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                     Abstract 
 Fungi are the organisms present universally in the environment from ancient times. Being regarded as an essential part of 

human mycobiome either as commensals or as opportunistic pathogens they hold a spectacular place in our lives. Myco-

biome is growing as a fi eld of interest, but some questions still remain lurking like how fungi exactly modulate health and 

disease. Most of the studies focus on the interactions of the immune system with the bacterial and viral community rather 

than highlighting the communication with mycobiota. Crosstalk between the immune system and mycobiota have been found 

to be highly necessary for maintaining homeostasis, preventing susceptibility towards diseases, inducing immune tolerance, 

modulating microbial communities and generating signal responses by interacting with fungal molecular patterns. We are 

highlighting the latest advancement regarding the relationship of innate and adaptive branches of immunity with mycobiota, 

their role ranging from simple commensals to opportunistic pathogens and more importantly therapies designed to overcome 

fungal infections in this review. 
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      Introduction 

 Robert Urich quoted “ the health outside starts from inside ”, 

which highlights the importance of all processes that take 

place inside a human body and account for a huge impact on 

their lives. Human body is a reservoir of a large number of 

microorganisms, their genomes, enzymes, and metabolites 

clubbed together and referred to as "Microbiome", which 

is further housed in various human organs. Whenever one 

hears about the microbiome, only bacteria are often pic-

turized because, since long, they have occupied the centre 

of research .  However, the microbiome doesn’t only revolve 

around bacteria, it also consists of fungal, protozoan, para-

sitic, archaeal, and viral species that play signifi cant roles 

even after staying behind curtains.  Mycobiome  (fi rst voiced 

in 2009) "the fungal population" acquires only 0.1% of the 

total microbiome — counterbalance the number of bacterial 

species by being larger in size. (Qin et al.  2010 ) (Sam et al. 

 2017 ). They regulate health and disease signifi cantly. 

 Table  1  highlights the distribution of commensal and patho-

genic fungi across various body sites, including skin, oral cav-

ity, intestine, etc. Initially, fungal diversity was evaluated by 

culture-dependent methods, but the inability to culture most 

fungal species created a major barrier. However, Internal tran-

scribed spacer (ITS) sequencing-based method (a culture-inde-

pendent method) replaced conventional ones for identifying 

fungi. These ITS regions are fungal rDNA sequences that are 

highly divergent among diff erent fungal species in terms of 

length and sequence, helps to categorize fungi at the species 

level (Underhill and Iliev  2014 ). Studies have documented 

that  maternal inheritance  has also been observed in the case 

of mycobiota apart from bacteriome. An infant's birth mode 

infl uences the prevalence of site-specifi c mycobiome: vagi-

nally born infants have higher levels of  Candida albicans  on 

their skin, whereas those delivered by caesarean-section have 

 Candida orthopsilosis  dominantly in their oral cavity (Schei 

et al.  2017 ) (Ward et al.  2018 ). According to the observations, 

mycobiome is transmitted vertically to infants from mother. 

Infant mycobiota, on the other hand, can also be altered by 

nutrition; research are in progress to understand more about 

human milk mycobiome composition, as  C. albicans  has been 

reported in the breast milk of mothers suff ering from mam-

mary candidiasis (Ward et al.  2017 ).  
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 Notably, Colonization of fungi in early life develops 

homeostasis and susceptibility towards diseases. For exam-

ple,  Cladosporium  colonization generates a state of protec-

tion against allergies, but in contrast colonization of  C. albi-
cans ,  Aspergillus , and  Rhodotorula spp.  are associated with 

the risk of childhood atopy (Speakman et al.  2020 ). Alto-

gether, more studies should be conducted to deduce the rela-

tionship between mycobiome inheritance and its persistence. 

    Identifi cation of fungal microbes 

 In general,  Fungal Pathogen-Associated Molecular Pat-
terns  (PAMPs), consists of several layers of carbohydrates 

(β-glucans, chitins, and mannans) that vary in proportion 

among numerous fungal species. Immune response can be 

developed by human pattern-recognition receptors (PRRs) 

after encountering microbe specifi c molecules (Gow et al. 

 2017 ) (Erwig and Gow  2016 ). Numerous studies quoted 

3 important PAMPs— chitin’s (polymers of N-acetylglu-

cosamine) the size of which is signifi cantly more impor-

tant in  S. cerevisiae  to elicit an immunological response. 

Precisely, medium-sized chitin particles can induce IL-17 

and TNFα production in the host. Alternatively, the small 

size chitin particles can induce anti-infl ammatory responses 

(Da Silva et al.  2009 ). On the other hand, researches have 

shown that β-glucans (glucose polymers), specifi cally, β-1,3-

glucans can interact with dectin-1 receptor which can fur-

ther provoke an immune response against glucans. So far, no 

receptor for β-1,6-glucans (branches) has been recognized 

  Table 1       Mycobiota across 

diff erent body sites  

 *Bold text shows the abundancy of the particular fungi 

  Mycobiota    Fungal microorganisms    Nature of fungal microorganisms  

  Oral mycobiota     Candida spp.*     Commensal, opportunistic pathogen  

     Cladosporium spp.     Commensal, opportunistic pathogen  

     Aspergillus spp.     Commensal  

     Saccharomyces spp.     Commensal  

     Fusarium spp.     Commensal, opportunistic pathogen  

     Aureobasidium spp.     Commensal, opportunistic pathogen  

     Penicillium spp.     Commensal  

     Pichia spp.     Commensal  

     Cryptococcus spp.     Pathogen  

  Lung mycobiota     Aspergillus spp.     Commensal, opportunistic pathogen  

     Candida spp.     Commensal, opportunistic pathogen  

     Clavispora spp.     Commensal, opportunistic pathogen  

     Cladosporium spp.     Commensal  

     Pneumocystis spp.     Obligate lung commensals  

     Wallemia spp.     Commensal  

  Intestinal mycobiota     Candida spp.*     Commensal, opportunistic pathogen  

   Saccharomyces spp.*     Commensal  

     Fusarium spp.     Commensal, opportunistic pathogen  

     Debaromyces     Rare fungal pathogen  

     Penicillium spp.     Commensal  

     Pichia spp.     Commensal  

     Cladosporium spp.     Commensal  

     Malassezia spp.     Commensal, opportunistic pathogen  

     Cyberlindnera jadinii     Commensal  

     Aspergillus     Commensal, opportunistic pathogen  

  Skin mycobiota     Malassezia spp.*     Commensal, opportunistic pathogen  

     Aspergillus spp.     Commensal, opportunistic pathogen  

     Candida spp.     Commensal, opportunistic pathogen  

  Vaginal mycobiota     Candida spp.*     Commensal, opportunistic pathogen  

   Cladosporium spp.     Commensal  

   Pichia spp.     Commensal  

   Aspergillus spp.     Commensal, opportunistic pathogen  

   Rhodotorula spp .    Commensal, opportunistic pathogen  
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in the host. In case of Mannans (chains of mannose residues 

linked to fungal proteins via N-linkage or O-linkage) that 

are identifi ed by host dectin-2, and mincle receptors to con-

trol fungi in numbers (Borriello et al.  2020 ). Overall, fungal 

PAMPs are the main elicitors of immunity, any failure in 

their recognition can be a potential cause of disease. 

    Fungi and morphology 

 Fungi often cycle amid yeast and hyphal morphologies 

(dimorphism). Various resources have proven that the 

conversion occurs either due to variation in temperature, 

pH or oxygen concentration of the host that drives fungi 

to their pathogenic state. Specifi cally, authors highlighted 

that macrophages can induce phagocytosis on encountering 

 C. albicans  yeast form, but subsequent  CO 2  production in 

macrophages promotes the transition to hyphal form ,  which 

eventually kills macrophages and ultimately disrupts the 

immune reactions (Hernández-Chávez et al.  2017 ). While 

in case of  Malassezia,  yeast form can survive as faculta-

tive intracellular parasite in keratinocytes by causing inhibi-

tion of infl ammatory responses. However, sebaceous gland 

hyperactivity can induce morphological conversion  Malasse-
zia  to hyphal form in  vivo , which serves as an crucial basis 

for the development biofi lms (Brand  2012 ). Meanwhile a 

study emphasizes that fungal morphology apart from induc-

ing pathogenicity also governs T helper cell diff erentiation. 

For example,  C. albicans  yeast form, in  vivo,  induces TH17 

responses while fi lamentous form induces the TH1 response. 

Contrastingly, in  vitro , yeast form of  C. albicans,  via IL-12 

induces TH1 response while hyphal form via IL-23 induces 

TH17 response (Speakman et al.  2020 ). Hence, these stud-

ies concluded that diff erent morphologies are employed by 

fungal microbes in order to remain viable or pathogenic in 

host, but immune system keeps them in check. 

    Mycobiome and immunity 

 As discussed previously, Human body harbors various 

microorganisms, which maintains the human ecosys-

tem through numerous interactions with the host. Fungal 

microbes are present all over the gut, lungs, skin etc., to 

maintain dynamics of host. In this part we will discuss 

about the receptors of host that communicate with fungi, 

crosstalk between immune cells and fungal species, other 

than that we will also examine the process of immune toler-

ance induced via mycobiota. 

 It is well documented that PRRs initiate an immune 

response after recognizing PAMPs of both pathogens and 

commensal microorganisms. C-type lectin receptors (CLRs), 

an antifungal PRR through Carbohydrate Recognition 

Domain (CRD) in the presence of calcium identify carbo-

hydrate moiety (β-glucans, mannans) on fungal cells (Netea 

et al.  2015 ). Further, elicit innate immune response through 

integral immunoreceptor tyrosine-based activation motif 

(ITAM) or through FcRγ (Drickamer and Taylor  2015 ). 

Dectin-1   (gene ClEC7A ), appears as an important CLR 

displayed on macrophages, mast cells, and dendritic cells 

which interacts with β-glucans present on fungal species 

(Saijo et al.  2010 ). Of utmost importance, Dectin-1 stimu-

lates the release of cytokines associated with TH17, IL-22 

which has anti-infl ammatory as well as pro-infl ammatory 

properties (A. et al. 2012). Evidences through studies dis-

closed that Dectin-1 gene polymorphism could increase the 

possibility of development of fungal diseases in patients who 

had undergone chemotherapy for acute myeloid leukemia. 

But more studies are required to refi ne about the relation 

of Dectin-1 gene with numerous fungal diseases (Fischer 

et al.  2016 ). 

 Dectin-2   (gene CLEC6A),  another CLR expressed on 

dendritic cells, macrophages that recognize α-mannans in 

fungal cell wall and accelerates the release of cytokines 

through FcRγ and Syk-CARD9-NFκB signaling path-

way. Clinical studies confi rmed the presence of severe  C. 
albicans  infections in Dectin-2 knockout mice against the 

wild one. However, the response of dectin-2 defi cient mice 

towards  C. neoformans  is normal indicating that mechanism 

of host defense is distinctive among diff erent fungi. Another 

study by Saijo et al., validated that dectin-2 defi ciency can 

enhance fungal load in kidney and subsequently lead to 

the development of hydronephrosis condition (Saijo et al. 

 2010 ). Apart from these, Cryptococcosis and aspergillosis 

are prominently reported in the individuals having dectin-2 

polymorphism (Patin et al.  2019 ). Taken together, all these 

researches stress upon the signifi cance of dectin-2 receptor 

in fungal infections. 

 Macrophage inducible C-type lectin (Mincle), distinc-

tively recognizes mannans on fungal cell wall. Although 

they are not present on inactive macrophages rather their 

expression is stimulated by Macrophage C-type lectin 

(MCL) (Miyake et al.  2015 ). A study demonstrated that 

mincle can recognize  Malassezia spp .,  C. albicans  and 

potentiate the release of chemokines and cytokines against 

fungi. Their defi ciency is often associated with  C. albicans  
infections (Patin et al.  2019 ). 

 Toll-like Receptor  ( TLRs), another PRR serve as sign-

aling receptor, are composed of two domains: N - terminal 

and C-terminal domain. Former one constitutes about 16–28 

leucine-rich repeats, which recognize PAMPs while the lat-

ter one commences downstream signaling (Saijo et al.  2010 ). 

Multiple studies highlight distinctive functions of TLRs in 

recognition of fungus specifi c molecules, for example, TLR2 

mainly recognizes fungal β-glucans and  C. albicans  phos-

pholipomannans (PLMs) (Bourgeois and Kuchler  2012 ). 
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Moreover, they are also responsible for monocyte-mediated 

apoptosis of  C. albicans  through caspase 3 and caspase 8 

(Dreschers et al.  2016 ). On the other hand, TLR4 interacts 

with  C. neoformans  glucuronoxylomannan (GXM) and  C. 
albicans  mannans (O-linked) .  However,  C. albicans  can 

cause systemic infections in TLR4 knockout mice by impair-

ing neutrophil recruitment and chemokine responses. All 

apart, TLR6 overcome fungal species by inducing TH17 

antifungal response. Furthermore, it has been demonstrated 

that any polymorphism in TLR-4, TLR-6 can cause asper-

gillosis (Skevaki et al.  2015 ). Meanwhile, other TLRs are 

also concerned with fungal genome detection like TLR-7 

gets activated by single-stranded fungal RNA, while TLR3 

interacts with double-stranded fungal RNA and TLR-9 rec-

ognizes the unmethylated fungal DNA (CpG) (Bourgeois 

and Kuchler  2012 ). Overall, TLRs had displayed their poten-

tial function in revealing the identity of fungal microbes and 

initiates various mechanisms to break the chain of fungal 

evasion. 

 Involvement of Nod-like receptors (NLRs) is required to 

detect internalized microbial components of PAMPs and to 

further induce infl ammatory caspases, along with cytokines 

IL-1β and IL-18 (Pathakumari et al.  2020 ). Recent research 

indicates that  C. albicans’s  morphological transition can 

activate both NLRP-3 and IL-1β. However, the authors also 

stated that NLRP-3 polymorphism can impair IL-1β pro-

duction, which triggers the development of vulvovaginal 

candidiasis. Additionally, NLRP -/- mice had shown sus-

ceptibility towards  C. albicans  and  C. neoformans  infections 

(M. et al. 2017). 

 RIG-I-like Receptors (RLR), regarded as a cytosolic sen-

sor, also shown to have a minor role in fungal recognition. 

It has 3 major receptors out of which MDA5 (Melanoma 

diff erentiation-associated gene 5) receptor altered expres-

sion is generally found in the case of chronic mucocutaneous 

candidiasis, owing to its crucial role in antifungal defense 

(M. et al. 2017). 

   Crosstalk between immune cells and fungal species 

 A latest study by de Zuani et al. confi rmed that BMMCs 

(Bone marrow-derived mast cells) come into play after the 

detection of  C. albicans  and secrete some soluble factors 

to enhance the crawling movement of macrophages toward 

fungi. Additionally, ROS responses are also generated by 

BMMCs to overcome  C. albicans  population. Interest-

ingly, When Dectin-1 knockout BMMCs are exposed to  C. 
albicans  (both hyphal and yeast forms), cytokine release is 

reduced but not totally suppressed, indicating that Dectin-1 

is not the single receptor present on mast cells responsible 

for  C. albicans  identifi cation. (De Zuani et al.  2018 ). 

 Macrophages (phagocytes derived from blood mono-

cytes), a member of antigen presenting cells (APCs) that 

perform fungal phagocytosis and effectively generate 

reactive nitrogen intermediates and reactive oxygen spe-

cies (antimicrobic components). Through research, it was 

concluded that on encounter with fungi, macrophages dif-

ferentiate to M1 (classical activated macrophages) and M2 

(alternative activated macrophages) .  Specifi cally, M1 mac-

rophages generate anti-infl ammatory responses, while M2 

macrophages generate pro-infl ammatory responses against 

fungi (Reales-Calderón et al.  2014 ). More studies can be 

performed to highlight the specifi c relationship between 

macrophages and mycobiota. 

 Dendritic cells (DCs) are eff ectual APCs, in general 

two types of DCs are prominent in host for combating fun-

gal infections :  Myeloid dendritic cells (mDCs) that off er 

fungal PAMPs to naïve T cells transforming them to TH1 

cells. In contrast, plasmacytoid dendritic cells (pDCs), 

another subset of DCs, diff erentiate naïve T cells to TH2 

cells and potentially generate IFN-α, TNF-α which inhibits 

hyphal growth of  A. fumigatus.  However, previous studies 

have reported that any imbalance in between pDCs and 

mDCs levels can increase the incidence of fungal infec-

tions among individuals (Pathakumari et al.  2020 ). 

 Natural killer cells  ( NK) constitute about 5–10% of the 

total lymphocytes but their role remains endless regarding 

the dialogue with mycobiome. A number of sources have 

proven that they utilize diff erent receptors to crosstalk with 

fungi. For instance, through NKp30 activating receptor 

they elicit perforin degranulation of  C. albicans ,  C. neo-
formans  and further through NKp46 receptor they mediate 

destruction of  C. glabrata  (Li et al.  2013 ) (Schmidt et al. 

 2017 ). Nevertheless, they also induce cytokine response 

against pathogenic fungi as in case where neutrophils 

are activated by IFN-γ and GM-CSF (Granulocyte–mac-

rophage colony stimulating factor) to overcome C.  albi-
cans  infection in host. Many clinical trials have shown that 

mice without NK cells are more prone to aspergillosis and 

candidiasis. (Schmidt et al.  2017 ) (Bär et al.  2014 ). 

 Neutrophils are the initial line of defense against infec-

tions. According to the literature, neutrophils inhibit the 

morphological transition of  C. albicans  and kill them 

via production of neutrophil extracellular traps (NET) 

(Wheeler et  al.  2017 ). Meanwhile, they also produce 

IL-17, besides TH17, to overcome pulmonary aspergil-

losis infection (Werner et al.  2011 ). As per preliminary 

research, neutropenia (a lack of neutrophils) and GI 

mucosal breaching enhance the risk of fungal infections 

(aspergillosis, candidiasis) and mortality.(Wheeler et al. 

 2017 ). However, neutropenia has not been identifi ed as a 

concern in the case of cryptococcosis (Hirai et al.  2011 ). 
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    T Cells 

 T cells have been widely investigated for their interaction 

with the fungal community. Specifically, TH1 cells are 

responsible for production of TNF, IFN-γ and GM-CSF 

which promotes phagocytosis, aff ects APC function and 

further, stimulates the discharge of antibodies from B-cells 

against fungal pathogens (Pathakumari et al.  2020 ) (Kro-

etz and Deepe  2012 ). The function of GM-CSF has been 

observed in GM-CSF knockout mice, where the levels of 

TH1 and TH2 cytokines drastically decrease upon encoun-

tering  C. neoformans  (Chen et al.  2007 ). However, in normal 

mice, GM-CSF promotes ROS response via macrophages by 

sequestering Zn through upregulation of Zn exporters. Zn 

defi ciency decreases fungal proliferation, inhibits immune 

cell responses, and further restricts the growth of intracel-

lular yeast in mice (Subramanian Vignesh et al. 2013). 

 It is well known that TH2 subclass obstructs the pro-

tective TH1 cell responses and reduces pro-infl ammatory 

cytokine synthesis (Pathakumari et al.  2020 ). Prior research 

suggests that equilibrium amid TH2 and TH1 responses are 

worthy to safeguard against fungal pathogens. For instance, 

increased GATA-3 (TH2 cell transcription factor) expres-

sion can suppress IFN-γ production and develop the risk of 

systemic candidiasis. Furthermore, TH2 CD4 + T cells can 

compromise the function of lungs and subsequently cause 

allergic bronchopulmonary aspergillosis (ABPA). Overall, 

prevalent TH2 responses produced during fungal infections 

are deleterious and fatal (van de Veerdonk and Netea  2010 ). 

TH2 responses, on the other hand, can help retain humoral 

immunity and protect against helminthic infections by pro-

ducing interleukins (IL-4, IL-5, and IL-13).(Nakayama et al. 

 2017 ). 

 TH17 cells get activated via MYD88, mannose receptor 

or by SYK-CARD9 signaling pathways induced by mac-

rophages and dendritic cells (Romani  2004 ). Park et al. dis-

covered that γδ T cells in the dermal region of skin produce 

IL-17 cytokine after confronting with  C. albicans  and after 

7 days they switch to αβ TH17 eff ector T cells. Further, it 

is observed that after 30 days, these TH17 CD4 + resident 

memory T cells (TRM) predominate against  C. albicans  
more rapidly than migratory memory CD4 T cells (Park 

et al.  2018 ). This research indicates that substitution of γδ 

T cells with αβ T cells holds importance for generation of 

protective immunity against fungi. Additionally, it is well 

documented that mice with a genetic mutation in IL-17A 

gene, could impair IL-17 pathway and thereby increase fun-

gal burden (Sparber et al.  2019 ). 

 Regulatory T-cells  (T reg ) are regarded as the potent regu-

lators of immune responses because they control infl am-

mation via blocking the host tissue damage (Romani and 

Puccetti  2007 ). Two major  T reg  cells have been seen dur-

ing fungal infections — natural (thymus derived-nTreg, 

CD4 + CD25 +), that release IL-10 and CTLA-4 cytokines 

at the initial stage of infection by  A. fumigatus,  to control 

infl ammation triggered by neutrophils in the lungs. While 

another subset is induced under infection-  (iT reg ) that read-

ily suppress the immune response mediated by TH2 at the 

later stage of aspergillosis (Montagnoli et al.  2006 ). Simi-

larly, study by Whibley et al. highlighted that Forkhead box 

P3 (Foxp3 +)  nT reg  cells can induce TH17 and inhibit TH1, 

TH2 responses in systemic candidiasis infection (Whibley 

et al.  2014 ). Taken together,  T reg  cell subsets can control 

both arms of immunity to balance immune tolerance and 

infl ammation in a coordinated manner during fungal infec-

tions (Romani and Puccetti  2007 ) (Fig.  1 ).         

    Immune tolerance and mycobiota 

 Tryptophan (Trp) is an essential amino acid procured from 

diet, which promotes synthesis of proteins and biogenic 

amines. Numerous studies have revealed that indoleam-

ine 2,3 dioxygenase 1 (IDO1), promotes oxidation of Trp 

through kynurenine pathway, which holds a vital position in 

generation of immune tolerance to fungi. Neutrophils, mac-

rophages, tolerogenic DCs, epithelial cells express IDO1 and 

regulate immune homeostasis by mounting Kyn-mediated 

Treg cells through Aryl hydrocarbon Receptor (AhR) and 

repress infl ammation by decreasing the Trp levels and fi nally 

controlling the growth of pathogen (Romani et al.  2014 ) (de 

Araújo et al.  2017 ). It is well documented that catabolism of 

Trp to L kynurenine is mediated by IDO1 after interaction 

with fungal microbes, promote the transcription of FOXP3 

and dampen the transcript formation of RAR related orphan 

receptor gamma (RORγ t), in order to suppress the host 

immunity and promote the persistence of fungi, fi nally con-

tributing to immune tolerance through Treg cells. However, 

TH17 cells inhibit Trp catabolism and favors pathology (de 

Araújo et al.  2017 ). Overall, during fungal infections, IDO1 

holds the responsibility to maintain a level amid TH17 and 

Treg cells so as to generate a state of suppressed infl amma-

tion and immune tolerance to prevent tissue damage. Con-

versely, Fungi can obstruct the tolerogenic state of host, thus 

contributing in either commensalism or persistence of fungi. 

     Diseases caused by mycobiota 

 There has been growing concern in recent years regarding 

the role of fungi in the development of human diseases. 

Dysbiosis  (an imbalance  in which harmful microorgan-

isms outweigh benefi cial microbes) frequently causes fun-

gal infections, disrupting the fungus-immune system bal-

ance, which can be lethal if ignored. Thus, in this section we 

will examine various mycobiota that have become causative 
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agents of disease. Table  2  illustrates fungal diseases and 

their antifungal therapies.  

   Candidiasis 

  Candida spp.  are natural inhabitants of human mycobiome, 

and it is evident from studies that the morphological transi-

tion can promote their conversion from commensals to path-

ogens, causing mucocutaneous, oral, and invasive infections. 

Specifi cally, invasive candidiasis results due to persistence 

of  C. albicans  in blood (candidemia) or peritonitis, or in 

osteomyelitis (deep-seated organ infections). From the fi nd-

ings, except  C. albicans  diff erent species of  Candida  can 

also cause candidiasis in humans—  C. glabrata ,  C. krusei, 
C. tropicalis ,  C. guilliermondii  and  C. parapsilosis , which 

diff er in virulency.  Candida spp . prevails in the body due 

to several reasons. First of which is extensive application 

of broad-spectrum antibiotics causing dysbiosis of bacte-

rial species and fl are up fungal species, second: cytotoxic 

chemotherapy-induced mucositis that ruptures GI and cuta-

neous layers, third being the presence of central venous cath-

eters through which fungus can gain entry in the circulating 

blood and span to diff erent regions (Pappas et al.  2018 ). A 

novel study conducted on murine model showed that kidney 

suff ers from major candidiasis because of late initiation of 

innate immune response, minimal immune cells residing 

followed by their gradual enrollment (Hebecker et al.  2016 ). 

Meanwhile, recent study had documented a link between 

candidiasis and COVID-19, for example, it has been testi-

fi ed that due to prolonged ICU stays intrusive yeast infec-

tions have higher frequencies, especially the one’s which are 

caused by  C. albicans ,  C. auris,   C. glabrata,  and  C. parapsi-
losis  were observed in patients with COVID-19 (Arastehfar 

et al.  2020 ). 

    Aspergillosis 

 Aspergillosis, the most prevalent cause of mortality across 

the globe, caused by ten diff erent species. Some of which 

are  Aspergillus fumigatus, Aspergillus flavus, Aspergil-
lus niger, Aspergillus terreus, Aspergillus versicolor , etc. 

(Vivek-Ananth et al.  2018 ). Overall, these fungal microbes 

pave their way into the host via inhalation and can prove 

to be fatal if sustained in the host. For instance,  Aspergil-
lus  conidial spores in case of immunocompromised patients 

operate as opportunistic pathogens while in heathy individu-

al’s alveolar macrophages engulf and remove conidial spores 

eff ectively (Guerra et al.  2017 ). Subsequently, a study by 

Sainz et al. reported that patients with neutropenia, dectin-1 

polymorphism, or who had received transplants (hematopoi-

etic stem cell) had a higher chance of invasive aspergillo-

sis (Sainz et al.  2012 ). Recently a study reported that ICU 

  Fig. 1       Immune response to commensal fungi. Upon encountering fungi, modulation of immune cells stimulates several mechanisms to facilitate 

more eff ective response towards opportunistic fungi.  Citation : Biorender and MS PowerPoint  
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patients with infl uenza can develop infl uenza-associated 

pulmonary aspergillosis (IAPA). Furthermore, this study in 

patients with serious SARS-CoV-2 infection can give rise to 

the probability of COVID-19-associated pulmonary asper-

gillosis (CAPA) (Verweij et al.  2020 ). In this context, further 

research is needed to assess the impact of aspergillosis in 

patients with viral infections. 

    Cryptococcosis 

 Cryptococcosis, a widespread invasive fungal infection, 

responsible for 20–70% mortality across the globe.  Crypto-
coccus  is a pathogenic fungus that gains entry into human 

body through inhalation but in an immunocompromised 

state the immune system is ineffi  cient to remove them and 

thus,  C. neoformans  and  C. gatti  become predominant and 

cause cryptococcosis (Iliev and Underhill  2013 ). Emerging 

studies indicate the presence of diff erent types of cryptococ-

cosis depending upon the site of infection which includes: 

cutaneous, peripheral, disseminated, and cerebral crypto-

coccosis. Among these, cerebral cryptococcosis has been 

reported as invasive opportunistic infection that can cause 

meningoencephalitis in HIV-infected patients (Pathakumari 

et al.  2020 ) (Iliev and Underhill  2013 ). Meanwhile, another 

study indicates that cell wall polysaccharides of  Cryptococ-
cus  namely GXM, glucuronoxylomannogalactan and mel-

anin, can alter the activity of macrophages in circulation 

(oxidative burst) (Pathakumari et al.  2020 ). Also,  C. neofor-
mans  produce giant cells (titan) that subsequently decrease 

the phagocytic activity of macrophages thus, promoting sur-

vival of  C. neoformans  (Zaragoza and Nielsen  2013 ). 

    Fungal Biofi lms 

 Generally, packed fungal communities organize themselves 

in biofi lms—shielded by extracellular matrix (ECM) to pro-

mote their adherence to the surfaces and protect them against 

host immune responses. Such fungal biofi lms can colonize 

mucosal surfaces like oral and vaginal areas as well as on 

implanted medical equipments like catheters, dentures, etc. 

(Kernien et al.  2018 ). Notably,  Cryptococcus  biofi lms origi-

nate from surface attachment taken over by microcolonies, 

ECM production and eventually get mature (R. et al. 2015). 

 Studies demonstrated that shedding of polysaccharide cap-

sules (GXM, galactoxylomannans, and mannoproteins) by  C. 
neoformans  can enhance ECM production. Additionally, pres-

ence of GXM in biofi lm matrix provides resistance against 

NET, antifungals and further reduces the phagocytic response 

  Table 2       Fungal diseases and their antifungal therapies  

 *There are no licensed fungal vaccines; all vaccines are in diff erent clinical phase studies 

 FLZ (Fluconazole); AmB (Amphotericin); SMX/ TMP (trimethoprim/sulfamethoxazole); SDZ/PYR (sulfadiazine–pyrimethamine); 18B7 (anti-

capsular polysaccharide monoclonal antibody); Mycograb (anti-fungal heat shock protein 90 (Hsp90) recombinant human antibody) 

  Causative agent    Disease    Treatment strategies  

   Candida Spp     Vulvovaginal candidi-

asis 

 Candidemia 

 Chronic mucocutaneous 

infections (Skin, Oral, 

Nails) 

 Pneumonia 

 Intestinal oedema 

 Meningitis  

   Antifungal drugs : Itraconazole and FLZ, thymol, nystatin, compound 61,894,700, caspofungin, 

micafungin, Anidulafungin 

  Immunotherapy : IFN- γ immunotherapy 

  Vaccines* : rAls3p-N (Clinical Phase II trial), Recombinant secretory aspartyl proteinase 2 (Sap2), 

Crf ( A. fumigatus  cell wall glucanase), Fba  (C. albicans  wall protein fructose-bisphosphate 

aldolase), rHyr1p-N ( C. albicans  cell surface protein Hyr1), Laminarin Vaccine 

  NPs : Silver nanoparticles along with FLZ and nystatin  

   Aspergillus spp.     Aspergilloma 

 Pneumonia 

 Infl uenza-associated 

pulmonary aspergil-

losis 

 Allergic bronchopulmo-

nary aspergillosis  

   Antifungal Drugs:  Voriconazole, isavuconazole, echinocandin, liposomal AmB 

  Immunotherapy : IFN- γ immunotherapy, CAR T cell technologies 

  Vaccines* : Asp f 16 vaccine, Subcutaneous Heat Killed  S. cerevisiae , Laminarin Vaccine, Crf 

  NPs : Silver nanoparticles along with fl uconazole and nystatin  

   Malassezia Spp     Pityriasis Versicolor 

 Atopic eczema  

   Antifungal drugs : Ketoconazole, Itraconazole, FLZ, Terbinafi ne, Zinc pyrithione, Pramiconazole 

  NPs:  FLZ loaded on solid nanoparticles topical gel  

   Fusarium spp.     Fusariosis     Antifungal Drugs:  AmB, Voriconazole, Posaconazole 

  Immunotherapy : Growth factors (G-CSF or GM-CSF) or granulocyte transfusions 

  Surgery : Debride necrotic tissue  

   Cryptococcus Spp     Cryptococcosis 

 Pneumonia 

 Cryptococcal meningitis  

   Antifungal Drugs : AmB, Flucytosine, APX001 (prodrug of APX001A), FLZ 

  Immunotherapy:  IFN- γ immunotherapy, SDZ/PYR and SMX/TMP, 18B7, Mycograb (Clinical 

Phase II trial), 

  Vaccine* : PA- GalXM conjugate  
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of macrophages. But still, it is unclear that whether the phago-

cytic response is suffi  cient enough to overcome  Cryptococ-
cus  biofi lms or not. Meanwhile , Candida  biofi lms can also 

inhibit the release of NET and ROS and altogether promote the 

growth of biofi lms. Surprisingly, IL-17A has proven to induce 

the formation of  C. albicans  biofi lms. While in contrast to 

 Cryptococcus and Candida  biofi lms,  Aspergillus  biofi lms have 

distinct ECM composition including: galactosaminogalactan 

(GAG) and galactomannan as core matrix polysaccharides. 

It is evident from studies that absence of GAG can reduce 

the probability of biofi lm formation by  A. fumigatus  (Kernien 

et al.  2018 ). 

    Fusariosis 

 Another fungal species found in the environment, Fusarium 

that exists in mold form. Out of 70 species that are known, 

only 3 species ( F. solani  species,  F. dimerum  species, and  F. 
oxysporum  species) can cause disseminated (fusariosis) and 

superfi cial infections in transplant recipients, immunocompro-

mised and diabetic patients (Guarro  2013 ) (Short et al.  2013 ) 

(Batista et al.  2020 ). Studies have documented that fusarium 

when penetrates via skin can generate multiple erythematous 

papules that further disseminates to whole body and proves 

to be fatal for immunocompromised patients. Additionally, 

Fusarium can also invade through contact lenses, which results 

in development of keratitis. The only therapy to eradicate fusa-

riosis to date is Combination therapy (Batista et al.  2020 ). 

    Pityriasis versicolor (PV) 

 Malassezia is responsible for Pityriasis Versicolor (tinea ver-

sicolor), a common skin disease. The preliminary study con-

cluded that the morphological transformation of  Malassezia  
along with other factors such as hormonal imbalance, exces-

sive use of antibiotics and high temperature can promote 

the susceptibility towards disease. Another study suggests 

that Pityriasis Versicolor (PV) triggers the development of 

hyperpigmentation or hypopigmented skin lesions (Dyląg 

et al.  2020 ). Specifi cally, in hypopigmented PV,  Malassezia  
releases azelaic acid and malassezin that promotes apopto-

sis of melanocytes and subsequently halts the synthesis of 

melanin (Dolenc-Voljč  2017 ). However, the treatment of PV 

is possible through antifungal drugs, but results won’t appear 

spontaneously due to persistence of dead fungal cells on the 

skin (Dyląg et al.  2020 ). 

     Therapies against fungal infections 

 Fungal infections are more prominent worldwide and cause 

mortality with unacceptable high rates which shows a need 

for therapies to overcome fungal infections. In this section, 

we will discuss about some existing therapies and shortcom-

ings associated with therapies. 

   Immunotherapy 

 Currently, immunotherapy is one of the remarkable strate-

gies to overcome fungal infections in which GM-CSF with 

IFN- γ protect against invasive aspergillosis. Precisely, GM-

CSF can enhance antifungal ability and IFN- γ clears the 

pathogenic fungi in transplant recipients who had devel-

oped systemic fungal infections (Armstrong-James et al. 

 2017 ). A study by Jarvis et al. highlighted that adjunctive 

IFN- γ immunotherapy can eradicate  C. neoformans  from 

HIV-1 infected patient’s cerebrospinal fl uid much faster 

than conventional therapies (Jarvis et al.  2012 ). Addition-

ally, by restoring immunological function, adjunctive IFN- 

γ immunotherapy can be benefi cial to individuals infected 

with invasive  Candida  or  Aspergillus  infections (Delsing 

et al.  2014 ). Although IFN- γ therapy have shown positive 

results in numerous studies but still more trials are needed 

to ensure its worth. Apart from these, PRR agonists and 

antagonists can also stimulate an immune response against 

fungi by subsequently limiting infl ammation. For instance, 

conjugation of β-glucan laminarian with diphtheria toxoid 

(CRM 1197) can promote the development of antibodies 

against β-glucan in mice with systemic candidiasis (Arm-

strong-James et al.  2017 ) (Patin et al.  2019 ). Furthermore, 

researchers have employed CAR T cell technologies to pro-

duce cytotoxic T cells (Tc Cells) against pathogenic fungi. 

This research has given positive results in halting the growth 

of  A. fumigatus  hyphae after recognizing β-glucans moieties 

(Patin et al.  2019 ). 

    Antifungal drugs 

 Presently, antifungal drugs exist in three classes for the 

therapy of systemic fungal infections which includes azoles 

inhibiting ergosterol biosynthesis, echinocandins target fun-

gal cell wall biosynthesis, and polyenes facilitate cell lysis 

(Revie et al.  2018 ) .  In a recent clinical study, antifungal 

drug posaconazole has proven to reduce the occurrence of 

invasive fungal infections in immunocompromised patients .  
Nevertheless, this drug is often linked with some side eff ects 

like nausea, vomiting, and malfunctioning of liver (Wong 

et al.  2020 ). Another study by Pierce et al. reported that 

compound 61894700 can halt the development of C. albi-

cans fi lament and biofi lms but is unable to inhibit the overall 

planktonic growth (Pierce et al.  2015 ). Additionally, two 

antifungal drugs had been developed namely sulfadia-

zine–pyrimethamine (SDZ/PYR) and sulfamethoxazole-

trimethoprim (SMX/TMP) that repress growth and biofi lm 

formation of  C. gatti  and C.  neoformans  (de Aguiar Cordeiro 

et al.  2013 ). Meanwhile, many researchers have repurposed 
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some old drugs like tamoxifen, Cox2 inhibitors that had 

shown positive results against fungal infections. In addition 

to this, combinations of antifungal drugs are currently being 

employed to increase their effi  cacy, where the synergistic 

combinations make it eff ective even at low doses and reduce 

the resistance (Spitzer et al.  2017 ). 

    Vaccines 

 Vaccines act as potential weapons against fungal infections. 

For instance, live-attenuated fungal vaccines had given 

appreciating results during preclinical studies, but these 

are not approved for immunocompromised patients (Santos 

and Levitz  2014 ). A study by Spellberg et al. observed that 

the rAls3p-N (adhesion protein associated with  C. albicans  
cell wall )  based vaccine would protect against disseminated, 

mucosal, and vulvovaginal candidiasis, and are under phase-

II trials (Spellberg et al.  2006 ). Apart from that, recombinant 

protein Asp f 16 (association with unmethylated CpG oligo-

deoxynucleotides) based vaccines also proved to be eff ective 

against invasive aspergillosis (Bozza et al.  2002 ). 

    Nanotechnology 

 Nanotechnology has been actively researched as a low-cost, 

one-of-a-kind approach for developing novel antifungals and 

vaccines (Souza and Amaral  2017 ). Antifungal chemother-

apy employs nanoparticles (NPs) to deliver intrinsic antifun-

gal eff ects with the objective of decreasing the medication 

concentration required for the treatment. NPs can be utilized 

to increase the stability and immunogenicity of antigens 

like peptides in the vaccine formulation (Zhao et al.  2014 ). 

Furthermore, silver nanoparticles demonstrated increased 

antifungal effi  ciency against  C. albicans  ATCC 10,231 and 

 A. brasiliensis  ATCC 16,404 after conjugation with nysta-

tin (NYT) and fl uconazole (Hussain et al.  2019 ). Another 

study discovered that combining posaconazole-derived com-

pounds with PEG-imidazole modifi ed G5 dendrimers pro-

duced a soluble and potent posaconazole conjugate, which 

seems to be a new and eff ective antifungal medication. 

However, in vivo studies are necessary before nanoparticles 

are to be used for medical purposes (Tang et al.  2021 ). 

     Shortcomings of therapies 

 Antifungal drugs that are commercially available are limited 

and their extensive use has resulted in the development of 

resistance, which is a major rising health concern. Genetic 

variations in the cellular target, upregulation of the target 

molecules, and antifungal effl  ux pump extrusion are all fac-

tors that trigger azole resistance (A. and B. 1999). For exam-

ple, mutations in drug target genes, as observed in the case 

of ERG11, promote their overexpression and increase the 

azole resistance against  C. albicans  infections. Furthermore, 

mutation in the ERG3 gene encoding for Δ-5,6- desaturase 

enzyme Erg3 can accumulate ergosterol and further develop 

resistance against azoles and polyenes (Revie et al.  2018 ). 

However, resistance to polyenes is primarily caused by 

sterol modifi cation, which occurs as a result of decrease in 

the cell's ergosterol content, substitution of the sterol with 

the one that has lower affi  nity for polyenes, or reorientation 

of ergosterol that sterically inhibits polyene binding (A. and 

B. 1999). Apart from that, echinocandin resistance devel-

ops after therapy as a result of amino acid alterations in 

the 1,3-D-glucan synthase, coded by the FKS1 and FKS2 

genes, that diminish the enzyme's susceptibility to medica-

tions (Perlin  2015 ). Thus, all these studies emphasize on 

necessitating the creation of new drugs to tackle antifungal 

resistance. 

 Although vaccination serves as an important strategy to 

overcome fungal infections, but to date no vaccine is sanc-

tioned to treat fungal infections. Besides this, there is still 

considerable uncertainty about whether fungal vaccines 

could generate herd immunity or not (Santos and Levitz 

 2014 ). 

    Fungal probiotics 

 When given in the proper dosage, probiotics (live micro-

organisms) are helpful to the host. As an example,  Saccha-
romyces boulardii , the major fungal probiotic used for the 

treatment of several diseases like bacterial diarrhea, acute GI 

diseases, also exhibits positive results against  Clostridium 
diffi  cile  infections (Kelesidis and Pothoulakis  2012 ) (Sen 

and Mansell  2020 ). Other than that, they also boost immu-

nity and improve gut microfl ora specifi cally in IBD (Infl am-

matory Bowel Disease). Also, it helps in restoring the tight 

junctions in enterocytes and regulate the expression of p120 

through E-cadherin (Sen and Mansell  2020 ) (Abbas et al. 

 2014 ) (Terciolo et al.  2017 ). Although  S. boulardii  is geneti-

cally similar to  S. cerevisiae  but certain characteristics adds 

advantage to their extensive use such as non-sporulating 

nature, survival at acidic pH, viability around 55 °C and 

ability to metabolize diff erent carbon sources (Sen and Man-

sell  2020 ). However, safety concerns are associated with the 

use of fungal probiotics for immunocompromised patients. 

    Conclusion and future perspective 

 Recently, the World Health Organization (WHO) conducted 

a poll to establish the fi rst fungal priority pathogen list for 

public health relevance in order to defi ne R&D priorities. 

The selection of fungal pathogens was based on six criteria: 
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mortality, transmission, community burden, treatability, 

health-care burden, and prevalence of medication resistance. 

For this reason, WHO has approached experts and individu-

als active in antifungal healthcare delivery and research for 

this purpose. Multi-criteria decision analysis (MCDA) was 

utilized in this approach, which combines scientifi c data and 

expert opinion. There are currently six fungal pathogens on 

the list:  Candida auris , other azole-resistant  Candida spp. , 
azole-resistant  A. fumigatus, C. neoformans ,  C. gatti ,  Pneu-
mocystis jirovecii , and Mucormycetes. More fungal path-

ogens and criteria will be added, as recommended by the 

expert panel .  
 From this review, it is clear that both arms of immunity 

are crucial for maintaining a healthy human mycobiome. 

However, if the balance between the two is disturbed for 

any reason, it can manifest as a deadly disease. Nonethe-

less, research to discover the obscurity of the mycobiome 

should be continued. Further research is needed to investi-

gate whether mycobiome alterations reported in a number of 

disorders either refl ect disease pathogenesis or are a conse-

quence of the disease process. New therapeutic approaches 

like the use of nanoparticles need to be adopted to treat fun-

gal complications and, hence, potentiation of the immune 

system that helps in maintaining the fungi in commensal 

mode can serve as a lesson for devising better therapeutic 

strategies and preventing the development of drug resist-

ance. Moreover, cross-reaction between auto-antigens of 

humans with commensal fungi can off er new insight into 

the role of commensal fungi, particularly in autoimmune 

disorders. In addition to this, how does interaction between 

numerous fungal communities across diff erent body sites 

aff ect humans can be brought to light by future studies only. 
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