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Abstract

Colorectal cancer (CRC) remains one of the leading contributors to global cancer-
associated deaths, with its development and progression closely influenced by
the complex and evolving interplay between host and gut microbial communities.
The gut fungal community has emerged as a crucial factor in the oncogenesis,
progression, and treatment of CRC. Through multi-cohort fecal metagenomic
analysis, it has been found that the gut fungal community structure of CRC patients
undergoes significant changes, with pathogenic fungi becoming enriched and
overall fungal diversity decreasing. In addition, fungal metabolites and other
components are also associated with cancer development, including effects on cell
proliferation, apoptosis, and immune responses. In terms of mechanisms, fungi may
influence CRC progression by affecting intestinal immune responses, modulating
inflammatory pathways, and interacting with bacteria. However, current research is
mainly focused on correlation analysis, with causality remaining unclear. Moreover,
the diversity of fungi across different populations limits their clinical application.
This article examines the role of fungi in CRC onset and progression, summarizes
current therapies, and outlines future research to support early diagnosis, precision
treatment, and improved prognosis.
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1. Introduction

Humans are a superorganism composed of the human body and its associated
microorganisms. A vast number of microorganisms colonize the human epithelial and
mucosal surfaces.! Microbiota refers to the ecological community of microorganisms
that live in symbiosis with animals and plants, including bacteria, fungi, archaea, viruses,
and other microorganisms. Among them, approximately 1.5 million species of fungi
exist in nature, and more than 300 million people worldwide have suffered from fungal-
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related diseases, such as pulmonary aspergillosis.” Beyond
established factors such as genetic alterations, epigenetic
modifications, and the stromal microenvironment, the
host microbiota plays a crucial regulatory role in cancer
susceptibility and tumor development. As an integral part
of the human body, these microbes influence both local and
distant tumor sites primarily through indirect mechanisms,
including metabolite production and modulation of the
immune response.>*

Fungi, as eukaryotic microorganisms, are widely
distributed in nature. They inhabit different anatomical
sites of the human body.> To date, over 400 fungal species
have been identified in association with the human
body, predominantly classified into three major phyla:
Ascomycota, Basidiomycota, and Chytridiomycota.>®
These fungi constitute a minor proportion of the human
microbiome compared to more abundant members, such
as bacteria.” Gut fungi are an indispensable part of the gut
microbiota. In the human gut, there are nearly 70 genera
and more than 184 species of fungi, among which Candida,
Saccharomyces, and Malassezia are the predominant

genera.? Accumulating evidence indicates that fungi play
a significant role in shaping host health and disease states.
They are involved in the occurrence and development of
tumors.”®

Tumors represent intricate ecosystems enriched with
diverse microbiota, including viruses, bacteria, and
fungi, all of which contribute to oncogenesis and tumor
progression.”’® A landmark study by Narunsky-Haziza
et al.! revealed the widespread presence of fungi across
35 cancer types, establishing that each tumor harbors
distinct fungal communities associated with metastasis
and decreased patient survival. These intratumoral fungi
can be classified into six anatomical groups based on their
tissue origin, including the oral cavity, gastrointestinal
tract, adjacent tissues, lungs, skin, and bloodstream.'
Similarly, Dohlman et al,” through cancer genomic
profiling, identified tumor-associated fungal signatures in
gastrointestinal, breast, lung, and head-and-neck cancers
(Table 1). Notably, Candida albicans has been implicated
in the pathogenesis of colorectal cancer (CRC), reflecting
cancer-type-specific fungal patterns.'

Table 1. Fungal species associated with humans in the gastrointestinal tract

Phylum Species Reference
Ascomycota Candida albicans, Candida tropicalis, Candida glabrata, Candida parapsilosis 15-17
Basidiomycota Aspergillus versicolor, Aspergillus clavatus 18
Chytridiomycota - 19,20
Others Penicillium spp., Cryptococcus spp., Cladosporium spp., Saccharomyces spp., Malassezia spp., Mucor spp., 1921

Galactomyces spp., Debaryomyces spp., Trichosporon spp.

Colorectal cancer is currently recognized as the fourth
most prevalent malignancy worldwide and the second
leading cause of cancer-related mortality, resulting in over
500,000 deaths annually.”»* The gastrointestinal tract of
mammals is colonized by diverse microbiota comprising
fungi, bacteria, and viruses. These microbial communities
play essential roles in modulating both innate and
adaptive immunity, thereby influencing the pathogenesis
of various gastrointestinal and systemic disorders. While
bacterial symbionts have been the primary focus of most
microbiome research, increasing attention has been
directed toward commensal fungi, which have been linked
to several gastrointestinal diseases.** Fungi can be beneficial
to mammalian immunity under certain conditions but
may become pathogenic in specific environments, such
as when the immune system is compromised or bacterial
populations are reduced. Alterations in the colonic fungal
community have been observed in patients with CRC.>>*

Similar to the gut bacterial microbiota, a healthy gut
mycobiome plays an essential role in maintaining host
immune homeostasis, intestinal barrier integrity, and
metabolic balance. When fungal diversity is disrupted
or immune recognition and regulatory mechanisms
between fungi and the host become dysregulated, certain
opportunistic pathogenic fungi, such as Candida albicans,
can undergo abnormal overgrowth. This may trigger
persistent inflammatory responses and contribute to the
initiation and progression of CRC to a certain extent.”
Conversely, under physiological conditions, beneficial
commensal fungi can exert tumor-suppressive effects by
promoting the production of immune mediators, such
as interleukin (IL)-18, through recognition pathways
mediated by C-type lectin receptors, such as dectin-1.
These pathways facilitate epithelial repair and anti-
inflammatory responses.®

In addition to host-fungus interactions, interkingdom
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crosstalk between fungi and bacteria is a key determinant
of gut microbial homeostasis.® Emerging evidence
suggests that fungi and bacteria rarely act in isolation;
instead, they often cooperate or synergize to disrupt the
microbial ecosystem associated with CRC development.”
For instance, pathogenic fungi, including C. albicans and
Candida tropicalis, have been shown to form complex
polymicrobial biofilms with CRC-associated bacterial
species such as Escherichia coli and Serratia marcescens,
thereby enhancing their colonization capacity and
virulence potential.*® Furthermore, Lin et al.* reported that
Aspergillus rambellii and other fungal species commonly
coexist with pro-inflammatory, tumor-promoting bacteria,
amplifying bacteria-mediated inflammatory signaling and
tumorigenic effects. These fungal-bacterial interactions
may intensify dysbiosis by enhancing inflammatory
pathways and facilitating immune evasion, thereby
accelerating CRC progression. Growing evidence has
highlighted the role of fungi in human malignancies,
particularly the notable enrichment of certain fungal
species in tumor tissues in recent years.”

2. Fungi

Fungi exist in diverse forms, including unicellular yeasts,
dimorphic fungi, and multicellular fungi. Dimorphic
fungi can take on different forms, such as filamentous
or yeast-like, under varying culture conditions and
metabolic modes, indicating that fungi exist in distinct
states, function in distinct environments, and engage in
different interactions.® A study has found that Candida,
Saccharomyces, and other common fungi are present in
healthy intestines.”> The Human Microbiome Project,
through internal transcribed spacer 2 sequencing, has
revealed that fungal diversity in the human gut microbiota
is significantly lower than that of bacteria.*® There are
substantial differences in gut fungal community structures
both within the same individual over time and between
different individuals. Additionally, age and sex can lead to
variations in gastrointestinal fungal populations.

Globally, at least 300 million people are affected
by fungal diseases each year, with over 1.6 million
deaths attributed to fungal-related illnesses.** Common
pathogenic fungi include Candida spp., Aspergillus spp.,
Pneumocystis spp., and Cryptococcus spp. These fungi are
ubiquitous in healthy individuals with normal immune
function and exist in a dynamic equilibrium. When the
immune system is compromised or antibiotics are used,
potentially pathogenic fungi can proliferate, leading
to local infections or even systemic disease. Common
fungal diseases such as cryptococcal meningitis, candidal
septicemia, and disseminated aspergillosis are focal points
in clinical and basic research. Due to the widespread and

sometimes inappropriate use of antibiotics, multidrug-
resistant pathogenic fungi have emerged in clinical settings,
leading to high mortality rates among infected patients.
In addition to strengthening new drug development,
drug regulation, and vaccine research to control fungal
infections, modulating gut fungal community structure
through microbiota regulation is also a promising
research direction. Previous microbiota studies have
primarily focused on bacteria, but the disruption of gut
fungal microbiota is increasingly recognized as a cause of
pathological phenomena. The stability and disruption of
fungal microbiota are dynamic processes, during which
the immune system is continually disturbed and reshaped.
Therefore, interventions targeting gut fungal communities
have the potential to regulate host immune homeostasis
and treat inflammatory diseases.

3. Fungal toxins

Fungal toxins are a class of secondary metabolites
produced by specific fungi. Over 400 types of fungal
toxins have been identified, of which 30 are pathogenic
to humans. These toxins exhibit hepatotoxicity,
nephrotoxicity, dermatotoxicity, and genotoxicity. The
pathogenicity of fungal toxins in humans is primarily due
to ingestion of contaminated food. Toxins enter the body
through contaminated food or colonization of the gut by
toxin-producing fungi, leading to alterations in the gut
microbiota and subsequent adverse effects on host health.
Foodborne fungal toxins mainly originate from Aspergillus
spp., Penicillium spp., and Fusarium spp.* Common
fungal toxins include deoxynivalenol (DON), zearalenone
(ZEN), aflatoxin, sterigmatocystin (ST), fumonisin B
(FB), ochratoxin A (OTA), and patulin. These toxins are
closely associated with various human diseases, yet the
majority remain under-investigated.® The toxic effects
of these mycotoxins are particularly pronounced in the
digestive system, mainly manifesting as carcinogenicity
and gastrointestinal dysfunction.

Aflatoxins are a group of toxic compounds produced by
fungi from the genus Aspergillus. Among them, aflatoxin
B1 (AFBI1) is the most common form and is also a potent
carcinogen. Although aflatoxins are primarily associated
with liver cancer, studies have shown that certain aflatoxin-
producing fungi are significantly enriched in CRC
patients. The metabolically active products formed from
aflatoxins in the human body can bind to DNA, leading
to gene mutations, disrupting normal cell growth, and
promoting the carcinogenesis of CRC cells***” (Table 2).
ST is a late-stage metabolite in the aflatoxin biosynthesis
pathway and also exhibits significant carcinogenic and
mutagenic properties. In vitro cell culture experiments and
animal studies have demonstrated that ST can promote the
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metaplasia of intestinal epithelial cells.*® Moreover, in the
presence of Helicobacter pylori, ST may participate in and
drive the progression of gastric cancer.® FB are a class of
mycotoxins primarily produced by the genus Fusarium.
They can affect the metabolism of sphingolipids within
cells, disrupting normal cellular physiological functions.
A study has found an association between fumonisin
exposure and the development of CRC.* By interfering with
cellular signaling pathways, fumonisins can promote the
abnormal proliferation of CRC epithelial cells, increasing
the likelihood of malignancy. Among fumonisins, FB1 is
the most common form. In animal models, FB1 has been
demonstrated to cause hepatocellular carcinoma.* OTA,
a mycotoxin produced by specific Aspergillus spp. and
Penicillium spp., primarily targets the kidneys and is well
known for its potent nephrotoxic effects. Animal models
have also demonstrated hepatotoxicity, carcinogenicity, and
genotoxicity.*"* Studies have also found that OTA may be
associated with CRC. It can inhibit the activity of enzymes
involved in phenylalanine metabolism within cells, induce
cellular oxidative stress, damage DNA, and disrupt normal
cellular physiological functions, thereby making cells
more susceptible to malignant transformation.”” DON,
nivalenol, and T-2 toxin, which are representative of the
trichothecenes, are mainly produced by the genus Fusarium
.2 DON can cause gastrointestinal inflammation, disrupt
intestinal barrier function, and induce dysbiosis of the gut
microbiota. In animal models, exposure to DON has been
shown to exacerbate the occurrence and development of
CRC associated with inflammatory bowel disease (IBD).*
Furthermore, low doses of DON exposure can significantly
accelerate the progression of colitis-associated CRC.*

Fungal toxins impact host health through various
mechanisms, with DON, ZEN, OTA, FB1, AFBI1, and
patulin being identified as significantly affecting the
integrity and function of epithelial cells. These fungal

Table 2. Fungal toxins and tumors

toxins induce cell death, increase monolayer permeability,
reduce transepithelial electrical resistance, impair the
expression, intracellular localization, and function of
tight junction proteins, and facilitate the translocation
of harmful stressors, thereby damaging the intestinal
mucosal epithelium and influencing the gut microbiota.*®
DON, a trichothecene mycotoxin, is one of the few fungal
toxins that have been systematically studied. It primarily
affects the gut, liver, and brain and further impacts
neuroendocrine function, immune responses, the growth
hormone axis, and central neural circuits related to energy
homeostasis.** Nonetheless, numerous fungal toxins
remain to be investigated.

4, Characteristics of fungal species in
colorectal cancer

Colorectal cancer is the fourth most common cancer
globally, causing over 500,000 deaths annually.? It is
associated with changes in the colonic fungal community of
patients.?>?%” A recent study found significant differences
in fungal composition between tissue biopsies of colorectal
adenomas and adjacent tissues in 27 cases, indicating that
host-associated fungal populations are altered during CRC
development.*®

Research has shown that, compared with controls, CRC
patients exhibit a relative decrease in Firmicutes and an
increase in Fusobacteria.”® According to reported human
gut mycobiota profiles, both CRC patients and control
subjects are predominantly composed of Ascomycota
and Basidiomycota.* In patients with CRC, an elevated
Basidiomycota-to-Ascomycota ratio has been observed,
reflecting a state of fungal dysbiosis commonly observed
in disrupted microbial ecosystems.*® At lower taxonomic
levels, CRC patients also exhibit additional differences,
includingasignificantreductionin yeastsand Pneumocystis,

Fungal toxins Category Tumor Reference
AFB1 Hepatocellular carcinoma, colorectal cancer 36
Aflatoxin (AF)
AFG1 Gastric cancer, esophageal cancer 37
Sterigmatocystin - Gastric cancer 38
H 1lul i , colorectal
Fumonisin B (FB) FB1 epatocellular carcinoma, colorectal cancer 40,41
Esophageal cancer
Ochratoxin A Renal carcinoma, liver cancer, colorectal cancer 42,43
Deoxynivalenol, nivalenol - Gastric cancer, esophageal cancer, colorectal cancer 44

Volume 3 Issue 3 (2026)

doi: 10.36922/MI1025310072


https://doi.org/10.36922/MI025310072

Microbes & Immunity

Gut fungi in colorectal cancer

and an increase in Malassezia. At the family level, CRC
patients show a significant decrease in Lipomycetaceae,
while Pisolithaceae, Marasmiaceae, Malasseziaceae,
Erysiphaceae, Pseudorotiaceae, and Chaetomiaceae are
increased. Moreover, at the genus level, CRC patients
are enriched with six fungal taxa, including Malassezia,
Candida, Rhodotorula, Cladosporium, Thielaviopsis, and
Pisolithus. However, it is important to note that the control
group used in the previous study consisted of adjacent
non-tumor tissues rather than colonic tissues from healthy
individuals. As such, although the findings suggest that
alterations in fungal community structure may accompany
the progression of colorectal adenomas, the current
evidence remains insufficient to accurately characterize
the differences in gut mycobiota between CRC and truly
healthy colonic tissues. This limitation underscores the
need for future studies to include healthy controls to
clarify alterations in the fungal community during CRC
development and elucidate the underlying mechanisms.

Several other studies have also shown that CRC tissues
contain Candida, Cyberlindnera jadinii, and Saccharomyces
cerevisiae.”**> Among these, Candida spp. exhibit a strong
capacity for epithelial invasion by expressing specific
adhesins, such as agglutinin-like protein 3p, along
with tissue-degrading enzymes. These factors enable
the formation of invasive hyphal structures capable of
penetrating intercellular junctions and infiltrating host
tissues, thereby facilitating colonization and internalization
within the tumor microenvironment.”® For instance,
Luan et al.*® detected Candida spp. in biopsy specimens
from patients with colonic adenomas. In contrast, C.
jadinii and S. cerevisiae are primarily confined to the
intestinal lumen or mucosal surfaces, lacking evidence of
tissue invasion. This suggests that these fungi are more
likely to represent opportunistic colonizers rather than
active invasive pathogens.® Additionally, other specific
changes in the fungal composition of CRC have been
identified, including Rhodotorula (Basidiomycota) and
Panomyces (Ascomycota).”® Rhodotorula is an emerging
pathogen that can colonize, infect, and disrupt the
fundamental microbiota of the human digestive system.>
A study identified a marked reduction in the fungal class
Saccharomycetes, along with decreased abundance of
Lipomyces and S. cerevisiae, in CRC samples.® S. cerevisiae,
a prominent member of the human gut microbiota, has
also been shown to modulate host immune responses
by promoting IL-10 production, thereby exerting anti-
inflammatory effects.*” The observed reduction in S.
cerevisiae in CRC underscores its potential protective
role in the gut environment and suggests that restoring its
abundance may offer a novel avenue for CRC prevention
or therapy.®®

Using metagenomic profiling of whole-genome
sequencing data from diverse tumor specimens across
various cancer types in The Cancer Genome Atlas,
researchers have characterized the microbial composition
associated with different malignancies.”® Candida
dublinensis, Candida glabrata, Pichia membranifaciens,
Candida guilliermondii, C. tropicalis, Candida parapsilosis,
and Candida lusitaniae were found to have low distribution
and prevalence in CRC. Nonetheless, a previous study
based on fecal metagenomic sequencing revealed a
significant enrichment of Aspergillus spp. in CRC tissues
from patients in both Asia and Europe.? Other fungi, such
as Ophiocordyceps RAO-2017, have also been detected in
CRC tissues.”” There are differences in the abundance of
Orbiliomycetes between the CRC and polyp groups.*®

5. Gut fungi-mediated inflammation in
colorectal cancer

Fungi have recently emerged as critical regulators of
intestinal homeostasis and tumorigenesis. In advanced
adenomas, Fusarium abundance is higher, indicating that
fungal colonization may promote adenoma progression.”
The antagonistic interaction between gut fungi and bacteria
contributes to the development of colorectal tumors. Coker
et al.*® found that the fungal profile of CRC is characterized
by an increased Basidiomycota/Ascomycota ratio and
changes in the abundance of Yeasts, Pneumocystis, and
Malassezia.

The incidence of fungal infections has increased
dramatically over the past two decades, primarily in
immunosuppressed populations, such as acquired
immunodeficiency syndrome patients or those undergoing
organ transplantation or cancer chemotherapy.® In
addition, growing evidence suggests that certain conditions
once considered unrelated to fungi, such as cystic fibrosis,
hepatitis B, and IBD, are associated with distinct fungal
community patterns.*¢

Studies have shown that specialized mechanisms of the
human immune system play a crucial role in clearing fungi
from mucosal surfaces.®*** Inflammation is a manifestation
of the host immune response triggered by either exogenous
or endogenous signals. The gut provides a distinct
environment for host defense, where inflammation plays
a central role in clearing pathogenic infections, preserving
normal intestinal function, and potentially promoting
tumorigenesis.® Patients with ulcerative colitis and
Crohn’s disease, two major forms of IBD characterized
by chronic inflammation, are widely recognized as high-
risk populations for CRC.®*% Previous meta-analyses
demonstrated that the cumulative incidence of CRC in
patients with ulcerative colitis increased by 18.4%, while
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the risk in patients with Crohn’s disease rose by 8.3%.7%7!
Under physiological conditions, the intestinal mucosal
barrier is composed of a single layer of epithelial cells
connected by tight junctions, effectively separating the gut
microbiota from the host immune system.”” However, in
CRC patients and CRC mouse models, increased barrier
permeability has been observed, facilitating microbial
translocation and triggering inflammatory responses.”
In dextran sulfate sodium-induced colitis models,
disruption of the epithelial barrier has been shown to
increase susceptibility to CRC.”* For example, the loss of
certain stromal serine proteases can impair tight junction
formation, thereby promoting tumor development.”
Additionally, the host recognizes microbial components
through pattern recognition receptors, such as toll-like
receptors, which initiate innate immune responses.”®
Dysregulation of these mechanisms is a significant
contributing factor to CRC pathogenesis. Following the
induction of myeloid differentiation, primary response
88-dependent pro-inflammatory cytokines, particularly
IL-23, interact with toll-like receptors expressed on tumor-
infiltrating myeloid cells, along with commensal bacteria
and their components. This interaction leads to IL-23—
driven upregulation of IL-17A, IL-6, and IL-22.7>778
These cytokines, in turn, promote tumor cell proliferation
through the activation of the nuclear factor kappa B (NF-
kB) and signal transducer and activator of transcription 3
(STAT3) signaling pathways.”>*

At the molecular level, NF-xB is considered a central
transcription factor that mediates inflammatory responses.
In CRC mouse models, sustained NF-kB activation
promotes tumorigenesis by accelerating Apc gene loss.®!
This pathway also contributes to carcinogenesis by
inducing the production of reactive oxygen species,

enhancing IL-6 expression, and activating tumor
necrosis factor signaling, all of which can lead to DNA
damage accumulation and increase the risk of malignant
transformation.®*#* Aberrant NF-xB activation has been
observed in more than half of sporadic and inflammation-
associated CRC cases.®* Activation of NF-kB can be
triggered by pathogen-associated molecular patterns or
inflammatory cytokines such as IL-1(, tumor necrosis
factor, and IL-17 (Figure 1). The alternative NF-kB
pathway, involving p52 and RelB, is primarily regulated
by receptor activator of NF-kB ligand and lymphotoxin-
beta. This pathway also plays an important role in shaping
intestinal immune homeostasis and regulating microbial
composition®* % (Table 3). Moreover, the loss of p53
increases intestinal barrier permeability, thereby activating
NF-kB-dependent inflammatory cascades, promoting
epithelial-mesenchymal transition, and increasing the
risk of tumor development.® In IL-10-deficient mouse
models, a significantly higher mutation rate in the colon
compared to wild-type controls further supports the
role of inflammation in inducing DNA damage and
microsatellite instability.” Understanding how cancer
mutations influence cytokine-driven inflammation may
reveal strategies to target the tumor microenvironment,
with gut fungi as potential biomarkers and therapeutic
targets.

6. The mechanisms of action of fungi in
colorectal cancer

Alterations in the colonic fungal microbiota have been
reported in CRC patients .*>** Notably, fungal dysbiosis
was also observed in individuals with colorectal polyps
(29 cases) and adenomas (20 cases), suggesting that fungi
are involved in the early stages of CRC."”> An increasing

Table 3. The predominant fungal species and associated cytokines in colorectal cancer (CRC)

Fungal species Cytokine Function

Reference

C. albicans infection can induce the secretion of IL-6 by host cells. IL-6 promotes the
IL-6 proliferation and survival of tumor cells while inhibiting the anti-tumor response of

the immune system.

C. albicans can induce IL-8 secretion by host cells. IL-8 attracts neutrophils and
IL-8 monocytes to the site of infection, enhancing the inflammatory response. In CRC,
IL-8 upregulation may promote tumor growth and metastasis.

Candida albicans

C. albicans infection can induce TNF-a production, which regulates the activity of 91

TNF-a immune cells and promotes the inflammatory response. In CRC, TNF-a may promote
tumor cell survival and proliferation by activating the NF-«B signaling pathway.

C. albicans can induce MCP-1 secretion by host cells. MCP-1 attracts monocytes and
MCP-1 macrophages to the site of infection. In CRC, MCP-1 upregulation may promote the
infiltration of tumor-associated macrophages, thereby affecting tumor progression.

(cont'd...)
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Table 3. (continued)

Fungal species Cytokine

Function Reference

IL-22

Aspergillus infection or its metabolites may activate innate lymphoid cells, thereby
promoting IL-22 secretion. IL-22 enhances the proliferation and survival of epithelial
cells, thus playing an important role in CRC progression.

IL-33
Aspergillus spp.

Aspergillus can induce IL-33 secretion by host cells. IL-33 may activate type 2 immune
responses in CRC. These immune responses may affect tumor growth and metastasis
by modulating the inflammatory microenvironment.

TNF-a, IL-6

Aspergillus infection may activate host immune cells (such as macrophages and
dendritic cells), inducing the secretion of pro-inflammatory cytokines TNF-a and
IL-6. These cytokines can promote inflammatory responses, creating a favorable
microenvironment for tumor growth.

IL-18

Saccharomyces cerevisiae can regulate IL-18 levels, thereby enhancing the tumor cell
clearance by activating immune cells.

Saccharomyces spp.
TNF-a, IL-6

S. cerevisiae can reduce the levels of pro-inflammatory cytokines IL-6 and TNF- 93
a. Since these cytokines are typically associated with chronic inflammation and
tumorigenesis, S. cerevisiae may help prevent CRC.

Abbreviations: IL: Interleukin; MCP-1: Monocyte chemoattractant protein-1; NF-kB: Nuclear factor-kappa B; TNF-a: Tumor necrosis factor-alpha.

Figure 1. The mechanism of fungal-induced inflammation occurrence and development. The interaction among microbial communities leads to fungal
dysbiosis, which directly damages intestinal epithelial cells and stimulates innate immune cells, such as macrophages (Mac) and dendritic cells, through
dectin-1, toll-like receptor (TLR)2, and TLR4, thereby causing inflammation and subsequently increasing T-helper (Th)17 and Thl cells. Created with
Biorender.com. Ji, T. (2026) https://BioRender.com/lfez4cg.

Abbreviations: IFNY: Interferon gamma; IL: Interleukin; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3; Treg: Regulatory T cell.
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body of evidence indicates a bidirectional relationship
between fungal dysbiosis and CRC progression. On
the one hand, fungal imbalance may act as a direct
driver of CRC development. For example, Zhang et al.>
demonstrated that excessive overgrowth of C. tropicalis
activates the spleen tyrosine kinase (SYK)-pyruvate kinase
M2-hypoxia-inducible factor 1 alpha (HIFla)-glycolysis
signaling axis, which enhances the immunosuppressive
activity of myeloid-derived suppressor cells (MDSCs) and
facilitates the initiation of CRC. In addition, homogenates
of polymicrobial biofilms containing both bacterial and
fungal components derived from CRC patients have been
shown to induce colorectal tumorigenesis in genetically
susceptible mouse models.” Moreover, dysregulated fungi
and their metabolites may further increase disease risk or
exacerbate tumor progression by amplifying inflammatory
cascades, interacting with bacterial communities, and
reshaping the tumor microenvironment in the context of
other genetic and environmental factors, thereby acting
as promoters or aggravators of CRC progression.?**>%
On the other hand, tumor development can profoundly
alter the intestinal ecosystem and metabolic landscape.
Tumor-associated changes, including disruption of mucus
integrity, local hypoxia, and immune modulation, can, in
turn, remodel the composition and structure of the gut
mycobiome.'>*”%

Caspase recruitment domain protein 9 (CARDY)
functions as a key adaptor molecule downstream of
several immunoreceptor tyrosine-based activation motif-
associated receptors, including dectin-1 and dectin-2.
CARD?Y forms a complex with B-cell lymphoma 10 and
the paracaspase mucosa-associated lymphoid tissue
lymphoma translocation protein 1 (MALT1), facilitating
NEF-«B activation to trigger acute inflammatory responses
and initiate adaptive immune signaling.”” CARD9 is
essential for antifungal immune responses, serving as a key
adaptor that links fungal recognition by surface receptors
to NF-kB pathway activation'® (Figure 2). Several pattern
recognition receptors within the C-type lectin receptor
family require CARD? to activate innate immunity.'>'*> A
study has found that CARD9-dependent innate immunity
plays a critical role in maintaining intestinal immune
homeostasis, as CARD9-deficient mice show increased
intestinal colonization by C. tropicalis, accompanied by
elevated MDSC accumulation and impaired -effector
T-cell function.” The absence of CARDY in macrophages
compromises their functional activity and diminishes
antifungal defense, leading to alterations in the gut
microbiota and increased fungal burden, particularly of C.
tropicalis. Myeloid cells display characteristics of MDSCs
and acquire immunosuppressive functions.'”” MDSCs
constitute a diverse group of immature myeloid cells that

contribute to immunosuppression and facilitate tumor
progression.'” Pathological conditions such as chronic
inflammation and malignancy can drive the expansion of
MDSCs. In vitro studies have also shown that C. tropicalis
can promote MDSC differentiation and enhance their
immunosuppressive activity. In CRC patients, MDSC
frequency in tumor tissues is positively correlated with
fungal burden. Antifungal treatment with fluconazole can
inhibit CRC in CARD9-deficient mice, which is associated
with reduced MDSC accumulation.'®

Malik et al® found that the SYK-CARD9 signaling
axis can induce inflammasome activation in response to
fungal infection, thereby limiting colitis and CRC. Loss of
CARD?9 or SYK in myeloid cells impairs inflammasome
activation, reduces IL-18 maturation, and increases
susceptibility to colitis and CRC by increasing the fungal
burden. IL-18 promotes the restitution of the intestinal
epithelial barrier and the production of interferon-gamma
by intestinal cluster of differentiation (CD)8" T cells. In
azoxymethane-dextran sulfate sodium-induced models,
both bone marrow transplantation and exogenous IL-18
administration effectively reduced tumor burden in
Card9~~ and Syk ™" LysM ““* mice. In contrast, antifungal
treatment worsened the severity of colitis and CRC in these
animals. These findings suggest that the SYK-CARD9
signaling pathway can limit the development of colitis
and colorectal tumorigenesis by preserving microbial
homeostasis and facilitating inflammasome activation'*
(Figure 2). Moreover, under pathogen-free housing
conditions lacking pathogenic organisms such as fungi,
Bergmann et al.'® demonstrated that CARD9 promotes
CRC progression by inducing IL-1B expression. Similarly,
Wang et al.'® confirmed that intestinal fungal dysbiosis
can drive CRC development. These studies highlight the
critical role of fungi in CRC. Commensal fungi contribute
to the suppression of inflammation and tumorigenesis by
modulatingimmune responses, preserving barrier integrity,
and maintaining microbial homeostasis. In contrast,
pathogenic fungi may undergo abnormal expansion under
conditions of dysbiosis or immune dysfunction, triggering
chronic inflammation and facilitating CRC progression.
The individual variability of the fungal community further
underscores the importance and complexity of interactions
between microbes and their hosts.'*

The mammalian C-type lectin receptors, including
dectin-1, dectin-2, and dectin-3, are pattern recognition
receptors expressed on the surface of innate immune cells.
They detect fungal pathogens and initiate downstream
signaling cascades involved in innate immune
responses'™”'® (Figure 3). Dectin-3 is expressed by
polymorphonuclear cells, such as neutrophils, monocytes,
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and dendritic cells."” A study has shown that dectin-3
can recognize a variety of fungi, including C. albicans,
Paracoccidioides brasiliensis, and Cryptococcus, by binding
to the mannans on their surfaces.!® Previous research has
shown that dectin-3 can form heterodimers with dectin-2
to recognize C. Albicans.'"! The absence of dectin-3 impairs
the phagocytosis and antifungal activity of C. tropicalis in
macrophages and promotes colitis.'"* (Figure 2).

Innate lymphoid cells (ILCs) have been identified
as a new family of lymphoid effector cells.'”* The
interaction among ILC3, T cells, and macrophages is
crucial for maintaining intestinal bacterial homeostasis
and preventing inflammation-related diseases.'!*- '*
Experiments have found that Dectin3”~ mice exhibit
heightened susceptibility to dextran sulfate sodium-
induced colitis, characterized by increased colonic mucosal
erosion, inflammatory cell infiltration, crypt destruction,
and goblet cell loss compared with wild-type mice.”” The
study also confirmed that the absence of the Dectin3 gene
impairs macrophage clearance of fungi and increases the
fungal burden.

The function of macrophages is considered key to
gastrointestinal innate immune homeostasis against IBD
and colorectal tumorigenesis.''*!"” Previous studies have

shown that intestinal bacteria, particularly Salmonella
enterica-mediated regulation of glycolysis, can affect
macrophage function and are involved in various
gastrointestinal diseases.''®!"” Recent reports have indicated
that both bacterial and fungal infections can upregulate
glycolysis in macrophages, leading to rapid macrophage
death.!!! It has now been found that macrophages infected
with C. albicans also increase glycolysis through an HIF-
1-dependent pathway. Additionally, the importance of
glycolysis in IL-7 production has been confirmed, with
2-deoxyglucose inhibition of glycolysis reducing IL-7
expression.'?

Interleukin-22 is an important effector molecule
produced by both innate and adaptive immune cells.
It is involved in the development of gastrointestinal
inflammation and cancer.’®® Previous studies have shown
that the production of IL-22 and IL-23 can drive tumor
progression in CRC mouse models.'?"'?2 IL-22 produced
by CD4" T cells can stimulate tumor growth in CRC by
activating the STAT3 transcription factor and the H3K79
methyltransferase in cancer cells.'””® Additionally, in
various mouse models, IL-22 secreted by ILCs has been
shown to promote CRC progression by phosphorylating
and activating STAT3 in tumor cells.'®>'*!

Figure 2. Fungi are involved in the occurrence and development of colorectal cancer. In colorectal cancer, macrophages (Mac) release interleukin (IL)-7,
which promotes IL-22 production by innate lymphoid cells 3 (ILC3). It also disrupts caspase recruitment domain protein 9 (CARD?Y), leading to increased
production of IL-6 and granulocyte-macrophage colony-stimulating factor (GM-CSF) by fungi, which in turn induces the generation of myeloid-derived
suppressor cells (MDSCs) and suppresses cytotoxic lymphocytes (CTLs). Additionally, disruption of the CARDY/spleen tyrosine kinase (SYK) pathway
reduces IL-18 release from macrophages, thereby decreasing inflammation and affecting the occurrence and development of colitis and colorectal cancer.

Created with Biorender.com. Ji, T. (2026) https://BioRender.com/w6w8ar7.
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Figure 3. Characteristics of colorectal cancer and related inhibitory strategies. The current treatment strategies have been proven or tested in clinical trials,
but the characteristics of colorectal cancer and knowledge gaps remain barriers to improving treatment efficacy. Created with Biorender.com. Ji, T. (2026)
https://BioRender.com/0fsvio5.

Abbreviations: CCR5: C-C chemokine receptor type 5; CDK: Cyclin-dependent kinase; CTLA-4: Cytotoxic T-lymphocyte antigen 4; EGFR: Epidermal
growth factor receptor; IDO: Indoleamine 2,3-dioxygenase; mAB: Monoclonal antibody; PARP: Poly(ADP-ribose) polymerase; PD-1: Programmed death
1; PD-L1: Programmed death-ligand 1; RTK: Receptor Tyrosine Kinase; TGF-f: Transforming growth factor-beta; TME: Tumor microenvironment;
TRAIL: Tumor necrosis factor-related apoptosis-inducing ligand; VEGF: Vascular endothelial growth factor.

7. Treatment methods for colorectal cancer blood of patients with metastatic CRC."**

Mature CRC genomic maps at the single-cell level, Therapeutic strategies that induce apoptosis in cancer
sophisticated genetic model systems, and targeted therapies cells have also shown promising efficacy in early-phase
have laid the foundation for a deeper understanding of clinical trials for CRC. Tumor necrosis factor-related
CRC biological characteristics (Figure 3). Anti-angiogenic apoptosis-inducing ligand (TRAIL) selectively induces
therapies targeting vascular endothelial growth factor apoptosis in cancer cells by binding to the pro-apoptotic
(VEGF), including monoclonal antibodies such as death receptors (DR)4/5, subsequently recruiting fas-
bevacizumab,'?* aflibercept,’® and ramucirumab, have associated protein with death domain and procaspase-8 to
been approved by the United States Food and Drug initiate the apoptotic cascade.'® ONCZOI,&TRAIL inducer,
Administration and shown efficacy in CRC. Several antagonizes DRD2 selectively, leading to the attenuation
clinical trials have confirmed that the combination of anti- of AKT-extracellular signal-regulated kinase signaling
VEGF and Chemotherapy regimens is beneficial for CRC and subsequent upregulation Of TRAIL."° Preclinical data
patients.'”*'”  Anti-angiogenic inhibitors may modulate have shown that ONC201 exerts anti-metastatic effects in
immunosuppressive pathways, supporting their use in CRC by activating cell death signaling and enhancing anti-
combination with immunotherapy. In addition to tumor- tumor immunity, as evidenced by increased intratumoral
associated macrophages’ regulatory T CeHS derived from immune Cell inﬁltration and activation Of natural klller

CRC-bearing mice express VEGFR2 and proliferate in cells.”!
response to VEGF signaling. Therefore, treatment with
anti-VEGF antibodies (bevacizumab) has been shown to
reduce circulating regulatory T cell levels in the peripheral

For early CRC detection, in addition to colonoscopy,
fecal tests can detect occult blood from damaged blood
vessels or mutated DNA in polyps and tumors."*? A positive
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fecal test result requires follow-up and confirmation
through colonoscopy. For individuals who are unable or
unwilling to undergo fecal testing or colonoscopy, the
detection of circulating tumor cells'** and circulating tumor
DNA (ctDNA)"* has become a less invasive and more
acceptable alternative, with high sensitivity and accuracy.
Moreover, ctDNA serves as a useful marker for monitoring
patients’ responses to treatment and for tracking clonal
dynamics during therapy.'**

Recently, three-dimensional organoid model systems
have been developed for the diagnostic genetics of
normal intestinal epithelium. CRC tumor organoids
derived from human and murine tissues are increasingly
used to investigate treatment response, identify genomic
alterations,'* characterize intratumoral heterogeneity,*
and create organoid xenografts for realistic disease
modeling."’

In addition, patient-derived tumor organoids can
serve as a model system for ex vivo drug testing to guide
personalized clinical therapy.’*® An important addition
to organoid modeling is the tumor organoid-T cell
co-culture system, which uses tumor tissues and immune
cells from CRC patients, particularly T cells isolated from
autologous peripheral blood lymphocytes.”* In these
models, autologous T cells selectively recognize and
respond to tumor-derived organoids, while exhibiting
minimal reactivity toward healthy organoids or tissues.'*
Therefore, these models may help study immunotherapy
in specific genetic contexts and identify mechanisms of
adaptation and resistance to immunotherapy and targeted
therapies. Moreover, tumor-reactive T cells from these
co-culture models may provide clues for potential selective
T cell transfer therapies.'*!

8. Fungal-derived therapeutic applications
in colorectal cancer treatment

Recent years have witnessed growing interest in microbiota-
targeted strategies for cancer therapy, particularly in
CRC. Bacteria-based interventions, including probiotics,
prebiotics, and synbiotics, have shown promising
preventive and therapeutic effects in CRC management.'*?
Similarly, certain yeast species have emerged as candidates
for fungal probiotics, with Saccharomyces boulardii
standing out due to its widespread use in fermented
foods and well-documented safety profile.!*® This yeast
has been reported to improve CRC-related gut dysbiosis
and to exert anti-tumor effects by inhibiting NF-kB and
the mammalian target of rapamycin signaling pathways,
downregulating oncogene expression, and promoting
apoptosis.® Nevertheless, the clinical efficacy and safety of
fungal probiotics in cancer therapy remain controversial,

as robust, large-scale clinical trials are still lacking.

Dietary modulation represents another promising
approach for shaping the gut mycobiome. Studies have
shown a positive correlation between carbohydrate intake
and Candida abundance, while protein and fatty acid intake
may suppress its growth.'** Thus, developing personalized
nutritional interventions based on host characteristics and
microbiome profiles has the potential to rebalance the gut
mycobiota and interfere with tumor progression.***

Importantly, fungi are increasingly recognized as
a source of novel natural compounds with anticancer
activity. For instance, ethyl acetate extracts of Aspergillus
sp. have demonstrated strong antiproliferative effects
against HT-29 CRC cells.”® The fatty acid cis-10-
nonadecenoic acid, isolated from the endolichenic fungal
strain EL001668 (KACC 83020BP) derived from Cetraria
laevigata Rass., has been demonstrated to significantly
suppress the stemness properties and tumorigenic
potential of CRC stem cells."”” Moreover, asperphenamate,
a metabolite produced by the co-culture of Penicillium
soppii and Penicillium solitum, can induce DNA damage
response pathways, leading to apoptosis and cell cycle
arrest, indicating broad-spectrum anti-CRC efficacy.'*®
Additionally, the triterpenoid compound trichodermin
from Trichoderma viride has been shown to significantly
inhibit the migration and invasion of DLD1 and HT-29
cells via the protein kinase C alpha (PKCa)/PKC8/
ERK/specificity protein 1/cathepsin V signaling axis,
offering a novel target for CRC therapy.'*® Among fungal-
derived components, B-glucans from yeast cell walls are
notable for their immunomodulatory properties. These
polysaccharides have been shown to activate cytotoxic
immune cells, stimulate the release of pro-inflammatory
cytokines and chemokines, and enhance the expression of
immune regulators, such as interferon regulatory factor 1
and programmed death-ligand 1, thereby demonstrating
potential immunostimulatory and anti-tumor effects in
melanoma, breast cancer, and CRC."*

It is also noteworthy that some antifungal agents
are being repurposed for cancer treatment, showing
promising anticancer activity. These effects may arise
from shared molecular targets or signaling pathways
between fungi and tumors. For example, miconazole and
terbinafine have been shown to induce cell cycle arrest and
inhibit proliferation in COLO 205 cells.'*"'** Itraconazole,
a broad-spectrum antifungal drug, inhibits the growth of
SW480 and HCT116 cells in vitro and induces apoptosis via
autophagy-related mechanisms; it has also demonstrated
significant tumor-suppressive effects in xenograft mouse
models.'* Ketoconazole suppresses the proliferation of
various CRC cell lines by inhibiting lipoxygenase and
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cytochrome P450-related enzymatic activities,'”*'> while
griseofulvin enhances the efficacy of the chemotherapeutic
agent nocodazole by inducing G2/M phase arrest and
apoptosis, providing a potential combinatorial strategy for
CRC treatment.'

In summary, fungi hold dual potential in CRC
prevention and therapy—as immunomodulatory targets
and as sources of anticancer natural products. Future
studies should focus on elucidating precise regulatory
mechanisms and advancing clinical translation to broaden
therapeutic options for comprehensive CRC management.

9, Conclusion

The relationship between fungi and CRC has become
a research hotspot in recent years. With the rapid
development of sequencing technologies, an increasing
number of studies have revealed the potential roles of fungi
in the occurrence, development, and treatment of CRC.
Research indicates that the gut fungal communities of CRC
patients exhibit significant geographical heterogeneity, with
a general reduction in diversity and enrichment of certain
specific fungal taxa. Moreover, fungi, through their rich
chemical components (such as polysaccharides, terpenes,
and flavonoids), have demonstrated significant anticancer
activities in vitro and in vivo, including inhibiting cell
proliferation, inducing apoptosis, and regulating immune
responses.'”’

In mechanistic studies, fungi may influence CRC
progression through multiple pathways. For example,
certain fungal metabolites can modulate the functions of
immune cells in the tumor microenvironment, thereby
affecting tumor immune evasion and chemoresistance.” In
addition, intratumoral microbiota (including fungi) have
been shown to affect the occurrence and development of
CRC by influencing colonic epithelial cells, tumor cells,
and immune cells.'®

Despite the progress made in research, many challenges
remain. First, the causal relationship between fungi and
CRC has not been fully established, with most studies
remaining at the correlational stage. Second, the diversity
of fungi varies greatly across populations, and methods
for conducting precise research across geographical and
dietary contexts remain to be established. Moreover, most
existing studies focus on cell and animal models, while
clinical translation and application face many limitations."*’

Future research could focus on several directions: first,
using multi-omics technologies, such as metagenomics
and metabolomics, to deeply explore the interaction
mechanisms between fungi and hosts; second, conducting
clinical studies to verify the potential of fungi as

biomarkers or therapeutic targets; and third, developing
novel anticancer drugs based on fungal metabolites and
exploring their application prospects in combination
therapies.’”” In summary, the research prospects for fungi
in CRC are broad, and they hold promise for developing
new ideas and strategies for early diagnosis, treatment, and
prognosis.
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