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This  review  aimed  to  study  molecular  mechanisms  for high  incidence  of life-threatening  mucormyco-
sis  infection  in  COVID19  cases  during  second  wave  of  SARS  CoV2  pandemic  in India.  Hyperglycaemia,
impaired immunity,  acidosis,  raised  ferritin,  glucocorticoid  therapy,  and  COVID19  specific  other  fac-
tors have  been  implicated  in  pathogenesis  of  COVID19  associated  mucormycosis  (CAMM).  Endoplasmic
reticulum  chaperone  ‘Glucose  Related  Protein  78’ (GRP78),  also  involved  in SARS  CoV2  entry,  is the  host
receptor  for  invasion  by Mucorales.  GRP78  is  over-expressed  by  SARS  CoV2,  hyperglycaemia  and  ferritin.
Delta  variant  of SARS  CoV2  and  indiscriminate  use  of  steroids  were  distinguishing  features  of  second
Delta variant
GRP78
Mucormycosis

wave  and  appear  to upregulate  GRP78  through  intricate  interplay  between  internal  and  external  milieu.
Common  invasive  fungal  infections  like  candidiasis  and aspergillosis,  not  utilizing  GRP78  as  receptor,
were  inconspicuous.  Further  molecular  research  to unravel  mechanisms  involved  in  the  pathogenesis  of
CAMM shall  effectively  complement  existing  strategies  for its prevention  and  treatment.

©  2021  Published  by Elsevier  Ltd on  behalf  of King  Saud  Bin  Abdulaziz  University  for  Health  Sciences.
This  is  an  open  access  article under  the  CC  BY-NC-ND  license  (http://creativecommons.org/licenses/by-
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Introduction

The Severe Acute Respiratory Syndrome Corona Virus 2 (SARS
CoV2) causing Corona Virus Disease (COVID19) has affected more
than 30 million people and caused 433,589 deaths in India [1]. A
second surge in COVID19 cases was witnessed in India almost 12
months after the declaration of SARS CoV2 pandemic. Delta vari-
ant, which was designated as strain of concern by Centre for Disease
Control and Prevention (CDC) for its increased transmissibility and
the severity of disease it causes [2], was the dominant strain [3].
An increased incidence of mucormycosis was observed in COVID19
patients during this second wave [4,5]. Mucormycosis being a
rapidly spreading fungal infection with life-threatening conse-
quences created concern among medical fraternity and public.
Secondary infections with bacteria and fungi were not a com-
mon finding in COVID19 cases earlier. Studies reported very low
incidences of bacterial co- infections and extremely low rates of
fungal co-infections in COVID19 cases as compared to co-infections
in influenza disease [6–8]. Similarly co-infections in MERS and
SARS CoV1 were also uncommon [6–9]. The fungal co-infections
in COVID19 cases reported from other countries were mainly of
Aspergillus and Candida infections [10–13]. A review article on
cases reports and case series published between December 2020
and April 2021 found 43 cases of mucormycosis in COVID19 cases
of which 71% were from India [14]. The aim of the present review
was to understand the mechanisms underlying mucormycosis co-
infection in COVID19 cases and to explore further avenues for their
prevention and treatment.

Method

Literature search for this narrative review was conducted on
PubMed for articles published between the years 1980 and August
2021 and on google search-engine for current COVID19 infor-
mation. The key words used included ‘COVID19’, ‘mucormycosis’,
‘GRP78’, ‘heat shock proteins’, ‘invasive fungal diseases’ and ‘delta
variant’. Titles and abstracts including ‘pathogenesis of mucormy-
cosis’, ‘immune mechanism against mucormycosis’, ‘invasive

fungal infection’, ‘fungal infections in COVID19’, ‘haematological
findings in COVID19’, ‘COVID19 associated mucormycosis’, ‘trends
in second wave’ and ‘GRP78 in COVID19’ were identified and full
papers were studied.

b
a
e
c

Fig. 1. Microscopic view of Mucorales: (a) KOH examination showing broad, hyaline, asep
hyphae  with long sporangiophore and terminal round sporangium.
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ucormycosis

Mucormycosis or zygomycosis is a rare, aggressive, rapidly
preading, angio-invasive fungal infection [15]. This life-
hreatening infection is most frequently caused by Rhizopus
ryzae (syn. Rhizopus arrhizus), a filamentous fungus belonging to
he family Mucoraceae of the order Mucorales (Fig. 1). Its spores
re ubiquitously present in soil, air, and in decaying fruits and
egetables. Unlike other filamentous fungi that are largely oppor-
unistic infections in immunosuppressed hosts like cancer patients
nd organ recipients, mucormycosis can also affect those with no
pparent immune impairment [16]. Mucormycosis has however
een associated mainly with diabetes mellitus especially in those
ith diabetic ketoacidosis (DKA), haematological malignancies,

rgan transplant, immunocompromise, trauma and neutropenia
17,18]. The fungal hyphae erode the tissues and blood vessels
ausing endothelial damage, thrombosis and tissue necrosis [19].
ase fatality is high and disfigurement occurs in survivors due
o debridement surgeries needed for treatment. Necrosis gives
lackish appearance to the tissues. Hence, the term ‘black fungal
isease’ is used for mucormycosis, although the fungus itself is not
lack.

pidemiology of mucormycosis

The computational model-based method estimated the preva-
ence of mucormycosis of 0.14 cases per 1000 population in India
20], whereas the global prevalence is 0.02–9.5 cases (with median
f 0.2 cases) per 100,000 population. Thus, the estimated preva-
ence of mucormycosis in India is 70 times higher than global
ata [21]. In India, the most common presentation is rhino-orbito-
erebral mucormycosis followed by pulmonary and cutaneous
ypes [22,23] and diabetes mellitus is the most common risk factor.

There has been definitive increase in the incidence of COVID19
ssociated mucormycosis (CAMM)  in India during the second wave.
lthough recently published scientific data was not available, this
nequivocal rise was observed both locally and in other parts of
ountry and was supported by the facts viz. setting up of special
edical wards for mucormycosis patients, increase in the num-
er of debridement surgeries, rising demands for antifungal drug
mphotericin and declaration of mucormycosis as a notifiable dis-
ase in India on 20th May  2021. By the end of June 2021, 40,854
ases of mucormycosis were notified. [24] Such high incidence in

tate, right angle branched fungal hyphae; (b) LPCB mount showing broad aseptate
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usually expected in immunocompromised cases and the selec-
tive presence of mucormycosis in some COVID19 cases. Once the
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a short span of time created an alarm and concern amongst health
authorities.

Potential factors causing COVID19 associated mucormycosis

It is well documented that hyperglycaemia, acidosis and com-
promised immunity are favourable factors for mucormycosis
infection, and iron enhances growth and survival of Mucorales
in human host [16,18,19]. In the studies published on CAMM
so far, most cases reported were diabetics and most received
steroid [4,25–27]. High blood sugar in these cases may  have
occurred as a result of loss of sugar control in diabetics as a con-
sequence of inadequate availability of routine medical services
due to various restriction during the pandemic and inadvertent
glucocorticoid treatment. Although steroids had generally been
reserved for moderate and severe cases of COVID19 to suppress
unwanted host immune responses and cytokine storm, injudicious
use among mild and home isolated cases was also in practice. Use
of steroids in mild COVID19 cases must have been a consequence of
indiscriminate prescription and self-treatment by patients due to
mis-information.

It is however worth scrutiny that although glucocorticoids have
been used in much higher doses and for longer durations in various
medical conditions, mucormycosis has not been a menace in these
cases. Also, diabetes mellitus is common in India and uncontrolled
diabetes is not uncommon [28]. Hence, although diabetes melli-
tus and steroids associated hyperglycaemia hold the centre stage
as per current knowledge, a deeper understanding beyond this is
mandatory in the light of above facts.

There are many factors peculiar to COVID19 that may  be con-
sidered contributory to CAMM.  It has been in scientific discussion
that unclean water in humidifiers, bad hygiene of oxygen mask
and its tubing and use of industrial oxygen could be the sources
of Mucorales. However, local outbreaks of mucormycosis in admit-
ted patients receiving oxygen therapy have not been reported from
any medical facility. Use of protective face masks is another unique
feature of this pandemic. Repetitive use of the same mask for pro-
longed duration has been suspected as another source of the fungus
as many pathogens can grow due to the moisture trapped in the
mask. Yet another probable source could be unclean beddings,
unclean vicinity and poor hygiene due to compromised bed side
patient care and hospitality accentuated by the fear of contract-
ing COVID19 amongst caregivers. Swab collection for PCR testing
with non-sterile and unhygienic nasopharyngeal swabs could be
another possibility.

A breach in the integrity of the nasal mucosa due to (a) over-
enthusiastic use of home remedies like steam inhalation, (b) nasal
instillation of substances like oils and lemon juice, and (c) injury
from swab collection needs to be investigated as a possible route
of entry. Rampant use of broad-spectrum antibiotics, which sup-
presses normal commensals and reduces bacterial competition on
the surface, is another factor.

Zinc, commonly prescribed for its antiviral properties in
Covid19, is also an essential micronutrient for fungal growth. The
new SARS CoV2 mutant B.1.617.2 or the delta variant, which was
the dominant strain during the second wave [29], is another prob-
able factor. Higher viral load has been reported in these cases
on RTPCR testing [30]. New variant and high viral loads need
to be considered as an important distinguishing factor between
this and previous wave. Various in-vitro studies, with dissim-
ilar methodology, reported conflicting effects of glucocorticoid
on viral replication. A study on effect of glucocorticoid treat-

ment on respiratory tract cells found increased viral replication,
altered inflammatory cell profiles and paradoxical increase of pro-
inflammatory cytokines [31]. Elevated acute phase reactant ferritin
in COVID19 cases needs to be investigated for being an important

f
e
p
i
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ource of iron, which is essential nutrient for fungal growth and
urvival.

However, CAMM was also reported in patients who were
ot hospitalized, not given steroids, non-diabetic and treated
t home with home remedies like steam inhalation, gar-
ling and herbal substances [32], with or without the usual
pproved treatment regimens. Hence, there may be multifac-
orial causation and complex interplay therein, enabling the
ungus to prosper when the host environment became conducive
Fig. 2).

vasion of host defences by Mucorales

Two  steps are required for Mucorales to infect the host, first
s to germinate and second is to invade the tissues. Ability of
pores to germinate and form hyphae is the most critical step
17]. Animal studies have shown that the inhalation of Muco-
ale sporangiospores in immunocompetent animals does not
roduce mucormycosis [33]. The macrophages suppress spore ger-
ination and neutrophils kill the hyphae by oxidative burst in

mmunocompetent host [34]. The neutrophils start expressing Toll-
ike-Receptors 2 (TLR2) on exposure to hyphae and phagocytose
he fungus.

The type of immunosuppression determines the susceptibil-
ty to and virulence of the fungal infection [35]. 70–100% of the
atients with haematological malignancies developing mucormy-
osis, have been reported to have neutropenia [36]. In diabetic
etoacidosis, there is dysfunctional phagocytosis, impaired chemo-
axis and defective intracellular killing of fungus [37]. In a study of
58 COVID19 cases, ketoacidosis was noted in 5 cases and keto-
is was  present in 42 cases, of which only 15 were diabetics [38].
hus the presence of ketosis and ketoacidosis in non-diabetics
ith COVID19 is a possibility. Experimental studies have shown

hat exposure to corticosteroids renders the alveolar macrophages
ncapable of preventing germination of spores and ketoacidotic
nvironment prevents the cytotoxic action of macrophages [39].
igh ferritin levels, as an acute phase reactant have been found

n COVID19 [40,41] and ferritin associated iron induces neutrophil
ysfunction [42].

Platelets have also been observed to inhibit fungal germina-
ion and hyphal growth, and induce hyphal damage in in-vitro
tudies [34,43]. Lymphopenia has been associated with disease
everity in COVID19 and has also been a frequent finding in cases
f mucormycosis with COVID19 [44,45]. T-Lymphocytes play an
mportant role in regulating functions of other immune cells.
ymphopenia, thrombocytopenia and morphologically abnormal
eutrophils have been observed in COVID19 cases [46] and any of
hem, alone or in combination may  predispose to mucormycosis. It
s however worth noticing that AIDS patients, who predominantly
ave lymphopenia, suffer from many opportunistic infections but
ucormycosis has not been a concern among them. Dysfunctional

hagocytosis by neutrophil and macrophage is next critical step for
he Mucorales to escape destruction and germinate to form hyphae
or host invasion.

In immunocompromised hosts, the main invasive fungal
nfections are Candidiasis, Aspergillosis, Mucormycosis and Cryp-
ococcosis [35]. The unanswered pertinent observation herein is
he extremely rare occurrence of other opportunistic infections
ungus germinates and escapes phagocytosis, damage of, and pen-
tration through the endothelial cells or the extracellular matrix
roteins lining the blood vessels is the final step for the fungal

nvasion [17].
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Fig. 2. Causal relevance between COVID19 and mucormycosis.

Fig. 3. Diagram depicting over-expression and translocation of GRP78 to cell surface due to SARS CoV2 replication induced ER stress, and invasion of hyphae of R. oryzae using
cs-GRP78 as its receptor. (a) Entry of SARS CoV2 into host utilizing ACE2 and TMPRSS2 as receptors. (b) Replication of SARS CoV2 inside host cell. (c) ER stress induced due to
virus  replication. (d) Over expression of GRP78. (e) Translocation of GRP78 to the cell surface. (f) Germination of R. oryzae spores into hyphae after escaping phagocytosis by

-GRP7
smic 

e prot

c
u
a
r
o

macrophages. (g) R. oryzae hyphae escape phagocytosis by neutrophils and utilize cs
Enzyme type 2; CoTH-Spore coat protein; cs-GRP78-cell surface GRP78; ER-endopla
CoV2-Severe Acute Respiratory Syndrome Coronavirus 2; TMPRSS2-transmembran

GRP78 as receptor for invasion of Mucorales

The aggressive nature of mucormycosis is due to invasive
property of fungal hyphae. Mucorales utilize host Glucose Regu-
lated Protein 78 (GRP78) as receptor for invasion into tissues and

endothelial cells [18]. GRP78, also known as Binding Immunoglob-
ulin Protein (BiP) or Heat Shock Protein A5 (HSPA5), is a chaperone
protein found mainly in endoplasmic reticulum (ER) and is con-

(
a
b

135
8 as receptors, (h) to invade host cell. [18,34,39,42,48–50,55,58] (ACE2-Converting
reticulum; GRP78- Glucose Regulated Protein 78; R. oryzae-Rhizopus oryzae; SARS
ease, serine 2) [this figure was created with BioRender.com].

erned with folding, assembly and secretion of proteins. GRP78 is
pregulated during ER stress and serves as an ER stress sensor. In
ddition to ER, it is also found on cell surface and extracellular envi-
onment [47]. The Spore Coat Protein Homologs CoTH3 and CoTH2
f the fungal hyphae act as ligands for cell surface GRP78 (csGRP78)

Fig. 3). CoTH3 and CoTH2 are widely present in Mucorales and
bsent in non-invasive fungi [48–50]. Diabetic Keto Acidosis has
een found to upregulate CoTH3 and nasal GRP78, which explains
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Table  1
The fungal proteins and host receptors in common invasive fungal infections.

Invasive fungi Fungal protein mediating
invasion

Host receptors mediating
invasion

Mucorales * CoTH3 & CoTH2 GRP78
Aspergillus# Thaumatin-like protein CalA Integrins
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Candida  ̂ Agglutinin-like sequence (Als) Cadherins

[* 47–49, # 52,  ̂ 53].

the rhino-orbito-cerebral presentation of mucormycosis in these
cases [51]. The fact that more common invasive fungi viz. Candida
albicans and Aspergillus fumigatus do not utilize GRP78 for inva-
sion needs special emphasis [18] (Table 1). Scope for both targeted
anti-GRP78 and anti-CoTH drugs to treat mucormycosis is obvious
[48,49].

It has been observed that iron and glucose both enhance the
susceptibility of endothelial cells to R. oryzae invasion and damage
by inducing overexpression of GRP78, wherein the effect of iron
was more drastic [18]. Acidosis causes release of free iron from
iron binding proteins [18]. As ketosis, ketoacidosis [38] and high
levels of ferritin were found in COVID19 cases [40,41] and since
iron is essential for the fungal growth, survival and virulence [54],
the role of ferritin in CAMM needs to be further investigated.

SARS COV2 and GRP78

The SARS CoV2 spike protein has two subunits S1 and S2. The S1
subunit binds with the host ACE2 (Angiotensin converting enzyme
Type 2) receptors and S2 subunit is implicated in fusion of the
virus with the host cells. The process of internalization of virus uti-
lizes cathepsin, transmembrane protease, serine 2 (TMPRSS2) and
human airway trypsin like proteases (HAT) as well as ACE2 [55],
Several studies have shown the evidence of alternative receptors
and cofactors that help in virus entry and fusion [56–58], Docking
studies have shown interaction between receptor binding domain
(RBD) of SARS CoV2 spike protein and GRP78 [56].

The csGRP78 is known to play a role in the infection of host cell
by several viruses viz. MERS CoV, Ebola, Japanese encephalitis and
Dengue [58]. In fact, GRP78 acts as an important chaperone required
for life cycle of all mammalian viruses [59]. Viral glycoproteins of
many viruses including SARS CoV2 are the main triggers for endo-
plasmic reticulum stress. They induce ER stress by accumulation
of unfolded protein in the ER lumen and activate Unfolded Protein
Response (UPR). The UPR signalling pathways cause upregulation
of GRP78 synthesis to handle the unfolded and misfolded proteins.
In this process GRP78 is exported out of ER and expressed on the
cell surface. GRP78 was four times higher in SARS CoV2 positive
pneumonia than SARS CoV2 negative pneumonia [58]. Significant
elevation of GRP78 was observed in both SARS CoV2 positive and
negative pneumonia as compared to controls but it is still higher in
SARS CoV2 positive pneumonia [55].

The increased GRP78 expression on cell surface may  further
enhance viral entry by positive feedback cycle. Co-localization has
been observed between endogenous GRP78 and ACE2 in perin-
uclear region typical of ER and also on the cell surface. GRP78
may  be important for ACE2 trafficking, localization and stability
on cell surface, as GRP78 knockdown by siRNA (Small interfer-
ing Ribonucleic acid) reduces the level of cell surface ACE2 in
parallel with decrease in csGRP78 [57]. Co-localization of GRP78
and SARS CoV2 has also been established in live viral infection.
AR-12 (2-amino-N-[4-[5-(2 phenanthrenyl)-3-(trifluoromethyl)-

1H-pyrazol-1-yl] phenyl]-acetamide) a derivative of celecoxib and
an inhibitor of chaperone GRP78 (along with many other chaper-
ones) reduces the expression of cell surface ACE2 and GRP78 as
well as total GRP78. In addition, AR-12 suppresses the ability of

a
i
a
q
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ARS CoV2 to produce virus spike protein and to generate infectious
irion. AR-12 may  hence be an antiviral against SARS CoV2 infec-
ion. [59]. Another study found imatinib as the top docking score
rug in virtual screening on GRP78 nucleotide binding domain
NBD) [58].

RP78 mediated damage of Beta cell of Pancreas

It had been reported that cytokine-exposed beta pancreatic
ells cause secretion and cell surface translocation of GRP78 [60].
he csGRP78 can mediate cell signalling in pro-proliferative, pro-
urvival and pro-apoptotic pathways [47]. The secreted GRP78
tself acts as a ligand for csGRP78 on pancreatic � cell and acti-
ates the pre-apoptotic pathways leading to beta cell damage and
yperglycaemia [60]. COVID19 is associated with release of vari-
us cytokines depending on the stage and severity of the disease
40,41] and can cause hyperglycaemia via this pathway.

ummary

Increased incidence of CAMM during second wave of SARS
oV2 pandemic in India shows to have multifactorial causation.
yperglycaemia, acidosis, impaired immunity and raised iron are

mportant factors associated with pathogenesis of mucormyco-
is. Steroid therapy, raised ferritin and various factors unique to
OVID19 viz. oxygen therapy, protective face masks, broad spec-
rum antibiotics and breached integrity of nasal mucosa have been
mplicated in creating a suitable environment for mucormycosis
nfection. Most CAMM cases had hyperglycaemia and history of
lucocorticoid therapy.

The delta variant of SARS CoV2 and indiscriminate use of steroids
ere two  unique features typical to second wave and appear to

e drivers of CAMM.  The endoplasmic reticulum chaperone GRP78
s over-expressed in viral infections and high viral load on RTPCR

as  observed in COVID19 during second wave. The higher viral
oad observed could be consequential to inadvertent glucocorti-
oids use, subsequently leading to higher ER stress and exaggerated
RP78 expression. Hyperglycaemia and raised ferritin also cause
ver-expression of GRP78.

Mucorales bind to host GRP78 via its CoTH proteins to invade
issues. On the contrary, these are not utilized by more common
nvasive fungi. Overexpressed csGRP78 is also a potential mediator
f pancreatic beta cell damage leading to hyperglycaemia. Thus,
yperglycaemia is both cause and effect of over-expressed GRP78.

In COVID19 cases, phagocytic dysfunction can be caused by
yperglycaemia, glucocorticoids, raised ferritin and by virus itself.
wing to ubiquitous nature of Mucorales and the other implicated

ources, peculiar to COVID19, escape from phagocytic destruction,
pregulation of CoTH3 and availability of iron makes germination
nd tissue invasion possible in presence of abundant GRP78 recep-
ors causing CAMM.

The limitation of this review in depicting comprehensive
equence of cellular events underlying CAMM necessitates further
tudies as published researches related to molecular mechanisms
nvolved in its pathogenesis are scarce.

onclusion

Phagocytic dysfunction, GRP78 over-expression, hypergly-
aemia and ferritin derived iron are herein inferred as major
eterminants of mucormycosis in COVID19. Hyperglycaemia, both
 cause and effect of GRP78 over-expression, has potentials of caus-
ng phagocytic dysfunction and CoTH3 upregulation in presence of
cidosis. The delta variant and the rampant use of glucocorticoids
ualify as most important factors for increased incidence of CAMM
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during the second wave owing to their potential in generating the
prerequisites.

In view of recurring waves and unpredictable nature of the SARS
CoV2, there is compelling need and urgency for exploring anti-
GRP78 agents for treatment of COVID19, mucormycosis and CAMM.
The synergistic effects of anti-GRP78, anti-CoTH3 and anti-CoTH2
agents also need investigations for treatment of mucormycosis, an
extremely dreadful fungal infection. Intensive research on molecu-
lar mechanisms involved in the pathogenesis of CAMM shall bridge
the gaps in our current understanding for exploring targeted pre-
vention and treatment options.
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