance to antibody-

mediated immunity elicited by vaccines. To understand the

efficacy of any vaccines, one needs to monitor these muta-

tions on the spike protein and its effects on the T cell-

mediated immunity through individuals infected with the

Coronavirus. The SARS-CoV-2 B.1.617 lineage identified from

India mainly consists of three subtypes namely B1.617.1,

B.1.617.2, and B.1.617.3, and contains a high rate of mutations

in the N-terminal domain and receptor-binding domain of the

spike proteins. This, in turn, leads to immune evasion and

higher transmissibility. The Delta variant exhibit reduced

sensitivity to monoclonal and polyclonal antibodies, as well

as enhanced resistance to neutralization by sera from conva-

lescent individuals who have not been vaccinated.

Combination lipid therapy through controlled administra-

tion based on disease diagnostics and culture results is the

most promising of such regimens considering toxicity profiles,

the availability of parenteral formulations of Echinocandins,

and their synergy in murine models of mucormycosis, candi-

diasis, and aspergillosis, and observational clinical data that

are concordant. In an attempt to get a more effective outcome
against these fungal infections, which has proven to be fatal

under monotherapy especially for hematology patients, re-

searchers are in search of finding new and better conjunctions

of antifungal agents (Spellberg et al., 2012). Conduction of

controlled large-scale, randomized, double-blinded, placebo-

controlled clinical trials thatmeasure the efficacy of combina-

torial antifungal therapy, along with dual or triple combina-

tion therapy against monotherapy in order to find the best-

fit results in patient samples will help find an improved solu-

tion to the present widespread infection in India. In addition,

prompt recognition and proper management of clinical man-

ifestations, along with histological and pathological evidence

supporting fungal infections will aid in assisting a multi-

modal approach involving drug administration and surgical

debridement (Gandhara et al., 2021; Mekonnen et al., 2021).

Excessive use of antibiotics (216 million doses) including

powerful drugs such as Azithromycin has been reported dur-

ing the first wave of COVID19, suggesting unnecessary admin-

istration of the drug. However, it is of high importance that

Antibiotics must be kept for specific circumstances under

which bacterial superinfection may be suspected. Thus legal

regulations of over-the-counter sales of corticosteroids and

antibiotics and supply on specifically prescribed emergencies

will ensure more effective usage and less drug abuse

(Bloomberg, 2021). In order to gain better insight into the dis-

ease, we need to rely heavily on the data available. It is often

brought into notice that the data annotated are ambiguous

owing to its volume. So better annotation methods are also

required to document accurate data especially in a vast coun-

try like India. Hospital authorities need to be extremely

cautious as fungal infections can spread via medical equip-

ment like venous catheters, ventilators, etc. Intensive care

unit patients are especially at high risk of acquiringmucormy-

cosis, candidiasis, and aspergillosis. Therefore, it is critical for

the authorities to have set up strict guidelines while dealing

with the fungal outbreak. Furthermore, the current inade-

quacy in establishing proper guidelines for controlled drug

development and diagnosis has further escalated the problem

by several folds. It has become an absolute necessity to

develop better diagnostic and treatment strategies to save-

guard the population from such superinfections.
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Abbreviations

COVID19 Coronavirus Disease 2019
ROCM Rhino-Orbital-Cerebral-Mucormycosis
GRP-78 Glucose-regulated Protein 78
CT Computed Tomography
MRI Magnetic Resonance Imaging
HþE Hematoxylin-eosin
PAS Periodic Acid-Schiff
GMS Grocott-Gomori’s methenamine silver
stain
RT PCR Reverse Transcription Polymerase
Chain Reaction
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qPCR Quantitative Polymerase Chain
Reaction
AmB Amphotericin B Deoxycholate
ICU Intensive Care Unit
CRP c-reactive protein
ESR Erythrocyte Sedimentation Rate
CKD Chronic Kidney Disease
HIV Human Immunodeficiency Viruses
NETs Neutrophil Extracellular Traps
CD Cluster of Differentiation
CDC Centre for Disease Control and Preven-
tion (India)
CGM Continuous Glucose Monitor
ARDS Acute Respiratory Distress Syndrome
COPD Chronic Obstructive Pulmonary Disease
MHC Major Histocompatibility Complex
TFN Tumor Necrosis factor
IFN Interferon
CotH3 Fungal Coat Protein Homologue 3
PBMC Peripheral blood mononuclear cells
TLR Toll-like Receptors
PRR Pattern Recognition Receptors
ABPA Allergic Bronchopulmonary
Aspergillosis
IPA Invasive Pulmonary Aspergillosis
CAPA COVID19 Associated Pulmonary
Aspergillosis
IAPA Influenza-Associated Pulmonary
Aspergillosis
BALF bronchoalveolar lavage fluid
Arp2/3 Actin related protein complex
WIPF2 WAS-Interacting Protein Family Mem-
ber 2
RNAi Ribonucleic acid interference
IAPA Influenza Associated Pulmonary
Aspergillosis
MAS Macrophage activation syndrome
HLH Hemophagocytic Lymphohistiocytosis
Th2 T helper
Th1 T helper
H1N1 Hemagglutinin Type 1 and Neuramini-
dase Type 1 - Influenza
CRS cytokines releasing syndrome
CT computed tomography
MRI magnetic resonance imaging
Gd-DTPA Gadolinium-Diethylenetriamine penta-
acetic acid
FDG-PET 18 F-fluoro-2-deoxyglucose positron
emission tomography
GM Galactomannan
ELISA Enzyme-linked immunosorbent assay
rRNA ribosomal Ribonucleic Acid
PCR Polymerase Chain Reaction
BAL Bronchoalveolar Lavage
CYP2C19 Cytochrome P450 2C19
CYP2C9 Cytochrome P450 family 2 subfamily C
member 9
CYP3A4 Cytochrome P450 3A4
FF4 IPF (Individual protein file) Family F
CSA1 Candida Surface Antigen 1
PGA7 Predicted Gpi-Anchored protein 7
MDR1 Multidrug resistance protein 1
ECMO Extracorporeal Membrane Oxygenation
IL-1, IL-2, IL-6, IL-1b Interleukin-1, Interleukin-2, Inter-
leukin-6, Interleukin-1 beta
TNF-a Tumor necrosis factor-alpha
IFN-a, IFN-g Interferon-alpha and Interferon-
gamma
IVIg Intravenous Immunoglobulin
NFkB nuclear factor kappa light chain
enhancer of activated B cells
sHLH Secondary Hemophagocytic
Lymphohistiocytosis
BGD Beta-D glucan
FDA United States Food and Drug
Administration
MALDI-TOF Matrix-Associated Laser Desorption/
Ionization-Time of Flight Mass

Spectrometry
ERG11 Ergosterol biosynthesis gene which
codes for enzyme lanosterol 14-a-

demethylase
ABC ATP-binding cassette
MFS Major Facilitator Superfamily
CDR Candida Drug Resistance genes
FKS gene coding for 1,3-beta-D-glucan-UDP
glucosyltransferase enzyme
Gwt1 GPI-anchored wall transfer protein 1
G-CSF Granulocyte colony-stimulating factor
M-CSF macrophage colony-stimulating factor
M-CSF
NRG Neuregulin 1
HKY Heat-killed yeasts
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