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a  b  s  t  r  a  c  t

Being  considered  minor  vexations,  fungal  infections  hinder  the  life  of  about  15%  of the  world  population
superficially,  with  rare  threats  to life  in  case  of invasive  sepsis.  A  significant  rise in the  intrusive  mycoses
due  to machiavellian  fungal  species  is observed  over  the  years  due  to increased  pathology  and  fatality  in
people  battling  life-threatening  diseases.  Individuals  undergoing  therapy  with  immune  suppressive  drugs
plus recovering  from  viral  infections  have  shown  to develop  fungal  sepsis  as  secondary  infections  while
recovering  or  after.  Currently,  the whole  world  is  fighting  against  the  fright  of  Coronavirus  disease  (COVID-
19),  and  corticosteroids  being  the  primitive  therapeutic  to  combat  the  COVID-19  inflammation,  leads  to
an immune-compromised  state,  thereby  allowing  the  not  so  harmful  fungi  to violate  the  immune  barrier
and flourish  in  the  host.  A wide  range  of  fungal  co-infection  is observed  in  the survivors  and  patients
of  COVID-19.  Fungal  species  of  Candida,  Aspergillus  and  Mucorales,  are  burdening  the  lives  of  COVID-19

patients/survivors  in  the form  of Yellow/Green,  White  and  Black  fungus.  This  is  the first  article  of its  kind
to assemble  note  on  fungal  infections  seen  in  the  current  human  health  scenario  till  date  and  provides  a
strong  message  to the  clinicians,  researchers  and  physicians  around  the  world  “non-pathological  fungus
should  not  be  dismissed  as  contaminants,  they  can quell  immunocompromised  hosts”.
© 2021  Published  by  Elsevie
This  is an  open  access  article  u
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Introduction

The high degree of similarity between the host and the
eukaryotic pathogen (fungus) often sets back the development of
compounds against it. In addition, the fungus is still least con-
sidered an important pathogen by health officials and the public
[1]. Booming counts of immunodeficient individuals have diverted
attention to the mortal fungal afflictions as they spike the global
health burden [2]. Currently, the whole world is tackling the holo-
caust of severe acute respiratory syndrome coronavirus 2 (SARS
CoV-2) and adding to the health hazard burden, a wide range
of harmless fungal species are breaching the immune barriers
and overwhelming the hospitals with a range of fungal sepsis in
SARS CoV-2 infected or survivors. By far, >500 fungal species are
known to infect humans with mild superficial sepsis to lethal inva-
sive sepsis, mainly in immune deficit persons [3,4]. As of now,
233, 186, 5631 cases (according to worldometer.info) are battling
with Coronavirus disease (COVID-19) around the globe and are
administered with corticosteroids [Dexamethasone (DEX)] as ther-
apeutic measures to downregulate the SARS CoV-2 viral replication
and infectivity in the infected patients by modulating cytokines,
majorly the interleukins (IL-1,4,6,8,12) and tumor necrosis factor
(TNF)� [5]. Studies in 2008 by Zhang et al. [6] on the SARS ani-
mal  model showed a decrease in the cytokines production of both
innate (Interferons � and �) and Th1 cytokines (IL-1,4,6,8 & TNF�)
in DEX treated animal model initially. However, long term use at a
higher dose or prolonged usage exacerbates lung lesions with a sig-
nificant increase in IL-4. In addition, hemato-lymphohistiocytosis
syndrome along with COVID-19 are at higher risk to infect with
invasive fungal infection due to immune modulation caused by
both the SARS-CoV-2 and the corticosteroids used for treatment
[7]. Similarly, studies by de León-Borrás and his colleagues pointed
out the use of corticosteroids as treatment increases the risk of
invasive fungal sepsis by 3.33 times than the patients receiving
non-steroid treatments [8] (Fig. 1). We  want to bring to notice
the trauma observed in few COVID-19 survivors post SARS CoV-
2 infection, specifically the fungal invasion through this narrative
review.

First-hand sources

tions like hyperimmune state and non-functional T-lymphocytes.
In addition, classical risk factors such as longer duration in intensive
care, mechanical ventilation support or vascular devices and cor-
ticosteroids and antibiotic administration [10]. Likewise, another
opportunistic filamentous fungus named Mucorales are observed in
post COVID-19 patients as Mucormycosis, with higher susceptibil-
ity in immune compromise peoples or diabetes [11] lays foundation
for the current study.

Usual repressive role of corticosteroids

Corticosteroids are the front liners in the therapeutically world
for dealing with inflammatory diseases and immune-suppressive
procedures. Corticosteroids virtually affect every immune sys-
tem’s cells, and the result depends on the cells differentiation
and activation mode [12]. Act as an antagonist for differentia-
tion of macrophages and cytokine production like IL-1,6, TNF�
along with declining production of pro-inflammatory factors like
prostaglandins and leukotrienes. They are also capable of con-
quering the activated macrophage’s microbe and tumor execution
property, decline the adhesion of neutrophils with endothelial cells
and breaks down the release of enzymes from lysosomes plus
chemotaxis in the inflamed region [13].

In addition, corticosteroids, especially glucocorticoids, suppress
the lymphocytes population, leading to lymphopenia conditions in
the host by declining IL’s (2,3,4,6) production to stop T-cells spe-
cially released The effects of glucocorticoids is also observed on
dendritic cells maturation and activity [14].

COVID-19 pathogenesis and mode of corticosteroid action

Majority of COVID-19 patients battles with mild to moder-
ate infection. Only a few cases, about 20–40% hospitalized with
COVID-19 and 67–85% intensive care unit (ICU) COVID-19 patients
suffers from acute respiratory distress syndrome (ARDS) due to
hemophagocytic lymphohistiocytosis [5]. Basically, the SARS-CoV-
2 pathogenesis occurs as early infection with viral incubation
followed by viral replication leads to restricted inflammation in the
pulmonary region and ultimately produces inflammatory response
causing pneumonia [15]. Though the virion load declines in the
later stages, the inflammatory response keeps progressing to cause
Talento and Hoenigl [9] through their editorial highlighted the
occurrence of secondary fungal infections of candida and Aspergillus
species as COVID-19-associated pulmonary aspergillosis (CAPA)
and candida infections in blood due to tampered immune reac-

u
(
w
I

172
ncontrolled immune responses called cytokine release syndrome
CRS) [16]. IL-6 in the serum of the patients is mainly associated
ith the CRS causing ARDS and collapsed respiratory functions [17].

n CRS and ARDS, increased permeability of epithelial and endothe-
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Fig. 1. Elucidates the effects induced by SARS-CoV-2 in the human host after its entry. The cytokine levels are zapped to cause Cytokine Storm Syndrome (CSS), namely the levels
of  pro-inflammatory cytokines are increased and anti-inflammatory cytokines are reduced leading to inflammation in the lungs and administering corticosteroids reduces
the  inflammations in the lungs initially. But the CSS in the body along with the corticosteroids actions makes the host more susceptible to get infected by the opportunistic
fungi present inside and outside of the body to flourish in full swing. Which culminated into secondary invasive fungal infections like mucormycosis, yellow/green fungus or
white  fungus formation.

Fig. 2. The timeline of SARS-CoV-2 in the human host and the mechanism of interaction with corticosteroids to battle the COVID-19 infection. Blocking the immune cells
he con
L-Inte

w
d
t
c

helps  the virion replicate and further disorganize the RAAS metabolism to worsen t
Abbreviation: ARDS-Acute respiratory distress syndrome, ICU-Intensive care unit, I
ROS-Reactive oxygen species.

lial cells in the lungs damages the alveoli. It accumulates fluids full
of proteins in the interstitium of the lungs, provoking the produc-
tion of pro-inflammatory cytokines (IL-1,6,8, M1  macrophage, and
TNF), causing neutrophil activation and release of toxic mediators
such as reactive oxygen species as well as injuries in endothe-

lial cells of capillaries and epithelial cells of alveoli. This situation
leads to fibroblast multiplication producing fibrosis in the intersti-
tial and intra-alveolar region followed by a need for ventilation via
machines (MV) [18], as shown in Fig. 2.

1
i
e
i

172
ditions of succumbing to mechanical ventilation.
rleukin, TNF-Tumor necrosis factor, RAAS-Renin-angiotensin-aldosterone system,

Being parallel in pathology like ARDS, COVID-19 is also treated
ith corticosteroids. Administration of corticosteroids mainly
epends on the timing, as early treatment elevates viral reproduc-
ion and postpones adaptive immunity. According to some studies,
orticosteroids must be given at the pulmonary phase in COVID-

9 pathology to obtain its benefit by declining the state of hyper

nflammation [15,17,19]. Generally, the glucocorticoids and min-
ralocorticoid receptors are triggered by the corticosteroids to
nduce anti-inflammatory and hyperglycemia sequels along with

2
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Fig. 3. The above figure depicts the limitations of the extensive use of corticostero
clinical manifestations like obesity and diabetes ketoacidosis are seen to spike post
Abbreviations: DKA-Diabetes ketoacidosis.

hindrance in the renin-angiotensin-aldosterone system to retain
sodium. DEX might be effective again inflammation but can lead to
withholding of sodium and fluid to further worsen the injury in the
lungs. Due to a longer half-life, DEX is used as a slow therapy taper
than other corticosteroids [19].

Corticosteroids endorsement for COVID-19

Apart from concomitant manifestations like ARDS, corticos-
teroids were not administered to COVID-19 cases. However,
methylprednisolone has shown few positive observations in a Chi-
nese study [20]. With randomized trials, the recommendations for
corticosteroids were altered. Another recovery trial study carried
out in the United Kingdom showed the utilization of DEX (6 mg/day)
for 10 days or till discharge showed a reduction in mortality along
with MV [21]. Use of systemic corticosteroids as amalgamation with
antivirals and immune alternators like tocilizumab (Interluckin-6
inhibitor) and baricitinib (Kinase inhibitors are shown to be effec-
tive in COVID-19 patients. Sometimes variation in duration and
dosage of formulated systemic corticosteroids have shown benefits
in patients from smaller randomized trails. Other Glucocorticoids
like Hydrocortisone (160 mg), Prednisone (40 mg) and Methyl-
prednisolone (32 mg)  is recommended in the absence of DEX [22].
Additionally, corticosteroids with inhalation property like Budes-
onide is shown to impair virion replication plus downregulation
of receptors of cellular entry [23]. According to the REACT group
(World Health Organization’s rapid evidence appraisal for COVID-
19 therapies), the mortality rate is reduced after the inclusion of
corticosteroids rather than placebo and usual care in COVID-19 crit-
ical cases [24]. Hence, corticosteroids were commended to patients
with pneumonia and the need for oxygen supplementation or ven-
tilators. Not mandatory for cases without breathing difficulty.

Fungal blooms in severe COVID-19 cases

Using the approved corticosteroid level for a longer duration
leads to fluid retentions in the body with swelling and weight
gain plus diabetes-like conditions as plausible side effects in the

patients [25]. In addition to mimicking natural products to reduce
inflammation, corticosteroids are highly potent to reduce the nor-
mal  functioning of the immune system in the body (Fig. 3). Likewise
to attenuate the CRS anti- interleukin-6 (IL-6) therapy is given in
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d antibiotics to impede the current catastrophe COVID-19. The presence of other
 infections.

OVID-19 cases, which can lead to adverse conditions as seen in
ice models with lower or nil expression of IL-6. Since the mice

oses it immunity against microbes specially like bacteria and fun-
us [26]. This situation allows opportunistic pathogens like fungi
o bloom in full swing and the invasion of fungal sepsis is depen-
ent on the host’s immune potency and the species of the fungi.

n some cases, the probability of retriggering the dormant fun-
al spore is high under immune-compromised states, increasing
he chances of invasive fungal infections in person. ICU COVID-19
atients, patients requiring MV  and those who had longer stay in
ospital were seen to be infected with fungus due to suppression of

mmunity in the patients due to extensive steroids and antibiotics
dministration of broad-spectrum [27]. To date, the ubiquitous fun-
al species like Mucorales,  Aspergillus and Candida are seen to invade
he immunity jeopardized COVID-19 survivors and cause infec-
ions as mucormycosis (black fungus), green/yellow fungus and
hite fungus by taking advantage of their immune deficiency due

o extensive treatment along with predisposing characters of dia-
etes ketoacidosis [28,29], and obesity as enlarged adipose tissues
re apoptotic with immune cells attraction ability, causes inflam-
ation by disorganizing the metabolic pathway of fatty acid [30].

nvasion of the Mucorales

Abraded scars on the skin, inhalation and taking in contaminated
ood are the entry point of Mucorales in a host body to infect the
utaneous, pulmonary, gastrointestinal and rhino-orbital or cere-
rum region by rapidly invaginating in the blood vessels to cause
hrombosis and dissemination, leading to necrosis of the tissue [19].
he endothelial and epithelial cells separated from stroma through
he basement membrane constitute laminin and collagen IV extra-
ellular proteins. The lining of epithelial cells is damaged usually
uring diabetes and extensive medications or ventilations process.
hus leading to the exposure of the proteins to directly interact with
he surrounding fungal spores, and one of the most common muco-
ales genus Rhizopus binds with the collagen and laminin proteins
sing the endothelial glucose-regulator protein 78 (GRP 78) recep-
or Rhizopus endocytose itself inside the host and forms its hype

29]. The GRP78 binding ligand belongs to the spore coating pro-
eins family, universally seen only in Mucorales [31]. Collectively,
he spore coating protein of the Mucorales and GRP78 of the host
ndothelium leads to invasive fungal sepsis.
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In addition, the presence of diabetes and related ketoacidosis
like conditions can further enhance the pathogenesis of the Rhizo-
pus genus as the lower pH of blood, higher levels of glucose, iron
and the �-hydroxybutyrate impairs chelation of iron from transfer-
rin and acidotic condition necessary for the growth of the fungus
[29]. Huge number of cases were registered under mucormyco-
sis associated with SARS-CoV-2 infection in COVID-19 patients in
ICU’S or with mechanical ventilators in middle or later stage of the
infections, with increased mortality and longer hospital stay with
ventilators [32]. Recent review highlighted the prevalence rate of
about 81.2% (82/101 cases) in India (80 times higher prevalence
compared to whole world) with mortality of 30.7% [33]. Cases of
mucormycosis was also registered without known risk factors sug-
gesting the virion and the drugs administered could induce immune
suppression, there by expose the patients to opportunistic fungus
[34].

Candida albicans pathogenesis

Candida showcases dichotomous morphological form depend-
ing on the immune reactions of the host, the surroundings and its
ability to transition from single-celled yeast to hyphae. Yeast is
the commensal form causing infection circulation or disperse, and
hyphae as the pathogenic infectious form can invaginate deeper
in the tissues and destroy them [3]. The hyphae wall protein
and agglutinin like sequence interact with the adhering host cell
by dissolving the membranes through aspartic protease secretion
[35]. These fungi evade immune cells by declining or blocking
the pathogen-associated molecular patterns (PAMPs), lowering
the fusion of phagosomes with lysosomes, declining opsonization,
breaking down the complement factors or by releasing catalases
and superoxide dismutases, reduce the concentrations of antimi-
crobial peptides, disturbing the balance between Th1 and 2 cells
[3]. In addition, they also produce a toxin called Candidalysin capa-
ble of changing the membrane integrity in macrophages [36]. They
can also trigger M1  macrophagae differentiation into M2 to pro-
tect themselves and increase their livelihood [37]. Cohort studies
on COVID-19 secondary infections has reported the presence of
Candida infection in bloodstream in about 0.03–10% of COVID-19
patients admitted in the hospital with the invasion of the Fungai
after about 7 days of admission and show cased >%50 mortality
[38]

Aspergillus species mode of action

These species are rarely observed in immune-compromised
persons, but they are quite morbid and mortal by increas-
ing the susceptibility for mortality from 40 to 90% in immune
deficit patients [3]. Through asexual reproduction, they pro-
duce conidiospores inhaled and engulfed in the macrophages
of the alveolar region to trigger the pro-inflammation reaction
to recruit neutrophils at the site of infectivity in the immunity
compromised persons. The spores trick macrophages and ger-
minate by invaginating the vessels lumen through the cells in
the epithelial and endothelial region [39]. Like Candida species,
Aspergillus evade immune cells by blocking important PAMPs,
the interaction between lysosome-phagosome, increasing the pro-
duction of catalases capable of antioxidants, mannitol and SOD.
Aspergillus produce secondary metabolic products like fumagillin,
cytochalasin E, gliotoxin and actibind to express a wide range of
immunocompromised reactions. Another quirky Aspergillus fea-

ture includes producing melanin pigments to protect its spores
from environmental adversities outside the host. It helps in scav-
enging intermediates of reactive oxygen in the human cells and
masking �-glucans and trafficking conidiospores intracellularly to
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ause infectivity [3]. Till date few hundreds of CAPA related mor-
ality have been registered and studies showed the prevalence of
3.3%–34.4% in COVID-19 patients from asymptomatic to superin-
ection [40]

ommunion of fungus and host

In general, the infection rate depends on the level of interac-
ion between the pathogen and host; in this case, the PAMPs of the
athogen and the pathogen recognition receptors (PRRs) on the
ost initiate the immune response in the host. The diverse immune
ells like polymorphic nuclear leukocytes, macrophages, dendritic
ells and non-immune cells like fibroblast and epithelial cells of the
ost express the PRRs on their surfaces to tackle the pathogens. The
sual PAMPs are glucans (� and �), mannans (N and o linked), pepti-
oglycan proteins, liposaccharides and phospholipomannan. These
onstitute the cell wall of fungus and are acknowledged by the
ighly conserved host PRRs like toll-like receptors (TLRs), C-type

ectin receptors (CLRs) and oligomerization domains of nucleotide-
inding like receptors (NLRs) (Table 1). Anti-fungal activity is
ctively carried out by TLRs (2,4,9) and CLR’s [3]. The comple-
entary system of the host recognizes the mannoproteins of the

ungal cell wall to cause phagocytosis or opsonization, followed
y elevated production of antimicrobial peptides, cytokines and
hemokines in the host. TLRs(2 and 4) recognize derivatives of
annan and lipomannan to induce Th1 and Treg cells [41]. Sim-

larly, immune cells express mincle to ligate with the mannose of
ungi and trigger the release of TNF � and IL-10. Being commensal
ungi interact with a host by creating immune response tolerance;
hen the balance is distorted in an immune-deficient person, the

nfection spreads to various major organs [3].

ther persuasive entry routes of fungal spores in COVID
atients or survivors

Considerably, fungal infection is observed in immunocom-
romised and people with comorbid predisposition like diabetic
etoacidosis with a 100% fatality rate in a severe infectious state.
rimarily the ubiquitous spores enter through various routes like
ngestion, inoculation in the injured region, inhalation. Apart from
hese, the fungal contamination in medical supplies like bandages,
stomy adhesive bags, linens [42] can also contribute to hospital
utbreaks of invasive fungal growth in COVID patients undergoing
reatment in hospitals. There is another possibility of inhalation
pores during the hospitalization period; due to the immunosup-
ressive effects of the drugs administered to mitigate COVID, the

ndividual can become a susceptible host after discharge from the
ospital or while under surveillance due to higher iron levels in
atient’s serum under COVID treatment or survivor. As already
nown, the spores’ viability depends on the suitable conditions,
ere iron supply makes them stay alive for a longer duration [29].

eformed mycobiome in SARS CoV-2 infection

Apart from bacteria, the gastrointestinal track nurses some fun-
al species know as mycobiome to provide immunity alone with
he other microbiota [43]. Studies by Zuo et al. [44] showed malad-
ustment in the alimentary track mycobiome of COVID-19 patients
ompared with healthy even on the last day of infection. They
bserved a heterogenous group of microbiome groups growing in
he gut due to reduced T cells production in the host body due

o SARS CoV-2 infection [45]. Reports show the presence of Can-
ida and Aspergillus species in the faeces of COVID-19 patients, and
here is a possibility of these fungal species at the post-recovery
hase to trigger secondary infections like black and white, yellow or

4
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Table  1
Tabulates the ligands released by the cell walls of the pathogen (PAMPs) and the cells recognizing the ligands through PRRs using a wide range of receptors to facilitate its
entry  inside the host.

Pathogen (Fungus) Host cells (Humans) Receptors of the host

Produce pathogen-associated molecular patterns (PAMPs) Recognized by pathogen recognition receptors (PRRs) The interaction between PAMPs and PRRs occurs
Examples
�-Glucans  and �-Glucans Leukocytes Toll like receptor (TLRs)
N  -Mannans and O-Mannans Macrophages C-type lectinreceptor (CLRs)

V
i
A
a

F

C

E

R

[

[

[

[

[

[

Peptidoglycans proteins Dendritic cells
Liposaccharides Fibroblast
Phospholipomannan Epithelial cells

green fungus in the COVID-19 survivors. In addition to the intestinal
mycobiome, alteration in pulmonary mycobiome is also observed
in pneumonia infections [44].

The above paragraphs highlight the mode of interaction, entry
and the effects of the lesser considerate pathogen- fungus in COVID-
19 patients and survivors. Immune cells malfunction triggers the
catastrophic events in their pre and post COVID-19 phase due to
the use of corticosteroids and anti-inflammatory drugs during the
hospitalization period [11]. In addition, presence of comorbidities
like diabetes, hypertension further adds up to the malaise. Revising
the drug administration and checking the fungal markers in respi-
ratory samples, body fluid can allow us to tackle it at its earliest
[46]

Conclusion

Harmless fungus conquers the human body in an exclusively
immune-suppressed state, i.e. when the defense mode is impeded.
Hence making immune-suppressing drugs act as a two-sided sword
used to treat the severe inflammatory condition with a sign of
spiking the peril of exposing the host body to various infections.
The rife COVID-19 mainly increases pro-inflammatory compounds’
levels to cause cytokine storms, and immune suppressive drugs
play a significant role in combating the pandemic. In addition,
pneumonia and acute respiratory distress syndrome cause fun-
gal concomitance by altering the gut and pulmonary mycobiome.
Immune compromised condition is one of the prime predisposing
features to harbor fungal sepsis of medical significance. The utiliza-
tion of aggressive treatment methods, corticosteroids, antibiotics
steeps down the immunity of the host against the invading fun-
gus to comprehend its pathology leading to a morbid situation.
The limitations of the current study includes the exclusion of other
less frequent opportunistic fungus like Histoplasma sp., Cryptococ-
cus sp., and Pneumocystis jirovecii in COVID-19 secondary infections
and patients with pre-existing immune compromised states due to
organ transplantations, hematological malignancies etc. Due to the
scarcity of mycoses animal models, the anti-fungal effect of the
host is lesser-known when compared with bacteria and viruses, as
fungal sepsis is majorly seen in immune response jeopardized peo-
ples. Proper guidelines are required to control the administration
of drugs related to declining immunity in the COVID-19 cases, sur-
vivors and COVID-19 people with additional malaises like diabetes,
inflammatory disorders and those undergoing chemotherapies or
other treatments to identify the mycoses in the initial stages to
increase their livelihood. More rigorous research must be done
to refine the drug administration and management guidelines in
patients/survivors of COVID-19, along with patients with other
comorbidity plus COVID-19.
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