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Abstract

Fungi are a small but important part of the human microbiota and several fungi are familiar
to the immune system, yet certain can cause infections in immunocompromised hosts and
referred as opportunistic pathogens. The fungal coinfections in COVID-19 hosts with pre-
disposing conditions and immunosuppressive medications are posing higher severity and
death. The immunological counteraction (innate/adaptive immunity) is triggered when the
PRRs on the host cells recognize the fungal PAMPs. However, in simultaneous infections
(COVID-19 and fungal coinfection), the synergism of TLR and NLR may hyperactivate the
immune cells which dramatically increase the cytokine level and generate cytokine storm.
Fungal colonization in the human gut assists the development of microbiome assembly,
ecology, and shaping immune response. However, SARS-CoV-2 infection represented
unstable mycobiomes and long-term dysbiosis in a large proportion in COVID-19 patients.
Normally, amphotericin B is considered as first-line treatment for invasive fungal infec-
tion. So, amphotericin B therapy is recommended in COVID-19 hosts with serious fungal
infections. Still, the long-term corticosteroid supplementation prescribed in case of severe
pneumonia and lower oxygen levels may result in systemic fungal infection in COVID-19
patients, eventually limiting the lifesaving benefits of available medications. Also, due to
the evolution of fungal resistance to available antibiotics, the current treatments are becom-
ing ineffective. Therefore, this review summarizes the concerns, needed to deal with the
impending crises.
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ARDS Acute respiratory distress syndrome

PRRs Pattern recognition receptors

PAMPs Pathogen-associated molecular patterns

TLRs Toll-like receptors

CLRs C-type lectin receptors

NLRs Nucleotide-binding oligomerization domain (NOD)-like receptors

Th T-helper cells

DC-SIGN Dendritic cell-specific intercellular adhesion molecule-3 grabbing
nonintegrin

MRs Mannose receptors

IL Interleukin

NLRP NLR family pyrin domain-containing proteins

SARS-CoV-2  Severe acute respiratory syndrome coronavirus 2

RIG-1 Retinoic acid inducible gene 1-like receptors

CSS Cytokine storm syndrome

CARD9 Caspase recruitment domain-containing protein 9

ALS Agglutinin-like sequence

CFEM Common in several fungal extracellular membrane

Hyr-1 Hyphally regulated cell wall protein-1

ROS Reactive oxygen spices

HSP-90 Heat shock protein-90

Ber-1 Biofilm and cell wall regulator-1

Efg-1 Enhanced filamentous growth protein-1

AFST Antifungal susceptibility testing

ITS Internal transcribed spacer

qPCR Quantitative polymerase chain reaction

LDCs Least developed countries

mAbs Monoclonal antibodies

ACE-2 Angiotensin converting enzyme

Introduction

From an estimated 1.5-5 million fungal species, nearly 500 species are considered
as infectious to the human being. Despite that, every year, fungal infections give rise
to 11.5 million severe cases and 1.5 million deaths, worldwide [6, 24]. Most of the
fungi are the natural kin of the human microbiome but certain are morbific in immu-
nocompromised hosts thus called opportunistic pathogens. The opportunistic patho-
gens afflict localized, moderate, and superficial infections in healthy humans. How-
ever, these notorious infections cause systemic morbidity and increased mortality in
immune-suppressed conditions such as diabetes, lung disease, organ transplant, can-
cer, chemotherapy, and HIV infection [16, 24]. Besides, the use of broad-spectrum
antibiotics, immunosuppressive drugs, and corticosteroid therapies are attributed to
a substantial increase in people with weakened immunity, resulting in a higher risk
of opportunistic fungal infections (Fig. 1). Even the recent COVID-19 pandemic
observed the opportunistic fungal infection in COVID-positive hosts. Herewith, more
severity and mortality associated with these infections are being witnessed in COVID-
19-positive patients with predisposing factors such as ARDS, diabetes, mechanical
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Fig.1 The main predisposing factors to opportunistic fungal infections
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ventilation, organ transplant recipients, antibiotics, and immunosuppressive therapies
[27, 37]. Therefore, opportunistic fungal infection’s incidence has gained the attention
of researchers around the world.

The genera of Aspergillus, Cryptococcus, Candida, Mucor, Saccharomyces, and
Pneumocystis are responsible for more than 75% mortality among all invasive fungal
deaths worldwide [6]. Herein, the fungal coinfection in COVID-19 patients poses a
serious challenge to the global health care system (Table 1). Cases of aspergillosis in
COVID-19 patients were reported in several retrospective studies from China during first
half of the year 2020 [39, 42]. Beyond 14,000 cases of mucormycosis (so-called black
fungus) were observed in India alone during the second wave of COVID-19 [27]. More-
over, the morbidity and mortality associated with aspergillosis, candidiasis, and Pneu-
mocystis pneumonia in COVID-19 patients appraised more severity in European coun-
tries, viz., UK, France, Netherlands, Spain, and Germany [17, 18]. These testimonies of
emerging fungal coinfection in COVID-19 hosts demand more vigilance of the scien-
tific community to tackle imminent quandary. The present mini-review scrutinizes and
highlights the knowledge gap in the incidence of opportunistic fungal infection, immune
interaction, and the role of mycobiome on COVID-19 pathogenicity and gives a perspec-
tive to better describe and deal the epidemiological diseases.
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Interaction of Inmune System and Fungal Components

The cell wall components such as polysaccharides and the lipid molecules of fungal patho-
gens are known to stimulate the immune response. Also, the genetic makeup of the host
participates vitally in shaping the immune defense against fungal encounters (Fig. 2). The
PRRs present on the host cells (dendritic cells, macrophages, epithelial cells, fibroblasts,
B and T cells) recognize the fungal PAMPs and initiate the immune response [31]. For
example, the interactions of TLR-2 and mannan, TLR-4 and lipomannan, and TLR-9 and
DNA (CpG) are known to trigger the immune response by stimulating MyD88 and type-I
interferon production, respectively [10, 19]. The fungal B-glucans and a-mannans binding
to CLRs dectin-1 and 2, respectively induce the NLR3 and NF-kB activation which fur-
ther assist in Th1l and Th17 differentiation by stimulating cytokine production. Similarly,
the DC-SIGN and MRs interaction with mannose molecules are reported to prompt IL-6,
IL-10, and IL-17 production [24].

The interactions of fungal molecules and host receptors stimulate the innate and adap-
tive immune response. In that context, IFNy (Th1) or IL-17 (Th17) from CD4 + T-cells are
known for providing safeguard amidst fungal infection but the adaptive immunity to fungi
is still unintelligible. The TLR-2, TLR-4, TLR-9, and NLRP-3 are activated by respiratory
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Fig.2 Fungal infection and immune response in normal and COVID-19 patients
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fungal infections, while SARS-CoV-2 and similar coronavirus only activate RIG-1, TLR-3,
TLR-7, and NLRP-3. However, in simultaneous infections, the synergism of TLR and NLR
can dramatically increase cytokine production. For instance, in critical COVID-19 cases,
the TLR-4 (activated by fungal PAMPs) synergize with TLR-7 (activated by viral anti-
gens) and TLR-2 (fungal activated) synergize with NLRP-3 (viral activated). As a result,
COVID-19 and fungal coinfection stimulate synergetic innate action, leading to hyperin-
flammation and CSS (Fig. 3) [32].

The “cytokine storm” in severe COVID-19 cases is associated with the unique feature
of SARS-CoV-2, where it stimulates NF-kB and blocks INF-1, which allow uninhibited
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Fig. 3 Mechanism of immune response in COVID-19 and co-fungal infection (image created by Biorender
app)
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replication of SARS-CoV-2. Further, in the fluids, abundance of immune cells and
cytokines (IFN-a2, IFN-y, IL-1, 2, 4, 7, 10, 12, and 17) are generated, where neutrophils
infiltration is one of the notable pathologies of COVID-19 patients. Due to proinflamma-
tory nature, these immune infiltrates start acting on their own inflammatory environment,
resulting in hypercytokinemia (cytokine storm). This hyperinflammation generally inhibits
viral propagation and causes excessive cell death, which might pose respiratory distress
and eventually multiorgan failure [7, 34]. On the other hand, a signaling adaptor protein
CARD?O is crucial for triggering an antifungal immune response. Thus, the CARD9-defi-
cient humans or animals are more prone to fungal infections [9]. The study of human
CARDO deficiency together with invasive fungal disease protection might yield a unique
insight into this comprehensive clinical dilemma.

Role of Fungal Biofilm and Genetics in Viral Coinfection

Biofilms can be formed by a variety of fungi, where hyphal cells may play a role in bio-
film development. In fungal biofilms, filamentous hyphae and pseudohyphae may work in
a similar way to promote metabolite exchange across biofilm cells. Biofilm formation on
implanted devices is a primary cause of recurrent infection, apart from the fungal infection
biology (8). An effective way to explain biofilm gene function is by identifying transcrip-
tion factors which are needed for biofilm development. It is hypothesized that various gene
products, including large family proteins (ALS and CFEM) and proteins similar to Hyr-1,
may have combined actions in biofilm development [22]. For instance, biofilm cells of C.
albicans over-express the genes for sulfur adsorption and methionine and cystine biosyn-
thesis. It is also proposed that cystine-rich environment is required for the detoxification
of ROS in biofilm cells [8, 26]. Also, various hyphal regulators and HSP-90 are known to
control the biofilm cell release and create an extracellular matrix that is tolerant to a wide
range of antimicrobials. Therefore, HSP-90 inhibitors might be an important player in low-
ering the rates of disseminated infection [30]. However, studies discover the role of C. par-
apsilosis’ (C. albicans’ orthologs) biofilm regulators and found the essential role of Ber-1
and Efg-1 in biofilm development [8]. Overview of factors affecting fungal biofilm forma-
tion, resistance mechanism, important cellular elements/pathways, and potential inhibitors
is depicted in Fig. 4.

Biofilm possibly reduces viral sensitivity and facilitates virion survival by protecting
against physicochemical stress through some mechanisms, i.e., immune regulation, desic-
cation in extracellular matrix, chemical resistance, and maintaining viral particles infec-
tivity over time [38]. So, the fact that these viruses encased in biofilm maintained their
vitality and infectivity suggests that the biofilm lifestyle does not hinder the viral spread
and may even enhance it [14]. Also, biofilms may have a role in viral recombination, par-
ticularly in environments where different and infectious viruses (collective infectious unit)
share a space together in the presence of extracellular proteins (enzymes) and genetic frag-
ments [38]. Later, these viruses possibly break out of the biofilm and infect the same host
cell, resulting in gene exchange and recombination. As a result of the aided cell coinfection
by many viruses, new viral particles can evolve and develop, potentially spreading to other
species [38]. Taken together, fungal pathogens that cause aspergillosis, candidiasis, crypto-
coccosis, mucormycosis, and other fungal infections have also evolved with unique adapta-
tions to survive in hypoxic host conditions and greatly promote the chance for COVID-19
and fungal coinfection [1].
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Fig.4 Overview of factors influencing fungal biofilm development, biofilm resistance mechanism, impor-
tant virulence factors, and cellular components/pathways involved in biofilm formation and tolerance.
Potential inhibitors and their target are indicated by red inhibitory arrows (image created by Biorender app)

Fungal Detection and Therapeutic Strategies in COVID-19 Hosts

In general, microscopic inspection, culture, serological testing, AFST, and molecular
assays are accessible methods to diagnose fungal infections. For instance, CT scans are
being used to detect fungal infections in COVID-19 patients, primarily to visualize bone
destruction, opacity, and periosteal thickening of the sinuses [43]. However, traditional
culture and microscopic techniques are diagnostic keystones but deficit in sensitivity con-
cerns. In molecular assays, the ITS sequencing is the first-line procedure for fungal species
identification which may be utilized for the diagnosis of Mucorales. Besides, qPCR pro-
vides an assessment of fungal burden. Yet the molecular assays remain shortfall in diagno-
sis during mutation crisis and rare accessibility of modern serological testing methods in
LDCs are major concerns. As if, the testing is an arcane profession that necessitates skilled
specialists to detect fungal infections early, which is crucial to start the treatment on time.
The available treatments such as azoles (voriconazole, isavuconazole, and posacona-
zole), fluoropyrimidines, and echinocandins (micafungin, caspofungin, and anidulafungin)
are used as inhibitors for fungal ergosterol synthesis, nucleic acid synthesis, and cell wall
synthesis, respectively [17, 24]. Other than this, amphotericin B is considered as the first-
line treatment for invasive fungal infection. So, the amphotericin B therapy is recom-
mended in COVID-19 hosts with serious fungal infections. However, liposomal ampho-
tericin B is preferred over amphotericin B, as if it is comparatively cheaper and less toxic
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[43]. Additionally, in severe mucormycosis cases, the adequate dose of intravenous isa-
vuconazole and posaconazole along with liposomal amphotericin B is suggested by the
Mycoses Study Group Education and Research Consortium and European Confederation
of Medical Mycology [5]. Besides, sulfamethoxazole and trimethoprim combinations are
advised to treat Pneumocystis infection in COVID-19 hosts. The corticosteroid supplemen-
tation may also be prescribed in case of severe pneumonia and lower oxygen levels.

However, long-term use of high doses of corticosteroids may result in systemic fungal
infection in COVID-19 patients, eventually limiting the lifesaving benefits of these medica-
tions. Nevertheless, the emergence of resistance to these therapies is posing another global
threat. For instance, the treatment of antifungals (voriconazole, caspofungin, and isavu-
conazole) did not affect the survivability of nearly 21% of COVID-19 patients [29]. Simi-
larly, C. auris was isolated from 66% of candidemia cases in India, with a 60% mortality
rate. Where fluconazole resistance was observed in all C. auris isolates, while 40% of them
were found amphotericin B resistant [33]. In addition, the antifungal drugs and anti-inflam-
matory medications used in the treatment of COVID-19 patients with co-fungal infections
are summarized in Table 2. The anti-inflammatory medicines perhaps prevent the deadly
cytokine storm induced by SARS-CoV-2 infection.

Primarily recommended non-steroidal anti-inflammatory drugs (NSAIDs) such as ibu-
profen are known to decrease IL-6 in sputum and human tissues [12]. On the other hand,
the NSAIDs, mainly ibuprofen, may aggravate COVID-19 complications through the
upregulation of the ACE-2 receptors in arteries, heart, intestine, kidney, and lungs, which
might be utilized by SARS-CoV-2 as an entrance site into cells. Furthermore, by conceal-
ing fever and inflammation, NSAIDs may hinder the early diagnosis of COVID-19 [15].
However, in context of treating these fungal infections, the hyperbaric oxygen (HBO)
therapy has been an adjuvant treatment as higher oxygen pressure may enhance neutro-
phil function and amphotericin B action, limiting spore germination and preventing fungal
growth. Additionally, immunomodulation therapy may prove to be a scientific revolution
to combat fungal infectivity, but many such targeted agents (mAbs, vaccines) are yet under
clinical trials. Also, to prevent the adverse outcomes in COVID-19 patients, early diagnosis
and screening for anti-fungal drug-resistant coinfection are necessary.

Effect on/of Mycobiomes in COVID-19 Infection

Fungi also share a significant proportion in the human gut microbiota, known as gut myco-
biome. The gut fungi are known to be involved in the development of microbiome assem-
bly, ecology, and shaping the immune response [35]. However, the COVID-19 patients rep-
resented the unstable mycobiomes and long-term dysbiosis in a large proportion (~30%)
which might be due to SARS-CoV-2 infection [45]. The COVID-19 patients are also seen
with an altered gut mycobiome enriched with C. albicans and diversified mycobiome con-
figurations. Through the disease course, the bloom of opportunistic fungi such as A. flavus,
C. auris, and C. albicans was detected in the fecal sample of COVID-19 hosts. Even after
disease resolution, respiratory symptoms and pneumonia associated A. niger and A. fla-
vus were observed in the feces of COVID-19 patients [44]. Infections of Aspergillus are
noticed in the tracheal aspirates and respiratory tract secretions of COVID-19 patients, and
more frequent coughing is observed as compared to non-infected hosts [42]. Therefore,
a dysbiosis in the gut mycobiome might have a potential role in the dysregulated immu-
nity of COVID-19 patients. It is known that ACE-2 receptors expressed on the cell surface
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(intestinal epithelium, esophagus, liver, and lungs) bind with SARS-CoV-2 and stimulate
the infection. However, the microbiota generate metabolites during the fermentation pro-
cess, which might block the ACE-2 or viral proteins and inhibit the viral spread [34]. In
healthy people, Candida spp., Saccharomycetales, Cladosporium spp., and Aureobasidium
spp. are the most common fungal population. But, as per the previous report, the mycobi-
ome of COVID-19 hosts differs substantially from that of healthy individuals [28, 34].

Role of Probiotics and Gut Microbiota in Combating COVID-19

Probiotics have been shown to have anti-inflammatory, antiviral, and anti-allergic proper-
ties, as well as to reduce the time and rate of respiratory viral infections. Human micro-
biota can alter antiviral immunity, but the microbiota diversity varies with age [23]. As if,
microbial population (microbiota) in neonates is in smaller number than adults and higher
in young people than senior citizens. Therefore, senior citizens may be more prone to
COVID-19 infection. Potential immune regulatory mechanism by probiotics comprises the
stimulation of TLRs, alteration in gene expression, and biochemical cascade in host cells
[21]. For instance, some biochemical signals could be communicated through the lower GI
tract to another mucosal surface (respiratory tract), which might improve infection resist-
ance. Also, the metabolites (short-chain fatty acids) produced by the gut microbiota regu-
late the mucosal site (intestine), which possibly help in restoring excretion of effecter cells,
antibodies, and anti-inflammatory TNF-a and NF-kB in healthy hosts [34]. However, the
lungs contain their microbiota, which interact with gut microbiota and indirectly affect the
respiratory tracts’ immune response and inhibit the viral spread. Therefore, acute respira-
tory infections are perhaps accredited to dysbiosis in gut-lung microbiomes and intesti-
nal dysbiosis to inflammation and weakened immune response to pathogens [11, 41]. The
microbiota and COVID-19 infections have a straight connection and usage of probiotics
may open new windows in managing the fungal disease. Yet, a lot remain to be learned
regarding their potential clinical efficacy in COVID-19 incidents.

Conclusion and Future Perspective

More studies are needed to evaluate the links between environmental factors associated
with fungal infections, available treatments, and co-fatalities. It is crucial to retain and
rebuild nasal microflora and natural gut microbiota by lifestyle/dietary adjustments, prebi-
otics, probiotics, minerals, and vitamin supplementation. Furthermore, it is also essential
to understand how the gut microbiota affects the immune system response against SARS-
CoV-2. Commercial antifungals, antibiotics, and synthetic drugs are highly cytotoxic when
used in heavy doses, thus limiting their utility. Therefore, the healthcare professionals must
watch for patient-specific treatment procedures, medicine dosage, and related comorbidi-
ties. In that matter, novel antimicrobial agents from natural sources are one of the most
promising therapeutic options for reducing antimicrobial resistance, as they pose minimal
adverse effects. Besides, novel drug delivery systems such as nano-carriers, nanocarbon
tubes, nanomesoporus, liposomes, as well as natural bioactive materials could be an opti-
mal therapeutic approach. Along with that, several plant extracts, essence, and essential
oils have shown excellent antibacterial, antifungal, and antiviral properties, which also can
be utilized to deal with these clinical challenges. However, enough awareness of fungal
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infections and general personal precautions should be spread in public. The government
interventions, policy implementation, and allocation of sufficient resources are also vital to
combat this endemic.
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