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A B S T R A C T   

The role and impact of commensal and pathogenic fungi in different parts of the human body are being 
increasingly appreciated, unveiling the importance of such microorganisms in human health. A key function is 
the involvement of the mycobiota in cross-kingdom interactions within the microbiome. Any disturbance in the 
functionality of the microbiota could alter metabolic reactions, have a negative impact on homeostasis or induce 
diseases. The association of fungi with cancer development is the focus of this review. Several studies have re-
ported direct or indirect involvement of fungal pathogens and mycobiome dysbiosis in induction of carcino-
genesis. Most studies focused on cancers of the gastrointestinal tract. However, researchers are now investigating 
other organs, such as the skin, where the significant results obtained confirm the involvement of fungal path-
ogens and administration of antifungal drugs in development of cancer. This review gives an overview of the 
different organs affected and describes the mechanisms used by these eukaryotes or antifungals to induce 
oncogenesis.   

1. Introduction 

The human microbiota is made up of a complex community of 
different microbes such as bacteria, fungi, protozoa, viruses and 
archaeal species (Raimondi et al., 2019; Richard and Sokol 2019). With 
recent advances in molecular technologies and culture-independent 
methods, researchers have been able to study and appreciate the role 
of microbial communities in human health (Konturek et al., 2015). The 
microbiome is involved in the immune response, homeostasis, meta-
bolism and development of various diseases and inflammatory disorders 
(Hall and Noverr 2017; Hoggard et al., 2018). Although the focus has 
been on the bacterial part of the microbiome, there have been an 
increasing number of studies on the other components of the micro-
biome in the last ten years (Richard and Sokol 2019). 

Fungi are non-phototrophic eukaryotes with a unique cell wall 
composed mainly of chitin. These organisms can be subdivided based on 
their fruiting bodies and their life cycle and can be classified as yeasts, 
which are single-celled microorganisms that reproduce via mating or 
budding, mushrooms and moulds. Mushrooms have an easily visible 
multi-cellular fruiting body above the ground whereas moulds have long 
multi-cellular filamentous structures known as hyphae growing by 

apical extension (McGinnis and Tyring 1996). Candida, Malassezia and 
Saccharomyces yeasts are commonly found throughout the human body 
which also harbor a variety of moulds belonging to the following genera: 
Aspergillus, Alternaria, Cladosporium and Epicoccum (Underhill and Iliev 
2014). The mycobiota is present in almost every part or surface of the 
human body, from the skin to internal organs such as the gastrointestinal 
tract and vagina (Ghannoum et al., 2010; Drell et al., 2013; Findley 
et al., 2013; Hallen-Adams and Suhr 2017). 

Even though fungi are less abundant compared to their bacterial 
counterpart, these eukaryotic organisms still play a key role in human 
health as the mycobiome can contain both pathogens and beneficial 
fungi (Huffnagle and Noverr 2013). Although anyone is vulnerable to 
fungal diseases, immunocompromised people are particularly prone to 
invasive infections (Suhr 2015; Chin et al., 2016; Hallen-Adams and 
Suhr 2017; Ksiezopolska and Gabaldón 2018). Recent studies have 
found increasing evidence that presence of fungal pathogens, invasive 
infections or fungal dysbiosis within organs could lead to 
life-threatening diseases and disorders within the human body (Rizzetto 
et al., 2014; Underhill and Iliev 2014; Zhang et al., 2020). 

Cancer is one of the prime causes of death worldwide according to 
the World Health Organization (WHO), with 10 million cases of death 
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recorded in 2020 (World Health Organization 2021). More and more 
studies are revealing the association and possible involvement of spe-
cific fungal species, such as the commensal pathobionts Candida species, 
in the induction of carcinogenesis and metastasis in different organs of 
the human body (Chung et al., 2017; Kaźmierczak-Siedlecka et al., 
2020b; Zhang et al., 2020). In this review, we will focus on the evidence 
for perturbations of the mycobiota and their association with human 
health, particularly in relation to the development of cancers of the 
gastrointestinal tract and the integumentary system, considered to be 
among the common and deadliest cancers occurring worldwide. 

2. Cancers of the digestive system 

2.1. Oral cancer 

Oral cancer can develop in different parts of a human mouth, 
including the tongue, cheeks, lips, gums, or palate. The salivary glands, 
tonsils and pharynx (oropharynx) are also prone to cancer but such cases 
occur less frequently (Ellington et al., 2020). In 2020, there were 377, 
713 cases of lip and oral cancer worldwide, with highest frequency 
obtained from Papua New Guinea (incidence rate: >34.1 per 100,000 
individuals) (Sung et al., 2021). High numbers of cases were also 
observed in South Central Asian countries (incidence rate of 17.9 per 
100,000 individuals) (Ferlay et al., 2020), Australia and New Zealand 
(incidence rate of 12.1 per 100,000 individuals), and Eastern Europe 
(11.1 per 100,000 individuals) (Sung et al., 2021). The major risk fac-
tors, enhancing development of oral tumourigenesis, were found to be 
betel nut (Areca nut) chewing practices, heavy alcohol intake, human 
papillomavirus (HPV) infection, cigarette smoking and overexposure to 
ultraviolet (UV) light for lip cancer (Rigel 2008; Bagnardi et al., 2015; 
Han et al., 2016; Gupta et al., 2018) as well as poor oral hygiene and diet 
(Arzmi et al., 2019). 

Fungi such as Candida species are usually present in the mouth and 
are harmless under normal conditions. However, specific host factors 
could trigger these fungal species to switch to a pathogenic form 
(Underhill and Iliev 2014; Forbes et al., 2016; Liang and Bennett 2020; 
Zhai et al., 2020), thus causing infections. Oral candidiasis is the main 
fungal infection that occurs in the human oral cavity and is usually 
caused by Candida albicans or other Candida species (Chung et al., 2017; 
Sharma 2019). These can range from mild to severe invasive infections 
depending on host immunity (Chin et al., 2016; Ksiezopolska and 
Gabaldón 2018; Sharma 2019). 

Candidiasis has long been associated with cancer treatment or 
therapy complications (Chung et al., 2017). It was later discovered that 
this disease might as well be involved in the development and pro-
gression of mouth cancer. A study in Taiwan revealed that individuals 
suffering from a Candida infection were significantly more at risk of 
developing subsequent oral cancer compared to their control cohort 
(Chung et al., 2017). Carcinogenic viruses and bacteria, such as HPV, 
Helicobacter pylori, and other known microbial carcinogens (Karin et al., 
2006; Snow and Laudadio 2010; Momin and Richardson 2012; Mesri 
et al., 2014; Kumar et al., 2020), were the focal points of research for the 
past decade. Now, the focus is being drawn on identifying any potential 
relationship between fungal pathogens and oral cancer, especially in 
immunocompromised host (Bakri et al., 2010; Salazar et al., 2012; 
Sankari et al., 2015; Chung et al., 2017). 

C. albicans have been associated with cancer development through 
the production of specific hydrolytic enzymes metabolizing alcohol to 
acetaldehyde (ACH). ACH is known as a group 1 human carcinogen 
when associated with heavy alcohol intake (Alnuaimi et al., 2016; 
Nieminen and Salaspuro 2018). Candida species possess alcohol dehy-
drogenase (ADH) enzymes, necessary for the conversion of ethanol to 
ACH. ADH is a cell wall protein essential for fungal growth and meta-
bolism (Liu et al., 2019). Furthermore, ADH may also interact with host 
cell proteins and trigger an immune response (Reid and Fewson 1994; 
Klotz et al., 2001; Chaffin 2008; Liu et al., 2019). The impact of ACH on 

cells mainly results in oxidative stress and cell damage (Clavijo-Cornejo 
et al., 2014; Simoni-Nieves et al., 2018), induction of pro-inflammatory 
cytokines and mediators leading to inflammation (Hernández et al., 
2008; Reyes-Gordillo et al., 2014; Simoni-Nieves et al., 2018), and for-
mation of covalent adducts in protein or DNA residues (Setshedi et al., 
2010), DNA cross-linking or chromosomal aberrations (Homann et al., 
1997; Poschl and Seitz 2004). These events may trigger mutations 
within-host DNA, and impairment of protein function or degradation of 
protein molecules essential for normal host function and cell division 
(Setshedi et al., 2010). This, in turn, could lead to tumor development 
and progression (Fig. 1) (Alnuaimi et al., 2016; Kaźmierczak-Siedlecka 
et al., 2020b). 

Another mechanism by which Candida species help in tumor induc-
tion comes from their ability to invade host tissue and produce nitro-
samines such as N-nitrosobenzylmethylamine (NBMA) which have been 
found to cause cancer in animal models (Bakri 2011; Shukla et al., 
2019). Nitrosamines compounds were reported to potentially activate 
proto-oncogenes (Scully 2011) and cause dysplasia (Fig. 1), which is the 
abnormal enlargement, development and differentiation of cells (Daf-
tary et al., 1972; Hornstein et al., 1979; Krogh et al., 1987; Sanjaya et al., 
2011; Shukla et al., 2019). Hojatti et al. (1987) demonstrated that 
nitrosamine compounds, that have been activated, can mutate a 
proto-oncogene in vitro. They made use of pEC plasmids containing 
c-Ha-ras-I proto-oncogene, involved in regulating cell division in the 
human body, and NIH 3T3 cells as in vitro host. The authors reported 
that esterase enzymes, also commonly found in the human body, con-
verted N-nitrosomethyl(acetoxymethyl)amine into a methylating agent 
known as α-hydroxynitrosodimethylamine which in turn reacted with 
c-Ha-ras-I gene via methylation. The methylated DNA within the gene 
lead to the conversion of the normal gene to the oncogene form. Ni-
trosamines, produced by Candida species within the mouth, may easily 
interact with premalignant lesions such as oral epithelial dysplasia and 
leukoplakias, worsening the risk of developing oral cancer (Saigal et al., 
2011; Hettmann et al., 2015). Krogh et al. (1987) isolated various strains 
of Candida species from leukoplakia and erytholeukoplakia, both pre-
cancerous oral lesions, and assessed the catalytic ability of these yeasts 
to produced NBMA via High-performance liquid chromatography 
(HPLC) and gas chromatography–mass spectrometry (GC–MS). The au-
thors demonstrated that the isolates were producing NBMA from its 
precursors N-benzylmethylamine and nitrite at rates ranging from 0 to 
1.2 microgram per 106 cells. It was also observed that C. albicans with 
high capacity to produce nitrosamines were mainly obtained from le-
sions showing more precancerous features (Krogh et al., 1987). More-
over, C. albicans isolated from precancerous lesions had higher ability to 
produce nitrosamine compounds compared to isolates obtained from 
lesions and normal mucosa (Korgh et al. 1987), further supporting the 
role of nitrosamines in induction of cancerous cells. 

Moreover, members of the Candida genus have the ability to produce 
biofilm, easily adhere to cell surfaces and invade epithelial cells within 
the oral cavity. These features are considered as virulent factors that 
might play a key role in development of oncogenesis, mainly by-way-of 
infections and inflammation (Alnuaimi et al., 2016; 
Kaźmierczak-Siedlecka et al., 2020b). During the course of an inflam-
mation, cytokines such as IL-6 and IL-17A are produced by T-helper cells 
17 (Th17) which in turn activates the Wnt signaling pathway and nu-
clear factor kappa B (NF-κB) signaling pathway. Overexpression of 
pro-inflammatory cytokines, such as IL-6, is a pivotal point in 
tumourigenesis via negative regulation of apoptosis which highly affects 
cell cycles (Fig. 1) (Dongari-Bagtzoglou and Fidel 2005; Chen et al., 
2015; Dai et al., 2019; Kaźmierczak-Siedlecka et al., 2020b). 

2.2. Esophageal cancer 

Esophageal cancer (EC) occurs in the esophagus, which is the 
fibromuscular tube transporting food (bolus) from the pharynx to the 
stomach (Peters et al., 2019). EC has the seventh-highest incidence rate 
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of cases worldwide, with 604,000 new cases in 2020 with 70% of the 
cases occurring in men (Arnold et al., 2020; Sung et al., 2021). This type 
of cancer is prevalent in Eastern Asia, especially China. Moreover, it was 
reported that EC is the prime cause of cancer death within the Bangla-
deshi population irrespective of sexes and in Malawian men (Sung et al., 
2021). 

EC has two main histologic subtypes with distinct etiologies, namely 
esophageal squamous cell carcinoma (ESCC) and esophageal adeno-
carcinoma (EAC) (Conteduca et al., 2012; Peters et al., 2019; Sung et al., 
2021). People living in Asia, especially in China, have a greater risk of 
suffering from ESCC (Blot and Tarone 2017). The major risk factors 
involved in the initiation and spread of ESCC are heavy alcohol con-
sumption, tobacco smoking, poor diet with nutrient deficiencies, heavy 
consumption of pickled vegetables and hot beverages, betel quid 
chewing practices and ingestion of nitrosamines (Blot and Tarone 2017). 
EAC is most prevalent in countries with high income and its induction is 
attributed to obesity, gastroesophageal reflux disease (GERD) and Bar-
rett’s esophagus which is a complication of GERD (Blot and Tarone 
2017), resulting in the transformation of normal esophageal epithelium 
cells to intestinal-like epithelium tissue (Conteduca et al., 2012; Peters 
et al., 2019). 

The involvement of fungi in EC have not been extensively studied, 
however, some findings showed that specific fungal species might have a 
key role in the development of ESCC in patients suffering from auto-
immune polyendocrinopathy candidiasis ectodermal dystrophy 
(APECED) (Zhu et al., 2017). APECED is an autoimmune disease that is 
caused by mutations in the autoimmune regulator (AIRE) gene which 
induces defective T-cell central tolerance, hampering the elimination of 
T lymphocytes reactive to host cells (Xing and Hogquist 2012). A 
weakened or defective central tolerance makes APECED patients more 
prone to chronic fungal infections (Rautemaa et al., 2007; Mathis and 
Benoist 2009; Manley et al., 2011) as innate immunity and T-helper cells 
are crucial in host defense against fungal infection, invasion and 
expansion in the human body (Stoner and Gupta 2001; Zhu et al., 2017). 
Among 92 patients diagnosed with APECED, six individuals were iden-
tified with oral carcinoma as well and five out of six patients with oral 
carcinoma reported long-term oral candidiasis (Rautemaa et al., 2007). 

It was reported that ESCC patients frequently suffer from fungal le-
sions, ulcerations and chronic inflammation of the esophagus, 

suggesting a potential link between environmental fungi ingestion from 
the mouth and development of ESCC (Stoner and Gupta 2001). The 
mechanisms by which they could do so are still understudied. However, 
a study using kinase-dead IkB kinase alpha (Ikka) knock-in (IkkaKA/KA) 
mice developing and mimicking similar impaired central tolerance and 
phenotypes as APECED patients, demonstrated that autoreactive CD4 
T-cells promoted chronic fungal infection, inflammation, and epithelium 
tissue damage. These alterations, together with elevated epidermal 
growth factor receptor (EGFR) activity have key roles in the carcino-
genesis of ESCC in mice (Zhu et al., 2012, 2017). The authors also found 
similarities between the hallmarks of ESCC from both non-APECED 
patients and IkkaKA/KA mice (Zhu et al., 2017). Moreover, IkkaKA/KA 

mice orally infected with Cladosporium cladosporioides once every fort-
night, for four infections in total, demonstrated 60% incidence for 
esophageal or oral tumor development (Zhu et al., 2017). These findings 
confirm the importance of both the host genetics and fungal pathogens 
in cancer development. 

Previously published case-study reports demonstrated a potential 
involvement of fungi, especially Candida species, with development of 
esophageal cancer. Patients with chronic Candida infections, known as 
chronic mucocutaneous candidiasis (CMC) have increased risk of 
developing esophageal cancer. A case series study found that two out of 
six family members with CMC developed and died from ESCC (Koo et al., 
2017). Domingues-Ferreira et al. (2009) suggested that individuals 
suffering from CMC have deficient immune systems which consequently 
lead to persistent invasive Candida infections in different parts of the 
human body such as skin, mucous membranes and appendages. The 
authors hypothesized that NBMA, the carcinogen produced by fungal 
cells, mentioned earlier, might play a major role in cancer development 
(Domingues-Ferreira et al., 2009). This hypothesis is consistent with the 
demonstration by Hsia et al. (1981) that C. albicans have the ability to 
produce the carcinogenic NBMA in the esophagus. Another case study of 
two patients, pointed out the impact of a defective immunity and fungal 
infection on esophageal oncogenesis (Delsing et al., 2012). The authors 
implied that long-term Candida infection increases risk of ESCC based 
upon their inspections on both patients, suggesting that mutations 
within the signal transducer and activator of transcription 1 (STAT1) 
gene and impaired function of T-lymphocytes were reported to promote 
the induction and spread of cancer in the esophagus, especially in CMC 

Fig. 1. A summary of the different means by which fungal species are involved in development of oral cancer.  
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patients. They also attributed promotion of carcinogenesis to the pro-
duction of carcinogenic nitrosamine compounds by fungal species in the 
presence of high alcohol level, as described in previous section (Delsing 
et al., 2012). 

Nonetheless, the mechanism of action and involvement of patho-
genic fungi has not been well documented. There are gaps to be filled in 
our knowledge of the eukaryotic biota in the human body. More 
emphasis should be placed on coming up with new technologies, tech-
niques and approaches to uncover all the hidden aspects of the human 
gut mycobiome and its involvement with esophageal cancer in non- 
autoimmune individuals. 

2.3. Pancreatic cancer 

Pancreatic cancer is one of the most lethal types of cancers around 
the globe (Simoes et al., 2017; Kaźmierczak-Siedlecka et al., 2020b). 
Sung et al. (2021) reported that 466,000 individuals of a total of 496, 
000 diagnosed pancreatic cancer patients worldwide (94%) died in 

2020. This burden is mainly attributed to the fact that the likelihood of 
recovery is relatively low, and that the majority of patients are diag-
nosed at stages III or IV of cancer (Eissa et al., 2019). Europe, Australia, 
New Zealand and North America recorded the highest rates of pancre-
atic cancer cases in 2020 (Arnold et al., 2020; Sung et al., 2021). A study 
performed in 28 countries in Europe, predicted that by 2025, there will 
be a 25% increase in number of pancreatic cancer deaths and thus, will 
overtake breast cancer death rate (Ferlay et al., 2016). Obesity, poor 
diet, diabetes, chronic pancreatitis and heavy alcohol consumption were 
found to be associated with pancreatic oncogenesis (Meng et al., 2018; 
Arnold et al., 2020; Sung et al., 2021). Till now, treatment for pancreatic 
cancer mainly involves radical dissection followed by chemotherapy 
(Orth et al., 2019). Early diagnosis is quite rare and no well-established 
and standard early screening procedures or biomarkers that are readily 
accessible worldwide (Meng et al., 2018). 

Pancreatic ductal adenocarcinoma (PDAC) is the prevalent type of 
cancer occurring in this organ (Simoes et al., 2017). Different bacteria 
have been associated with the development of PDAC such as Helicobacter 

Fig. 2. Overview of the implications of gut mycobiome dysbiosis and fungal pathogen in the induction and spread of pancreatic cancer.  
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pylori, Porphyromonas gingivalis, Neisseira elongata, Streptococcus mitis 
and various viruses affecting the human liver (Wei et al., 2019). Dys-
biosis within the human bacteriome have been associated with occur-
rence and spread of PDAC. One study by Aykut et al. (2019) focused on 
the possible link between the gut mycobiome and pancreatic cancer 
(Fig. 2). It was speculated that gut fungi can enter the pancreas through 
the sphincter of Oddi, thereby altering the pancreatic microbiome. This 
change in microflora is implicated in development of PDAC. Pancreatic 
tumor samples from both mice and humans were analysed and 
compared to healthy pancreatic tissues. It was found that there was a 
3000-fold increase in fungal density in tumor tissues. Malassezia globosa, 
Saccharomyces cerevisiae and Aspergillus species were enriched in these 
cancer tissue samples. Increase in fungal load and increase in abundance 
of specific fungal species originating from the gut could accelerate 
pancreatic tumor growth (Aykut et al., 2019; Richard and Sokol 2019). 

Mannose-binding lectin (MBL) activation also contributes to induc-
tion and spread of pancreatic cancer (Luan et al., 2015; Arzmi et al., 
2019) as discussed below. MBL is a recognition molecule that has a key 
role in innate immunity and host defense against pathogenic fungi (Van 
Asbeck et al. 2008). This pattern recognition receptor will bind to gly-
cans found on fungal cell wall and initiate the complement cascade that 
will eventually lead to pancreatic oncogenesis (Luan et al., 2015; Arzmi 
et al., 2019; Aykut et al., 2019). The complement cascade can prevent 
tumor by eliminating carcinogenic pathogens and is involved in 
apoptosis and necrosis of cancer cells (Pio et al., 2014; Martin and Blom 
2016; Kochanek et al., 2018). On the other hand, when chronic 
inflammation is involved, the complement cascade supports cell prolif-
eration and activation of proto-oncogenes (Fig. 2) (Bamberg et al., 2010; 
Rutkowski et al., 2010; Mamidi et al., 2017; Kochanek et al., 2018; 
Cedzynski and Swierzko 2020). 

Epithelial-mesenchymal transformation (EMT) may also be insti-
gated by anaphylatoxins C3a and C5a, major components of the com-
plement system, during the course of inflammation caused by pathogens 
(Nitta et al., 2013; Liu et al., 2017; Kochanek et al., 2018; Cedzynski and 
Swierzko 2020). EMT is a process by which the normal epithelial cells 
switch to mesenchymal form by losing their intrinsic asymmetry and cell 
to cell adhesion and by undergoing metabolic changes (Puthiyaveetil 
et al., 2016). In addition, transition from tumor cells to metastasis may 
be promoted by the action of matrix metalloproteinases (MMPs), known 
as enzymes that degrade the extracellular matrix (ECM). C3a and C5a 
have been reported to activate such enzymes during inflammatory 
response to fungal pathogens (Fig. 2) (Löffek et al., 2011; Nitta et al., 
2013; Sayegh et al., 2014; Jabłońska-Trypuć et al., 2016; Cedzynski and 
Swierzko 2020). 

2.4. Colorectal cancer 

Colorectal cancer (CRC), including bowel, colon or rectal cancer, is 
the third most common cancer diagnosed worldwide (Brennan and 
Garrett 2016) with over 1.9 million cases and an incidence rate of 935, 
000 deaths in 2020 (Sung et al., 2021). The majority of cases were 
estimated to originate from Europe (mainly Norway and Hungary), 
Australia, New Zealand and Northern American countries (Sung et al., 
2021). Researchers determined that heavy alcohol intake, tobacco 
smoking, sedentary lifestyle, heavy animal-source food consumption 
(especially red or processed meat) and obesity are the leading risk fac-
tors involved in the induction and spread of CRC (Siegel et al., 2020; 
Sung et al., 2021). 

Diet highly influences the gut microbiome which in turn can have a 
key role in the development and spread of CRC (Gao et al., 2017). The 
involvement of bacteria such as Escherichia coli, Helicobacter hepaticus, 
Helicobacter pylori, Enterococcus faecalis, Fusobacterium nucleatum, Bac-
teroides fragilis and Streptococcus bovis, have been studied for the past 
decade and associated with CRC (Gagnière et al., 2016; Dai et al., 2019; 
Kaźmierczak-Siedlecka et al., 2020a). With the use of metagenomics and 
bioinformatics tools, researchers were able to analyze the gut mycobiota 

composition of patients suffering from CRC, colon polyps or adenoma 
tissues, and control subjects to determine whether the gut mycobiota 
could potentially impact on the formation and expansion of colon cancer 
(Luan et al., 2015; Gao et al., 2017; Coker et al., 2019). A study on three 
large cohorts, with a total of 274 CRC patients, 239 adenoma patients, 
and 270 healthy controls reported evidence that fungal dysbiosis within 
the human gut may lead to CRC (Coker et al., 2019). The authors 
observed an increased Basidiomycota/Ascomycota ratio and higher 
abundance of Malasseziomycete fungi in participants suffering from CRC 
compared to the control group. Basidiomycota/Ascomycota ratio has 
previously been reported as an index for fungal dysbiosis in ecosystems 
(Kuramae et al., 2013), and Malassezia-synthesised aryl hydrocarbon 
receptor ligands have also been suggested to cause basal cell carcinoma 
through UV radiation–induced carcinogenesis (Gaitanis et al., 2012). On 
the other hand, this study reported a decrease in richness of Saccharo-
myces cerevisiae, Lipomyces starkeyi and Pneumocystidomycetes fungal 
species. This depletion in S. cerevisiae richness may potentially advan-
tage the spread of tumor within the human gut (Coker et al., 2019). This 
yeast species is considered as a probiotic which provides lots of benefits 
to host health (Fakruddin et al., 2017). A study demonstrated that 
S. cerevisiae stimulates the humoral and cell-mediated immune response 
by initiating the production of anti-inflammatory IL-10 cytokines 
(Jawhara et al., 2012; Fakruddin et al., 2017) and by lowering of tumor 
necrosis factor- alpha (TNFα) inflammatory cytokine (Jawhara et al., 
2012), essential for suppression of cancer through necrosis and 
apoptosis (Idriss and Naismith 2000; Fakruddin et al., 2017). 

The mycobiota of adenomas and adjacent tissues from CRC patients 
were sampled and analysed by Luan et al. (2015) using high-throughput 
sequencing technologies. The outcome of the analysis revealed that a 
decrease in fungal diversity was observed in the adenoma tissue samples 
(Luan et al., 2015). Gao et al. (2017) investigated the diversity and 
density of gut fungi among patients suffering from CRC and patients 
with colon polyps compared to control subjects. The authors reported an 
association between fungal dysbiosis, through loss of beneficial yeasts 
and increase in fungal pathogens, within the human gut and colon 
polyps and CRC. An increased Basidiomycota/Ascomycota ratio and 
higher level of opportunistic fungal species from the Trichosporon and 
Malassezia genera were observed in patients suffering from CRC. This 
study also demonstrated that fungal diversity was much lower in cancer 
patients compared to the healthy control, specially at an early stage of 
oncogenesis. These mycobiota alterations were proposed to play a major 
role in CRC (Gao et al., 2017). For now, broad conclusions cannot be 
drawn due to limited studies and low sample size. However, the findings 
stated above strongly suggest that CRC is associated with fungal dys-
biosis in the human gut mycobiome. 

Mutations within the human genes involved in immune response 
have been associated with alteration of the human mycobiome. Over-
growth of Candida species is prevalent in individuals with mutations 
within genes coding for proteins involved in helper T cells (Th17 and 
Th1) immune response (Patel and Kuchroo 2015; Lai et al., 2018). 
Recurrent vulvovaginal candidiasis (RVVC) and onychomycosis are 
highly prevalent in individuals having specific mutations reducing the 
function of C-Type lectin domain containing 7A (CLEC7A), involved in 
innate immunity, or caspase recruitment domain family member 9 
(CARD9) proteins, regulating inflammation and programmed cell death. 
These mutations and impaired functions consequently lead to increase 
abundance of Candida species in the patients’ body (Glocker et al., 2009; 
Carvalho et al., 2012; Drewniak et al., 2013; Wang et al., 2016). Malik 
et al. (2018) reported that a non-defective SKY-CARD9 signaling 
pathway provide protection against colitis disorder and colon cancer by 
promoting production of inflammasomes and IL-18 cytokines. This 
pathway induces T cell anti-tumor responses and helps to maintain a 
balanced and healthy mycobiota within the human GI tract (Malik et al., 
2018). Another study performed using a murine model, reported a 
higher abundance of mycobiota with increase in Candida tropicalis in 
CARD9-deficient mice with impaired immunity against fungi (Wang 
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et al., 2018). It was found that this fungal dysbiosis induced the build-up 
and accumulation of myeloid-derived suppressor cells (MDSCs) which 
are immature myeloid cells that amplify the risk of carcinogenesis by 
promoting immune suppression (Gabrilovich and Nagaraj 2009; Wang 
et al., 2018). Fungal dysbiosis have shown to play a crucial role in 
human health in terms of control of inflammation disorders and cancer 
(Conche and Greten 2018; Malik et al., 2018; Wang et al., 2018; Zhang 
et al., 2020). 

3. Indirect involvement of fungi in cancers of the integumentary 
system 

Skin cancers commonly occur in individuals around the world and 
can be categorised into melanoma skin cancer (MSC) or non-melanoma 
skin cancer (NMSC). In the United States of America alone, it is esti-
mated that melanoma will account for approximately 150,000 cases and 
will have an expected death rate of 11,500 individuals in 2021 (Amer-
ican Cancer Society 2021). MSC develops as melanocytes, cells that 
produce pigments, mutate, and divide uncontrollably. Hence, melanoma 
can take place at any region of the skin (Riker et al., 2010). The major 
risk factor of melanoma is exposure to sunlight for prolonged periods, as 
confirmed by a study estimating that 86% of melanoma are caused by 
ultraviolet radiation from the sun (Parkin et al., 2011). Non-melanoma 
skin cancers are more common and accounted for more than one million 
new patients in 2020. It was reported that men were two times more 
prone to this type of cancer and that highest frequency of NMSC was 
observed in Australia and New Zealand (Sung et al., 2021). Prolonged 
exposure to sunlight contribute to development of NMSC and the use of 
sunscreens can reduce up to 40% risk of developing skin cancer (Green 
et al., 1999). 

Other than exposure to sunlight and UV radiations, recent studies 
have found that skin cancers could be subsequent consequences of solid 
organ transplants. Solid organ transplant patients have a 65-fold higher 
risk of developing a non-melanoma skin cancer known as squamous cell 
carcinoma (SCC) which tends to develop rapidly leading to further 
surgeries and increased risk of death (Lindelöf et al., 2006). Lung 
transplant patients are especially at higher risk for the development of 
SCC due to high dose of immunosuppression required for the transplant 
procedure (Lindelöf et al., 2006). Fungal infections are also prominent 
among lung transplant patients due to their immunocompromised sta-
tus. These individuals can easily get infected by various fungal patho-
gens such as Aspergillus, Candida and Cryptococcus species which could 
lead to invasive and chronic inflammatory infections (Shoham and Marr 
2012). Hence, most lung transplant procedures will be accompanied by 
antifungal medication such as voriconazole, which is a triazole drug, to 
treat and prevent occurrence or spread of fungal infections (Herbrecht 
et al., 2002). Recent studies have found that voriconazole significantly 
increases the risk of developing SCC by approximately 2.6 fold 
depending on dose (Singer et al., 2012). The dose of antifungal drug will 
depend on the severity and drug resistance of the causative biological 
agent. Despite the effectiveness of voriconazole on fungal infections 
(Steinbach and Dvorak 2012), another study confirmed that exposure to 
voriconazole post-surgery could increase the risk of SCC by 73% when 
administering at standard dose. Additionally, the risk increases by 3% 
for every 30-day exposure to voriconazole (Mansh et al., 2016). Vor-
iconazole is associated with cutaneous toxicities such as photosensitivity 
(Haylett et al., 2013) and metabolites voriconazole N-oxide (VNO), 
which leads to keratinocytes sensitivity to ultraviolet A light which may 
induce DNA damage and inhibit repair mechanisms (Ona and Oh 2015) 
thus leading to oncogenesis. 

4. Concluding remarks 

Researchers have found significant evidence of associations between 
specific fungi with the development of the human GI tract cancers, as 
well as indirect involvement of fungi via the action of an antifungal 

agent, in the development of skin cancer in lung transplant patients. As 
stated in this review, fungal pathogens may induce inflammatory re-
sponses, which greatly contributes to tumourigenesis. Could these im-
mune responses to fungi put other organs at risk of cancer? More focus 
should be placed on full characterization of the human mycobiota 
worldwide, to effectively investigate commensal fungi, cross-kingdom 
interactions within organs and to get better insights into the implica-
tions of the association of fungal infections or fungal dysbiosis with 
cancers across the human body systems. 
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M.A.L. Huët et al.                                                                                                                                                                                                                              

https://doi.org/10.1111/odi.12565
https://doi.org/10.1053/j.gastro.2020.02.068
https://doi.org/10.1111/jop.12905
https://doi.org/10.1038/s41586-019-1608-2
https://doi.org/10.1038/s41586-019-1608-2


Current Research in Microbial Sciences 3 (2022) 100090

7

Bagnardi, V., Rota, M., Botteri, E., Tramacere, I., Islami, F., Fedirko, V., Scotti, L., 
Jenab, M., Turati, F., Pasquali, E., Pelucchi, C., Galeone, C., Bellocco, R., Negri, E., 
Corrao, G., Boffetta, P., La Vecchia, C., 2015. Alcohol consumption and site-specific 
cancer risk: a comprehensive dose-response meta-analysis. Br. J. Cancer 112, 
580–593. https://doi.org/10.1038/bjc.2014.579. 

Bakri, M., 2011. The Expression of Candida albicans Acetaldehyde Producing Enzymes in 
C. Albicans Infected Mucosal lesions: a Potential Role in Some Oral Cancers. 
University of Otago, New Zealand.  

Bakri, M.M., Hussaini, H.M., Holmes, A., Cannon, R.D., Rich, A.M., 2010. Revisiting the 
association between candidal infection and carcinoma, particularly oral squamous 
cell carcinoma. J. Oral Microbiol. 2, 1–6. https://doi.org/10.3402/jom.v2i0.5780. 

Bamberg, C.E., Mackay, C.R., Lee, H., Zahra, D., Jackson, J., Lim, Y.S., Whitfeld, P.L., 
Craig, S., Corsini, E., Lu, B., Gerard, C., Gerard, N.P., 2010. The C5a receptor (C5aR) 
C5L2 is a modulator of C5aR-mediated signal transduction. J. Biol. Chem. 285, 
7633–7644. https://doi.org/10.1074/jbc.M109.092106. 

Blot, W.J., Tarone, R.E., 2017. Esophageal Cancer. In: Cancer Epidemiology and 
Prevention. Oxford University Press. 

Brennan, C.A., Garrett, W.S., 2016. Gut microbiota, inflammation, and colorectal cancer. 
Annu. Rev. Microbiol. 70, 395–411. https://doi.org/10.1146/annurev-micro- 
102215-095513. 

Carvalho, A., Giovannini, G., De Luca, A., D’Angelo, C., Casagrande, A., Iannitti, R.G., 
Ricci, G., Cunha, C., Romani, L., 2012. Dectin-1 isoforms contribute to distinct Th1/ 
Th17 cell activation in mucosal candidiasis. Cell Mol. Immunol. 9, 276–286. https:// 
doi.org/10.1038/cmi.2012.1. 

Cedzynski, M., Swierzko, A., 2020. Components of the lectin pathway of complement in 
haematologic malignancies. Cancers (Basel) 12. 

Chaffin, W.L., 2008. Candida albicans cell wall proteins. Microbiol. Mol. Biol. Rev. 72, 
495–544. https://doi.org/10.1128/mmbr.00032-07. 

Chen, Y., Zhang, F., Tsai, Y., Yang, X., Yang, L., Duan, S., Wang, X., Keng, P., Lee, S.O., 
2015. IL-6 signaling promotes DNA repair and prevents apoptosis in CD133+ stem- 
like cells of lung cancer after radiation. Radiat. Oncol. 10, 227. https://doi.org/ 
10.1186/s13014-015-0534-1. 

Chin, V.K., Lee, T.Y., Rusliza, B., Chong, P.P., 2016. Dissecting candida albicans infection 
from the perspective of c. Albicans virulence and omics approaches on 
host–pathogen interaction: a review. Int. J. Mol. Sci. 17 https://doi.org/10.3390/ 
ijms17101643. 

Chung, L.M., Liang, J.A., Lin, C.L., Sun, L.M., Kao, C.H., 2017. Cancer risk in patients 
with candidiasis: a nationwide population-based cohort study. Oncotarget 8, 
63562–63573. https://doi.org/10.18632/oncotarget.18855. 

Clavijo-Cornejo, D., Gutiérrez-Carrera, M., Palestino-Domínguez, M., Dominguez- 
Perez, M., Nuño, N., Souza, V., Miranda, R.U., Kershenobich, D., Gutiérrez-Ruiz, M. 
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I., Bray F. (2020) Cancer Today (powered by GLOBOCAN 2018). 

Ferlay, J., Partensky, C., Bray, F., 2016. More deaths from pancreatic cancer than breast 
cancer in the EU by 2017. Acta Oncol. (Madr) 55, 1158–1160. https://doi.org/ 
10.1080/0284186X.2016.1197419. 

Findley, K., Oh, J., Yang, J., Conlan, S., Deming, C., Meyer, J.A., Schoenfeld, D., 
Nomicos, E., Park, M., Kong, H.H., Segre, J.A., 2013. Topographic diversity of fungal 
and bacterial communities in human skin. Nature 498, 367–370. https://doi.org/ 
10.1038/nature12171. 

Forbes, J.D., Van Domselaar, G., Bernstein, C.N., 2016. The gut microbiota in immune- 
mediated inflammatory diseases. Front. Microbiol. 7, 1–18. https://doi.org/ 
10.3389/fmicb.2016.01081. 

Gabrilovich, D.I., Nagaraj, S., 2009. Myeloid-derived suppressor cells as regulators of the 
immune system. Nat. Rev. Immunol. 9, 162–174. https://doi.org/10.1038/nri2506. 

Gagnière, J., Raisch, J., Veziant, J., Barnich, N., Bonnet, R., Buc, E., Bringer, M.A., 
Pezet, D., Bonnet, M., 2016. Gut microbiota imbalance and colorectal cancer. World 
J. Gastroenterol. 22, 501–518. https://doi.org/10.3748/wjg.v22.i2.501. 

Gaitanis, G., Magiatis, P., Hantschke, M., Bassukas, I.D., Velegraki, A., 2012. The 
Malassezia genus in skin and systemic diseases. Clin. Microbiol. Rev. 25, 106–141. 
https://doi.org/10.1128/CMR.00021-11. 

Gao, R., Kong, C., Li, H., Huang, L., Qu, X., Qin, N., Qin, H., 2017. Dysbiosis signature of 
mycobiota in colon polyp and colorectal cancer. Eur. J. Clin. Microbiol. Infect. Dis. 
36, 2457–2468. https://doi.org/10.1007/s10096-017-3085-6. 

Ghannoum, M.A., Jurevic, R.J., Mukherjee, P.K., Cui, F., Sikaroodi, M., Naqvi, A., 
Gillevet, P.M., 2010. Characterization of the Oral Fungal Microbiome (Mycobiome) 
in Healthy Individuals. PLoS Pathog. 6, e1000713 https://doi.org/10.1371/journal. 
ppat.1000713. 

Glocker, E.-.O., Hennigs, A., Nabavi, M.N., Schäffer, A.A., Al, E., 2009. A Homozygous 
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Makarewicz, W., 2020b. Fungal gut microbiota dysbiosis and its role in colorectal, 
oral, and pancreatic carcinogenesis. Cancers (Basel) 12, 1–13. https://doi.org/ 
10.3390/cancers12051326. 

Klotz, S.A., Pendrak, M.L., Hein, R.C., 2001. Antibodies to α5β1 and αvβ3 integrins react 
with Candida albicans alcohol dehydrogenase. Microbiology 147, 3159–3164. 
https://doi.org/10.1099/00221287-147-11-3159. 

Kochanek, D.M., Ghouse, S.M., Karbowniczek, M.M., Markiewski, M.M., 2018. 
Complementing cancer metastasis. Front. Immunol. 9, 1–11. https://doi.org/ 
10.3389/fimmu.2018.01629. 

Konturek, P.C., Haziri, D., Brzozowski, T., Hess, T., Heyman, S., Kwiecien, S., 
Konturek, S.J., Koziel, J., 2015. Emerging role of fecal microbiota therapy in the 
treatment of gastrointestinal and extra-gastrointestinal diseases. J. Physiol. 
Pharmacol. 66, 483–491. 

Koo, S., Kejariwal, D., Al-Shehri, T., Dhar, A., Lilic, D., 2017. Oesophageal candidiasis 
and squamous cell cancer in patients with gain-of-function STAT1 gene mutation. 
United Eur. Gastroenterol. J. 5, 625–631. https://doi.org/10.1177/ 
2050640616684404. 

Krogh, P., Hald, B., Holmstrup, P., 1987. Possible mycological etiology of oral mucosal 
cancer: catalytic potential of infecting Candida aibicans and other yeasts in 
production of N -nitrosobenzylmethylamine. Carcinogenesis 8, 1543–1548. 

Ksiezopolska, E., Gabaldón, T., 2018. Evolutionary emergence of drug resistance in 
candida opportunistic pathogens. Genes (Basel) 9. https://doi.org/10.3390/ 
genes9090461. 

Kumar, S., Metz, D.C., Ellenberg, S., Kaplan, D.E., Goldberg, D.S., 2020. Risk factors and 
incidence of gastric cancer after detection of helicobacter pylori infection: a large 
cohort study. Gastroenterology 158, 527–536. https://doi.org/10.1053/j. 
gastro.2019.10.019 e7.  

Kuramae, E.E., Hillekens, R.H.E., de Hollander, M., van der Heijden, M.G.A., van den 
Berg, M., van Straalen, N.M., Kowalchuk, G.A., 2013. Structural and functional 
variation in soil fungal communities associated with litter bags containing maize 
leaf. FEMS Microbiol. Ecol. 84, 519–531. https://doi.org/10.1111/1574- 
6941.12080. 

Lai, G.C., Tan, T.G., Pavelka, N., 2018. The mammalian mycobiome: a complex system in 
a dynamic relationship with the host. Wiley Interdiscip. Rev. Syst. Biol. Med. 1–22. 
https://doi.org/10.1002/wsbm.1438. 

Liang, S.H., Bennett, R.J., 2020. The impact of gene dosage and heterozygosity on the 
diploid pathobiont candida albicans. J. Fungi 6. https://doi.org/10.3390/ 
jof6010010. 

Lindelöf, B., Jarnvik, J., Ternesten-Bratel, A., Granath, F., Hedblad, M., 2006. Mortality 
and clinicopathological features of cutaneous squamous cell carcinoma in organ 
transplant recipients: a study of the Swedish cohort. Acta Derm. Venereol. 86, 
219–222. https://doi.org/10.2340/00015555-0069. 

Liu, X.Y., Wang, X.Y., Li, R.Y., Jia, S.C., Sun, P., Zhao, M., Fang, C., 2017. Recent progress 
in the understanding of complement activation and its role in tumor growth and 
anti-tumor therapy. Biomed. Pharmacother. 91, 446–456. https://doi.org/10.1016/ 
j.biopha.2017.04.101. 

Liu, Y., Ou, Y., Sun, L., Li, W., Yang, J., Zhang, X., Hu, Y., 2019. Alcohol dehydrogenase 
of Candida albicans triggers differentiation of THP-1 cells into macrophages. J. Adv. 
Res. 18, 137–145. https://doi.org/10.1016/j.jare.2019.02.005. 
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