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Abstract: Hepatocellular carcinoma (HCC) is one of the most common malignant tumors of the digestive system worldwide, and 
there is a lack of effective treatment for late-stage HCC. Recent experimental studies have demonstrated that dysfunction of the 
intestinal flora has a significant impact on hepatocarcinogenesis. The pathophysiological link between the intestine, its microbiota, and 
the liver has been described as the “gut-liver axis”. Dysbiosis of the intestinal flora and increased permeability of the intestinal wall are 
closely associated with liver pathology through the immune response. The “gut-liver axis” theory has been applied to the clinical study 
of the pathogenesis and treatment of HCC. The intestinal fungal community, as part of the gut microbiome, has a significant impact on 
human health and disease, while relatively little research has been done in HCC. In this study, we performed a comprehensive analysis 
of the expression and potential biological functions of the fungal recognition receptors C-type lectin receptors (CLRs) (Dectin-1, 
Dectin-2, Dectin-3, and Mincle) in HCC. We found that CLRs were downregulated in HCC, and their expressions were correlated with 
the clinical prognosis of HCC patients. Further studies suggested that the expression of CLRs were significantly correlated with 
immune infiltration and immunotherapy efficacy in HCC. Based on previous studies and our findings, we hypothesize that intestinal 
fungal communities and CLRs-triggered antifungal immunity have a key role in the pathogenesis of HCC, and these findings may 
provide new perspectives and targets for HCC immunotherapy. 
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Introduction
Hepatocellular carcinoma (HCC) is the most common histologic type of liver cancer, accounting for approximately 80– 
90% of cases, and is the sixth most common cancer and the third leading cause of cancer-related deaths worldwide.1 

HCC often originates in the liver with chronic inflammation induced by diseases such as viral hepatitis and nonalcoholic 
steatohepatitis (NASH); thus, its microenvironmental composition is very complex and highly heterogeneous among 
patients.2 Since the 5-year survival rate for liver cancer is only 18%, the search for additional new and effective 
treatments is ongoing.3 Adverse events with conventional anti-HCC drugs have also raised concerns.4 Recently, the 
treatment of HCC with immune checkpoint blockade (ICB) has shown promising efficacy and prolonged patient 
survival.5 However, the high degree of tumor heterogeneity and the frequent emergence of immune resistance limit 
the benefit of immunotherapy, and as a consequence, most patients do not benefit from ICB therapy.6,7 Therefore, 
understanding the mechanisms of immune regulation in the HCC microenvironment, identifying predictive biomarkers 
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for checkpoint inhibitor-based immunotherapy, and developing new drug targets may improve the antitumor efficacy of 
immunotherapy.8

The liver is the largest organ for anabolism and detoxification in the human body. On the one hand, nutrients from the 
intestine and metabolites of the intestinal microflora enter the liver through the blood into the portal system.9 On the other 
hand, metabolic products from the liver flow into the intestine through the biliary system, which in turn affects the 
colonization environment of the intestinal flora.9 This bidirectional enterohepatic exchange system consisting of the 
intestinal flora with the portal system and bile duct system is usually called the “gut-liver axis” and is the physiological 
basis of the interaction between the intestinal flora and the liver.10 The intestinal flora is one of the focal points of 
emerging research in the field of HCC in recent years. Currently, the intestinal flora can be broadly classified into 3 types 
- beneficial, conditionally pathogenic and pathogenic, and most members of the intestinal flora, such as Bacteroidetes, 
Eubacterium, Bifidobacterium, Rumex and Clostridium, have a symbiotic relationship with human hosts.11 When the 
intestinal ecology is disturbed, the intestinal flora is altered qualitatively and/or quantitatively. Such disturbance destroys 
the intestinal barrier and increases intestinal permeability, changing the body’s metabolic capacity, lowering the organ-
ism’s immunity, leading to proinflammatory changes in the liver, and consequently affecting the development of liver 
fibrosis, cirrhosis, and HCC.12 Many studies have reported that the intestinal flora plays an important role in the 
progression of HCC. Existing views hold that the immune response to and metabolic disorders caused by the intestinal 
flora triggered by microbiota-associated molecular patterns (MAMPs), such as leaky gut, intestinal flora translocation, 
and dysbiosis, are the main mechanisms through which the intestinal flora contribute to the development of HCC via the 
intestine-hepatic axis.13 Regulation of the intestinal flora with probiotics, rational use of antibiotics, and fecal transplan-
tation can significantly improve the host’s antitumor immune response;14 therefore, reshaping intestinal flora homeostasis 
has important potential value in delaying the progression of HCC and improving the prognostic effect of HCC treatment.

As part of the gut microbiome, the intestinal fungi have a remarkable impact on human health and disease.15 A human 
microbiome project study revealed that the most common fungal organisms in the gut of healthy people are Yeast, 
Malassezia and Candida.16 Compared to the percentage of bacteria, the total percentage of fungi in the intestinal 
microbial community is only 0.03% to 2%.17 Nevertheless, clinical studies have identified patients with nonalcoholic 
fatty liver disease and more severe diseases with a specific fecal fungal composition and an elevated systemic immune 
reaction to Candida albicans.18 Bone marrow immune cells, such as dendritic cells (DCs), macrophages and natural 
killer T cells, are the first cells to detect alterations in the intestinal flora and to initiate defense against potential invaders 
through pattern recognition receptors (PRRs).19 Activation of PRRs on cells of the innate immune system induces an 
inflammatory response to clear pathogens, and C-type lectin receptors (CLRs) are the main PRRs mediating recognition 
of fungal pathogens.20 The four major family members of CLR are Dectin-1, Dectin-2, Dectin-3 and macrophage- 
inducible Ca2+-dependent lectin receptor (Mincle). Their recognition of fungi activates the immune response; however, 
their actions vary by disease, and they can have dual effects.21,22 For example, Dectin-1 signaling in DCs is essential for 
triggering protective antifungal T helper type 17 (Th17) cells responses and may be clinically important; however, there 
is evidence that activation of Dectin-1 by galactose lectin-9 on tumor-infiltrating macrophages induces immune escape 
and accelerates the progression of pancreatic cancer.22,23 These results suggest that the action of CLRs may occur in 
a tissue-, cell-, or even gene-specific manner.

The fungal community in the liver has been identified to contain a wide distribution of microorganisms with high 
diversity and heterogeneity,24,25 and it may have key functions in the progression of HCC, potentially providing new 
targets and strategies for the treatment of HCC. However, relevant studies are lacking. In this article, we report 
a comprehensive analysis of the correlation between CLRs expression, potential CLRs functions and immune infiltration 
in HCC to explore possible mechanisms underlying the immunomodulatory functions of fungal community members and 
CLRs-expressing immune cells. In addition, we discuss the possibility and feasibility of targeting CLRs-mediated 
antifungal immunity to optimize the efficacy of ICB therapy in HCC.

Materials and Methods
The TNMplot database (https://www.tnmplot.com/) is an open-access online search tool of the Kaplan‒Meier plotter 
platform that can be used to compare the expression levels of genes in tumor tissues and the respective normal tissues. 
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The data are mainly derived from The Cancer Genome Atlas (TCGA) database. In this article, we used TNMplot to 
compare the expression levels of Dectin-1 (CLEC7A), Dectin-3 (CLEC4D) and Mincle (CLEC4E) in HCC with those in 
the corresponding normal tissues (Dectin-2 data were not available). To observe the protein expression levels of CLRs, 
the Human Protein Atlas (HPA) platform (www.proteinatlas.org) was used to acquire immunohistochemistry (IHC) 
images of CLRs (Dectin-3 and Mincle) staining in normal liver tissues and liver cancer tissues. The methylation levels of 
CLRs promoter were obtained from UALCAN (http://ualcan.path.uab.edu/), which is a multi-feature, web-based plat-
form housing interactive resources for profiling cancer omics data. The prognostic value of CLRs gene expression for 
patients with HCC were analyzed by using Kaplan‒Meier Plotter (www.kmplot.com) on the basis of relevant TCGA 
cancer data.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genome (KEGG) pathway analyses were performed to 
further explore the functions of CLRs and their coexpressed genes. Differentially expressed genes (DEGs) between 
groups with high and low CLR expression were displayed in volcano plots generated with the “ggplot” R package. The 
top 50 most upregulated and the top 50 most downregulated DEGs were selected as coexpressed genes of CLRs. To 
determine the underlying biological actions of SAA1 in HCC, GO and KEGG analyses were performed with the 
Assistant for Clinical Bioinformatics (https://www.aclbi.com/static/index.html#/) platform using the ClusterProfiler 
package in R software based on relevant TCGA cancer data.

The TIMER platform (https://cistrome.shinyapps.io/timer/) can be used to systematically identify the levels of 
infiltrating immune cells in a wide range of cancer types. In this study, TIMER was applied to determine the correlations 
between CLR expression and immune cell infiltration in HCC. TISIDB (http://cis.hku.hk/TISIDB/index.php) was used to 
analyze the correlation of CLR expression with the levels of infiltrating Th1/Th17 cells. To assess the relationship 
between CLRs expression and immunotherapy efficacy in HCC patients, we extracted data from the TCGA database and 
divided the registered patients into low and high CLR expression groups, and we predicted the response to immune 
checkpoint blockade therapy in these groups using the TIDE algorithm (http://tide.dfci.harvard.edu/). All statistical 
results were calculated by the listed online tools.

Justification of the Hypothesis
Fungal Mycobiome-Induced Immunosuppression Drives Carcinogenesis
To discover whether fungi change in cancer patients, researchers classified and studied fungi in more than 17,000 tissue 
and blood samples from 35 cancer types.24 As expected, fungi (including several types of yeast) appeared in all cancer 
types studied, and the specific fungal species were related to the type of cancer. For example, breast cancer patients who 
had Malassezia sphericalis - a fungus naturally found on the skin - had a much lower survival rate than breast cancer 
patients without this fungus.24 Characterization of the bacteria in these tumors showed that most types of fungi tended to 
coexist with specific types of bacteria. Different microorganisms coevolve in the human ecosystem, usually relying on 
the same resources. This suggests that the tumor environment may favor both fungal and bacterial growth, unlike the 
normal tissue environment, in which fungi and bacteria are in competition for resources.24 Another study revealed that 
gastrointestinal tumors and lung and breast tumors tend to have fungi of the genera Candida, Blastomyces and 
Malassezia.26 In addition, higher levels of Candida in gastrointestinal tumor cells were associated with more inflamma-
tion-promoting gene activity, higher rates of cancer metastasis, and lower cancer survival rates.26 These two studies 
provide the clearest link between fungi and cancer, but more research is needed to further understand whether these 
fungi promote cancer development by triggering inflammation or whether tumors create an environment conducive to 
fungal survival. Recently, a study revealed that fungi within pancreatic cancers, which were virtually absent in the 
healthy pancreas, stimulated the secretion of IL-33 and recruited and activated type 2 innate lymphoid cells, thus 
promoting tumor progression.27 Genetic deletion of IL-33 or antifungal treatment reduced the infiltration of type 2 
immune cells and increased survival.27 In addition, C. albicans-dominant commensal fungi were reported to be sensed 
by the fungal receptor Dectin-1, which increases the number of tumor-associated macrophages and deregulates 
antitumor T cells, thereby suppressing the antitumor immune response after radiotherapy.28 Fungal-mediated tumor- 
promoting effects can be reversed when the antifungal drug fluconazole is administered to inhibit commensal fungi.28 
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Similarly, Candida tropicalis can potently induce the differentiation and proliferation of myeloid-derived suppressor 
cells (MDSCs), a key immune cell subpopulation with a strong immunosuppressive capacity in the tumor 
microenvironment.29 MDSCs contribute to the development and progression of colorectal cancer by suppressing the 
immune function of T cells.29 These results confirm that fungal populations can modulate the immune response to 
tumors by inducing the differentiation and increasing the activity of immune cells and that antifungal therapy appears 
may have antitumor effects.

CLRs are Downregulated and are Associated with Poor Prognosis in HCC 
Patients
The major CLRs include Dectin-1 (CLEC7A), Dectin-2 (CLEC6A), Dectin-3 (CLEC4D) and Mincle (CLEC4E), which 
are mainly expressed on myeloid immune cells and activate a series of downstream signaling pathways to initiate innate 
and adaptive immune responses by recognizing β-glucan and α-mannan, the major components expressed on the fungal 
cell wall.30 CLRs primarily activate the SYK-CARD9, SYK-PLCG2, or RAF1 pathways, as detailed in.20 With the 
activation of these signaling pathways, the secretion of interleukin 1β (IL-1β), interleukin 6 (IL-6) and interleukin 23 (IL- 
23) is induced, and differentiated 4+ (CD4+) T cells are polarized into T helper type 1 (Th1)/T helper type 17 (Th17) 
cells, resulting in essential antifungal immunity.31 To verify the expression levels of CLRs in HCC, we downloaded the 
expression data of CLRs in normal and HCC tissues from TNMplot and the Human Protein Atlas (HPA) platform. The 
results confirmed that Dectin-1, Dectin-3 and Mincle were significantly downregulated in HCC tissues (Dectin-2 data 
were not available) (Figure 1A and B). Methylation is a widely studied mode of epigenetic regulation that does not alter 
the gene sequence but can provide heritable changes in gene function and ultimately lead to phenotypic changes.32 

Interestingly, the low expression of CLRs seems to be associated with hypomethylation of their promoters in HCC 
(Figure 1C). In addition, we found that the downregulation of several CLRs was closely associated with poor prognosis 
of HCC patients, suggesting the involvement of CLRs-mediated immunomodulatory pathways in the progression of HCC 
(Figure 1D). Reduced or complete absence of CLRs signaling pathway activitys can lead to fungal ecological dysregula-
tion, resulting in increased susceptibility to fungal infections and related diseases.33 This may explain the poor prognosis 
of HCC patients with low CLR expression.

Enrichment Analysis of CLRs in HCC
Recently, an interesting study discovered a significant increase in Candida albicans in HCC patients by internal 
transcribed spacer (ITS) sequencing and that tube feeding of Candida albicans in wild-type HCC mice increased the 
size and weight of tumors.25 However, colonization with Candida albicans did not affect tumor growth in nucleotide 
oligomerization domain-like receptor family pyrin domain containing 6 (NLRP6) knockout mice.25 NLRP6 acts as 
a cytoplasmic pattern recognition receptor that identifies molecular patterns associated with microorganisms in the body 
and protects the host from pathogenic bacteria and viruses,34 and that its tumor-suppressive effects are mediated by fungi 
suggest an important role for PRRs in HCC progression.

To further explore the potential biological functions and regulatory roles of CLRs in the HCC environment, we 
performed differential gene analysis based on TCGA data from HCC tissue samples according to methods described 
previously35 and further performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analyses. The results showed that the most common DEGs included the C-X-C motif chemokine 
ligand (CXCL) family members CXCL8, CXCL9, CXCL10, CCL5, CCL19, and CCL21 (Figure 2A–C), which largely 
participate in the induction and chemotaxis of immune cells by serving as immunomodulatory chemokines. Interestingly, 
the results of the enrichment analysis showed that the four CLRs participate in similar processes, including Th1 and Th2 
cell differentiation, Th17 cell differentiation, cytokine‒cytokine receptor interactions, regulation of cell‒cell adhesion, 
T-cell activation, and regulation of T-cell activation. (Figure 2A–C). These processes promote the activation and 
migration of innate and adaptive immune cells. Taken together, these results suggest that CLRs may promote immune 
effects against HCC.
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Figure 1 Expression and prognostic analyses of CLRs in HCC tissue and normal tissue data from TCGA. (A) Comparative analysis of mRNA expression of CLRs between 
HCC tissue and normal tissues. (B) IHC results from the HPA database showing the protein expression of Dectin-3 and Mincle in normal tissues and HCC tissues. (C) CLR 
promoter methylation levels in normal tissue and HCC tissue. (D) Kaplan‒Meier curves for overall survival according to the expression of CLRs. ****p < 0.0001.
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Correlation of CLRs with Immune Cell Levels, Immune Checkpoint 
Protein Expression, and Immune Checkpoint Blockade Therapy Efficacy
To analyze the relationship between CLRs expression and immune infiltration in HCC, the TIMER tool was applied. The 
results confirmed a strong positive correlation between the expression of the four CLRs and the levels of various 
infiltrating immune cells, including B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils and dendritic cells 
(Figure 3A). These cells constitute the tumor immune microenvironment and affect ICB efficacy in cancers via crosstalk 

Figure 2 Enrichment analysis revealed the potential biological mechanisms of CLRs. (A) Volcano map of the DEGs and the results of Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analyses of the DEGs of the high and low Dectin-1 expression groups based on TCGA data. (B) Volcano map of the DEGs and 
the results of GO and KEGG analyses of the DEGs of the high and low Dectin-3 expression groups based on TCGA data. (C) Volcano map of the DEGs and the results of 
GO and KEGG analyses of the DEGs of the high and low Mincle expression groups based on TCGA data.
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with tumor cells and stromal cells. As previously described, CLRs-mediated immune signaling exerts bactericidal effects 
through Th1/Th17 cells. Therefore, we further analyzed the correlation of CLR expression with the levels of Th1/Th17 
cells via TISIDB, and the results confirmed their positive correlation (Figure 3B). To further analyze the association of 
CLRs expression with immune checkpoint protein expression, we selected PDCD1, LAG3, CTLA-4, TIGIT, HAVCR2, 
CD274 and PDCD1LG2 as key immune checkpoint molecules and analyzed their expression in HCC patients in the 

Figure 3 Associations of CLR expression with the levels of infiltrating immune cells in HCC. (A) Associations between CLR expression and the levels of several crucial 
infiltrating immune cells in HCC, including B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils and dendritic cells. (B) Relationship between CLR expression and 
IL-1 and IL-17 expression in HCC.
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CLR-high and CLR-low groups. The results showed that the expression levels of immune checkpoint proteins were 
significantly higher in the CLR-high group than in the CLR-low group (Figure 4A). Subsequently, we assessed the 
relationship between CLR expression and the ICB response in HCC using the TIDE platform. A higher TIDE prediction 
score indicates a higher probability of immune evasion, suggesting that patients are less likely to benefit from ICI 
therapy. The immune response scores are shown in Figure 4B. All HCC patients with high levels of CLR expression 
showed higher TIDE scores than HCC patients with low levels of CLRs expression, implying that patients in the high 
CLR group are more likely to experience immune dysfunction and immune evasion and may not be sensitive to ICB 
treatment.

Potential Biological Activity and Regulatory Mechanism of CLRs in HCC
The activity status of immune cells in the tumor immune microenvironment determines the ICB efficacy of tumors. Upon 
stimulation of Dectin-1 with fungal-derived β-glucan ligands, dendritic cells are activated, thereby inducing the expansion of 
CD8+ T cells and enhancing their differentiation into cytotoxic T cells.36 Dectin-2, Dectin-3 and Mincle have also been shown 
to induce immune cell differentiation.37–39 Interestingly, Dectin-1 also induces Treg-cell (the main negative regulatory cells of 
the immune response) differentiation through SYK signaling and subsequent IL-1β secretion.40,41 This suggests that CLRs 
maintain the immune balance between CD8+ T cells and regulatory T cells. However, how this homeostasis is hijacked by 
HCC cells and the specific fungal population driving the disruption of immune homeostasis remain unknown.

Under normal conditions, immune checkpoints can maintain immune tolerance by regulating the strength of the 
autoimmune response.42,43 However, in the case of cancer, tumor cells can use this mechanism to induce T-cell depletion 
and suppress their function, favoring tumor cell growth and immune escape.44 Multiple factors have been reported to 
control the expression of immune checkpoint proteins, of which cytokine‒cytokine receptor interactions appear to be 
essential.45 For example, γ-chain cytokines such as IL-2, IL-7, IL-12, IL-21, and IL-15 can activate downstream 
signaling upon recognition of IL receptors, thereby increasing the expression of TIM-3 and PD-1 in T cells.46 Immune 

Figure 4 Expression of immune checkpoint proteins and prediction of response to ICB therapy in the CLR-high and CLR-low groups. (A) Comparison of the expression 
levels of key immune checkpoint molecules between the CLR-high group (G1) and the CLR-low group (G2) of HCC patients. (B) Prediction of the response to ICB therapy 
in the CLR-high (G1) and CLR-low (G2) groups of HCC patients. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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checkpoint protein expression is also subject to regulation by transforming growth factor beta (TGF-β), interferon alpha 
(IFN-α) and interferon gamma (IFN-γ).47 Anti-fungal immunity mediated by CLRs involves the production of a series of 
functional cytokines.48 Dectin-1 signaling has been reported to induce the secretion of IL-12 and tumor necrosis factor 
alpha (TNF-α) in monocytes, which subsequently induces an inflammatory response.49 In addition, in the context of 
multiple sclerosis, the combined use of the Dectin-1 agonists yeast polysaccharide and IFN-β enhances the expression of 
IL-27, which drives the expression of co-suppressed immune checkpoint proteins.50 Similarly, lung expression of Mincle 
was significantly upregulated following stimulation by the pathogen Orientia tsutsugamushi, thereby promoting sustained 
IL-27 production and shaping a proinflammatory immune response to infection.51 Although it remains unknown whether 
CLRs induce the secretion of IL-27 or other cytokines that induce immune checkpoint protein expression in HCC, we can 
speculate that this potential pathway or a similar pathway may be utilized by HCC cells to promote the expression of 
multiple immune checkpoint proteins and to facilitate immune tolerance. Subsequently, we analyzed the correlation 
between the expression of four CLRs and the expression of cytokines regulating immune checkpoint proteins (IL-2, IL-7, 
IL-12, IL-21, IL-15, IL-27, TGF-β, and IFN-γ) (Table 1). The results showed a significant positive correlation between 
the expression of the CLRs and the expression of IL-2, IL-7, IL-12, IL-21, IL-15, TGF-β, and IFN-γ but a negative 
correlation between the CLRs and IL-27.

Table 1 Correlations of CLR Family Gene Expression 
and the Expression of Key Cytokines Regulating 
Immune Checkpoint Proteins in Hepatocellular 
Carcinoma

Gene 1 Gene 2 Correlation p value

CLEC7A IL2 0.429080827 4.75E-18

IL7 0.509127146 7.36E-26
IL12A 0.402582704 6.90E-16

IL15 0.592862957 1.39E-36

IL27 −0.195103151 0.000155777
TGFB1 0.594626037 7.62E-37

IFNG 0.517373359 8.69E-27

CLEC6A IL2 0.326499397 1.16E-10

IL7 0.278990593 4.64E-08
IL12A 0.309991826 1.05E-09

IL15 0.348731302 4.76E-12

IL27 −0.191748837 0.000202872
TGFB1 0.358703713 1.05E-12

IFNG 0.38992818 6.39E-15

CLEC4D IL2 0.305283882 1.92E-09

IL7 0.23922583 3.16E-06

IL12A 0.271844141 1.04E-07
IL15 0.35302385 2.50E-12

IL27 −0.14304758 0.005776565

TGFB1 0.368203189 2.35E-13
IFNG 0.41130756 1.41E-16

CLEC4E IL2 0.412379652 1.15E-16
IL7 0.231580103 6.58E-06

IL12A 0.278701837 4.80E-08

IL15 0.443827381 2.44E-19
IL27 −0.215850192 2.75E-05

TGFB1 0.465851485 2.20E-21

IFNG 0.499123017 9.10E-25
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The processes of immune cell transport to tumor sites and mutual contact with tumor cells rely heavily on a subfamily 
of cytokines called chemokines.52 In addition, chemokine secretion is also associated with the expression of immune 
checkpoint proteins.53 Guo et al demonstrated that lung-infiltrating dendritic cells and neutrophils can secrete CXCL9 
and CXCL10 to recruit plasmacytoid dendritic cells to the lung in response to fungal infection by Aspergillus fumigatus, 
which is dependent on the activation of Dectin-1.54 This process may also occur in the context of cancer. We found that 
chemokines accounted for a large proportion of the differentially expressed genes of the CLR-high and CLR-low groups 
(Figure 2A–C). Therefore, we hypothesize that CLRs regulate the activity and function of immune cells by regulating the 
secretion and alteration of chemokines, in addition to directly regulating immune cells in the tumor microenvironment. 
However, more in vivo and in vitro experiments are still needed to validate this hypothesis.

Potential Antitumor Strategies Targeting CLRs or Fungal Communities
Differences in the composition of the microbiota are strongly associated with survival and sensitivity to immunotherapy 
in patients with malignancies.55,56 Considering that targeting a single immune checkpoint protein, such as PD-L1 or PD- 
1, has limited clinical efficacy against tumors, co-targeting multiple immune checkpoint proteins may be a better option. 
Furthermore, given that microbiota characteristics are highly heterogeneous among individuals, it is possible that 
interfering with common fungal-mediated signaling pathways could be an effective antitumor strategy. Interestingly, 
CLR expression is strongly correlated with the expression of almost all immune checkpoint proteins and may regulate the 
expression of immune checkpoint proteins by regulating multiple cytokines. Therefore, in HCC patients with high 
expression of CLRs, combined inhibition of cytokines and other immune checkpoint molecules may be a more 
comprehensive antitumor strategy.

Based on the critical immunomodulatory function of the gut microbiota, regulation and remodeling of the commensal 
microbiota through probiotic administration and microbial transplantation have emerged as potential strategies that can 
synergize with ICB therapy. Intriguingly, Kapitan et al found that fungal and bacterial abundances in the gut were 
negatively correlated and that disruption of the bacterial microbiota was a prerequisite for fungal overgrowth.57 In 
addition, commensal bacteria and fungi have distinct regulatory roles in the antitumor immune response to radiotherapy. 
Excessive administration of antibiotics suppresses the abundance of commensal bacteria and leads to an overgrowth of 
fungi, mainly C. albicans, which suppresses the antitumor immune response after radiotherapy.28 Therefore, how to 
coordinate antifungal treatment and antibiotic treatment has become a common research topic. Notably, the long-term use 
of antibacterial drugs can lead to the development of fungal resistance. The speed of antimicrobial drug development is 
insufficient to overcome the emergence of fungal drug resistance. In-depth study of the molecular mechanisms of CLRs 
can provide new ideas and strategies for the development of broad-spectrum antibacterial drugs, antitumor drugs and 
immunosuppressive drugs.

Recently, the immunomodulatory mechanisms of in vivo transplantation of specific fungal communities has been 
explored.29 In future studies, there is a need to identify pathogenic or beneficial fungal species in HCC and their immune 
functions and to use in vivo transplantation to characterize the biological functions and effects of specific fungal 
community members on the therapeutic efficacy of ICB. Once we have a clearer understanding of the role of fungal 
species in cancer, therapies or probiotics can be developed to target and control fungal populations, thus helping to inhibit 
cancer progression. In addition, it is important to note that the roles of CLRs expressed on different immune cells may 
not be the same and may even be contradictory.58 Therefore, if the tumor antigen-presenting function of CLRs is to be 
exploited to enhance tumor immunity in humans, it is not enough to stimulate the activity of all CLRs in the host by 
simply injecting adjuvants; instead, the treatment needs to be specific to different cell types. For example, DC vaccines 
can be administered with agonists in vitro to enhance the ability of the DCs to present tumor antigens. Additionally, given 
the broad role of CLRs in the defense against various infectious diseases caused by viral pathogens,59 combining 
oncolytic viruses with CLR-mediated antifungal therapies is a potential strategy for HCC treatment.

A Summary of Our Hypothesis
In intestine-associated lymphoid tissues, immune cells defend against or tolerate intestinal fungi, metabolites, and toxins. 
Upon disruption of homeostasis, potential antigens from commensal fungi, ingested fungi or fungal-derived metabolites 
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in the gut penetrate the intestinal mucosal barrier and are transferred through the portal vein to the liver, where they affect 
its function. Immune cells in the liver initiate an immune response against enteric fungi to maintain homeostasis; 
however, this balance is destabilized in the liver cancer environment. Based on the findings of previous literature and our 
bioinformatics results, we propose that disturbed fungal community homeostasis and a disrupted gut-liver axis contribute 
to HCC progression and the poor prognosis of HCC patients, mainly mediated by low expression of CLRs. CLRs can 
modulate the expression of immune checkpoint proteins by inducing the secretion of cytokines such as IL-27 and/or 
chemokine expression, thus influencing the efficacy of ICB therapy. Based on this, we hypothesized that the efficacy of 
immunotherapy in HCC could be enhanced by the CLR-mediated antifungal immune response induced by antifungals as 
well as the transplantation of fungal colonies (Figure 5).

Discussion
In recent years, research on cancer and microorganisms has mainly focused on the intestinal tract, which contains more 
bacteria, viruses and fungi than any other part of the human body. However, the roles of fungi, as a minority group of the 
intestinal flora, in cancer progression have long been overlooked or underestimated, and the effects of cancer-related 
fungi have not been thoroughly studied. Fungi are eukaryotes and are thus more complex microorganisms than viruses 
and bacteria. Their cells are more similar to animal cells. The existence and specific roles of fungi in most human cancers 
are promising research topics. Several recent studies have revealed fungal enrichment in cancer, but the underlying 
mechanisms remain poorly understood. CLRs, pattern recognition receptors for fungal microbiota elements, are highly 
expressed in myeloid immune cells and are involved in both nonspecific and specific immunity against tumors. To date, 
many CLRs have been identified in humans, and different CLRs perform a variety of different functions.60 The majority 
of CLRs can positively regulate immune cell function after recognizing bound antigens and play important roles in anti- 
infection, anti-allergic and antitumor responses. However, some pathogens can also escape from the immune response by 
targeting CLRs on the surface of immune cells.61 The ligands associated with CLR recognition and binding still need to 
be further explored and refined. Whether different CLRs expressed on the surface of myeloid immune cells trigger 
synergistic or antagonistic intracellular signaling pathways after recognizing the binding of the same antigen or 
recognizing different antigens of the same pathogen, thus playing positive or negative roles in the antitumor response, 

Figure 5 Graphical hypothesis of our study generated by FigDraw.
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remains to be determined. Understanding these issues is essential for further understanding the integrated regulation of 
immune cell function by different types of CLRs in specific diseases and for improving the understanding of the network 
of interactions between different CLRs.

Our results suggest that immune modulation mediated by low CLR expression in HCC may be involved in intestinal 
fungus-mediated immune homeostasis and may improve ICB therapy outcome. Our hypothesis highlights the long- 
underestimated or neglected role of antifungal immunity in the clinical treatment of HCC and may provide new drug 
targets for HCC patients. In addition, we revealed potential CLR-mediated immunomodulatory processes and antitumor 
strategies in HCC, ie, CLRs may regulate the transcription and expression of immune checkpoint proteins by modulating 
the expression of chemokines and their receptors as well as cytokines. These finding may offer directions for future 
research. However, our hypothesis needs to be further confirmed by animal and clinical experiments.

Future studies should address several questions. The first concern is to explore the specific fungal community patterns and 
changes in these patterns in the different stages of HCC to identify the most critical functional fungi in the HCC immunomo-
dulatory network. Such information can be gained by using advanced sequencing technologies and conducting a series of clinical 
trials. Second, the current understanding of the exact mechanisms underlying the roles of CLRs on the immune cell surface and 
antifungal immunity in cancer is still limited. Therefore, exploring the combined effects of different CLRs on the regulation of 
immune cell functions, the relevant specific mechanisms, and the interactions of different CLRs with antitumor pathways could 
support their use as new therapeutic drug targets and thus advance antitumor therapy research. In addition, the human body is 
home to a large number of bacteria, fungi, and viruses. Previous studies have often considered only one of these types of microbe 
in relation to human health, while in reality, they interact with each other throughout the body. It is also significant to understand 
how these microbes mutually interact with each other and influence the development of cancer. Moreover, existing fungal 
databases have fewer total sequences than bacterial databases. In addition, the accuracy of the classification information is 
insufficient, the data management is lacking, and fungus polymorphisms have caused different studies to identify the same ITS 
sequence as two different fungi, all of which increase research error. Therefore, improving the fungal databases by improving the 
information and using more accurate fungal identification methods is key for future microbiological research.
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