Heliyon 10 (2024) e25571

Contents lists available at ScienceDirect

52 CelPress Heliyon

journal homepage: www.cell.com/heliyon

Research article

Development and implementation of a prognostic model for clear
cell renal cell carcinoma based on heterogeneous TLR4 expression

Qingbo Zhou ™', Qiang Sun™', Qi Shen®', Xinsheng Li?, Jijiang Qian ™"

@ Department of Internal Medicine, Shaoxing Yuecheng People’s Hospital, Shaoxing, China
Y Department of Medical Imaging, Shaoxing Yuecheng People’s Hospital, Shaoxing, China

ARTICLE INFO ABSTRACT
Keywords: Objective: Clear cell renal cell carcinoma (ccRCC) is the most common subtype among renal cell
TLR4 carcinomas and has the worst prognosis, originating from renal tubular epithelial cells. Toll-like

Renal clear cell carcinoma
Consensus clustering
Prognostic model

receptor 4 (TLR4) plays a crucial role in ccRCC proliferation, infiltration, and metastasis. The aim
of this study was to construct a prognostic scoring model for ccRCC based on TLR4 expression
heterogeneity and to explore its association with immune infiltration, thereby providing insights
for the treatment and prognostic evaluation of ccRCC.

Methods: Using R software, a differential analysis was conducted on normal samples and ccRCC
samples, and in conjunction with the KEGG database, a correlation analysis for the clear cell renal
cell carcinoma pathway (hsa05211) was carried out. We observed the expression heterogeneity of
TLR4 in the TCGA-KIRC cohort and identified its related differential genes (TRGs). Based on the
expression levels of TRGs, consensus clustering was employed to identify TLR4-related subtypes,
and further clustering heatmaps, principal component, and single-sample gene set enrichment
analyses were conducted. Overlapping differential genes (ODEGs) between subtypes were ana-
lysed, and combined with survival data, univariate Cox regression, LASSO, and multivariate Cox
regression were used to establish a prognostic risk model for ccRCC. This model was subsequently
evaluated through ROC analysis, risk factor correlation analysis, independent prognostic factor
analysis, and intergroup differential analysis. The ssGSEA model was employed to explore im-
mune heterogeneity in ccRCC, and the performance of the model in predicting patient prognosis
was evaluated using box plots and the oncoPredict software package.

Results: In the TCGA-KIRC cohort, TLR4 expression was notably elevated in ccRCC samples
compared to normal samples, correlating with improved survival in the high-expression group.
The study identified distinct TLR4-related differential genes and categorized ccRCC into three
subtypes with varied survival outcomes. A risk prognosis model based on overlapping differential
genes was established, showing significant associations with immune cell infiltration and key
immune checkpoints (PD-1, PD-L1, CTLA4). Additionally, drug sensitivity differences were
observed between risk groups.

Conclusion: In the TCGA-KIRC cohort, the expression of TLR4 in ccRCC samples exhibited sig-
nificant heterogeneity. Through clustering analysis, we identified that the primary immune cells
across subtypes are myeloid-derived suppressor cells, central memory CD4 T cells, and regulatory
T cells. Furthermore, we successfully constructed a prognostic risk model for ccRCC composed of
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17 genes. This model provides valuable references for the prognosis prediction and treatment of
ccRCC patients.

1. Introduction

Renal cell carcinoma (RCC) is a malignant tumour originating from renal tubular epithelial cells; among them, clear cell renal cell
carcinoma (ccRCC) is the most prevalent subtype, accounting for 80%-90% of all RCC cases [1]. Over the past few decades, the
incidence of this tumour has been on the rise [2]. Although the rate of early diagnosis for ccRCC has improved, approximately
one-third of patients are already metastatic at the time of diagnosis [3]. In recent years, scholars have delved deeply into the molecular
mechanisms and therapeutic strategies of ccRCC. Trac et al. (2022) investigated certain key gene mutations in ccRCC and their
associated therapeutic strategies [4], while Che et al. (2022) analysed another set of gene mutations and gene expression changes in
ccRCC [5]. While molecular targeted therapies have shown efficacy in other cancers [6], developing targeted treatments for ccRCC
remains challenging due to the lack of ideal targets. Moreover, numerous studies have indicated that the postoperative metastasis rate
for ccRCC patients can be significant [7]. Some studies have begun to explore immune genes associated with ccRCC, their roles in the
tumour immune microenvironment, and their potential value in prognosis prediction [8,9].

TLR4 is a member of the Toll-like receptor family (TLRs) [10]. Recent research has identified a close relationship between TLR4
expression in various tumour cells and tumour development and metastasis [11]. This relationship is particularly significant in
prevalent cancers such as lung and breast cancer [12]. In clear cell renal cell carcinoma (ccRCC), TLR4 mRNA expression is elevated
and correlates with the differential expression of other genes in ccRCC samples. Higher TLR4 expression is linked to a decreased overall
survival rate for ccRCC patients [13]. Furthermore, the specific roles of Toll-like receptors (TLRs) in kidney clear cell carcinoma (KIRC)
warrant additional investigation. Studies have shown that when compared to adjacent normal tissues, TLR expression levels in KIRC
differ. Notably, TLR3 and TLR4 expression is significantly increased during the early stages of KIRC [14]. Within the renal cancer
tumour microenvironment, TLR4 interacts with endogenous ligands such as VEGF and HMGB1, which are released during matrix
degradation and play pivotal roles in tumour progression [15].

The Kyoto Encyclopedia of Genes and Genomes (KEGG) database is a bioinformatics database used for studying the genomics,
metabolism, and signalling pathways of biological systems. The has05211 pathway describes the molecular mechanisms and pathways
of renal cell carcinoma development and progression [16]. This pathway involves various biological processes, including cell pro-
liferation, apoptosis, and angiogenesis, and is related to cell cycle regulatory factors such as Von Hippel-Lindau (VHL) and
mesenchymal-epithelial transition factor (MET). Previous studies have explored the role of VHL in clear cell renal cell carcinoma,
especially its positive feedback loop with the PDGFRp signalling pathway [17], as well as the relationship between IncRNA
APCDDI1L-AS1 and the loss of VHL protein expression [18]. Although these studies have provided in-depth insights into this field, the
specific role of thashsa05211 pathway in renal cell carcinoma remains unclear.

Consensus clustering is an integrated clustering algorithm widely used in processing high-dimensional data, such as gene
expression data and proteomics data. Past research has employed consensus clustering to analyse gene expression data of kidney
cancer. For instance, studies have explored gene expression related to ferroptosis in clear cell renal cell carcinoma [19], while in renal
papillary cell carcinoma, gene expression associated with flame cell death has been researched [20]. Moreover, another study
described the role of serine metabolism in papillary renal cell carcinoma and reported its relationship with tumour progression and
immune suppression [21]. These studies suggest that consensus clustering can effectively identify different subgroups in datasets.
These subgroups may exhibit distinct phenotypic features in different samples or datasets and could hold significant biological
implications.

This study integrated the differential expression of Toll-like receptor 4 (TLR4) in ccRCC with the renal cell carcinoma pathway
dataset in the KEGG database. Through consensus clustering methods, we constructed a scoring model that revealed potential re-
lationships with immune infiltration, offering new insights into the biological mechanisms of ccRCC. Furthermore, this research
provides a robust tool for further studies on ccRCC, with the aim of delivering more accurate and targeted references for prognosis
assessment and treatment strategy selection in clinical practice, thereby enhancing patient treatment outcomes and quality of life.

2. Material and methods
2.1. Dataset source and preprocessing

The UCSC Xena database (http://xena.ucsc.edu/), established by bioinformatics researchers from the University of California,
Santa Cruz, is a genome-related database that has collected approximately 200 public datasets, including TCGA, ICGC, TARGET, GTEx,
CCLE, and others [22]. In this study, we selected the RNA-seq data (HTSeq counts) of clear cell renal cell carcinoma (KIRC) from the
TCGA database as the training set, which consisted of 72 normal samples and 531 ccRCC samples. Concurrently, we obtained cor-
responding clinical pathological data, including age, sex, life status, survival time, and copy number variation (CNV) data, among
others. The test set in this study was derived from the ArrayExpress database (https://www.ebi.ac.uk/arrayexpress/) and comprises
the clear cell renal cell carcinoma dataset (ID: E-MTAB-1980) with a total of 101 cases.

To facilitate downstream data analysis, we normalized the raw counts of the RNA sequencing data using the transcripts per million
(TPM) and the log2-based transformation (log2TPM) method. To align the scales of the training set and test set data, we utilized the
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scale function in R software to standardize the RNA transcription data. Specifically, the test set data were standardized prior to
univariate Cox regression analysis and standardized again before analysing the test set data.

2.2. Differential and prognostic analysis of TLR4 in the KIRC cohort

Utilizing the ggstatsplot package in R, we observed the differential expression of TLR4 in the TCGA-KIRC cohort between normal
samples and ccRCC samples and employed the Cairo package along with the ggbetweenstats function to present the intergroup dif-
ferential expression boxplot [23]. In ccRCC samples, based on TLR4 expression levels, we demarcated high and low groups using the
median value (4.52) as the threshold, used the survival package for statistical analysis of intergroup survival differences, and the
survminer package for constructing Kaplan—-Meier survival curves [24].

2.2.1. Correlation analysis of TLR4 with the clear cell renal cell carcinoma pathway

We used the limma, ggsci, and org.Hs.eg.db packages to analyse the correlation between TLR4 expression levels in ccRCC and the
renal cell carcinoma pathway (KEGG ID: hsa05211). We utilized the ggplot2 and patchwork packages to plot a single gene GSEA (Gene
Set Enrichment Analysis) graph to demonstrate the correlation degree between TLR4 and the hsa05211 pathway. Using the DESeq2
package, we conducted a differential analysis of the global gene expression levels between the high and low TLR4 expression groups,
setting |logFC| > 0.3 and p value < 0.05 as limiting conditions to obtain differentially expressed genes [25], named TLR4-Deg. The
tinyarray package was utilized to construct a volcano plot, illustrating the up- and downregulated TLR4-Deg. We collected genes
currently included in the KEGG renal cell carcinoma pathway (hsa05211), named RCC genes. The intersection of TLR4-Deg and RCC
genes was obtained and named TRGs (Toll-Like Receptor 4-related Renal Cell Carcinoma differential genes).

2.2.2. Copy number variation and survival prognosis analysis of TRGs

Copy number variation (CNV) refers to deletions or amplifications of DNA fragments with a length not less than 1 kbp compared to
the reference genome, representing an important type of structural variation [26]. We filtered the CNV values of TRGs from the clinical
information of TCGA-KIRC and utilized R software to create a mutation dumbbell plot illustrating the CNV situation of TRGs in KIRC.
For the differential expression of TRGs between the normal sample group and the clear cell renal cell carcinoma sample group, we
continued to showcase the results via boxplots. Regarding the impact of TRGs on the survival prognosis of ccRCC, we employed the
survminer package in R to construct Kaplan—-Meier survival curves, separately displaying the influence of the expression levels of each
TRG on the prognosis of ccRCC.

2.3. Consensus clustering analysis

We applied consensus clustering using the K-means method to identify different TLR4-related subtypes in ccRCC samples of the
TCGA-KIRC cohort associated with TRG expression. The number of samples and their stability in each subtype were determined by the
consensus clustering algorithm using the ConsensuClusterPlus package. We conducted 1000 iterations to ensure the stability of the
classification. Survival analysis was performed on each clustering subtype to ascertain which subtype was associated with poor sur-
vival rates [27].

2.4. Data visualization and differential analysis

We implemented a suite of complex analysis tools in this study to reveal the multidimensional characteristics of TLR4-related
subtypes in ccRCC. With the assistance of the stringr and pheatmap packages, we combined the TRG expression data with each
subtype and clinical information (such as age, sex, tumour TMN staging, and survival outcomes) and presented them in a multipanel
heatmap format, providing convenience for observing potential expression trends.

Furthermore, we implemented principal component analysis (PCA) to reduce the dimensionality of these high-dimensional data,
thereby revealing the similarities and differences in gene expression profiles. Additionally, drawing on the research of Pornpimol
Charoentong et al., we employed the single-sample gene set enrichment analysis (ssGSEA) algorithm to analyse the enrichment level of
28 immune cells in ccRCC, further elucidating the differences in immune cell enrichment among different subtypes.

Finally, we utilized the limma package to analyse gene expression levels in all ccRCC samples, identifying genes with differential
expression between each pair of subtypes. Subsequently, the VennDiagram package was used to filter overlapping differentially
expressed genes (ODEGs). We set the screening parameter standards (|log2FC| > 0.3, adjusted p value < 0.05), thereby pinpointing the
ODEGs related to TLR4-associated ccRCC subtypes.

2.5. Development and validation of ODEG-based risk scoring model

Initially, we used the TCGA-KIRC cohort as the training set. To keep in line with the ArrayExpress test dataset, we normalized both
the TCGA training set and the ArrayExpress test set using the scale function before performing univariate Cox regression. Then, based
on ODEGs and survival information of the TCGA training set samples, we used the survival package for univariate Cox regression
analysis to screen statistically significant ODEGs. To prevent overfitting, we conducted Lasso regression on the model to further narrow
the gene scope for model construction [28]. We then incorporated the selected ODEGs into multivariate Cox regression analysis using
the stepwise regression method (My.stepwise package) [29]. Through these steps, we determined the optimal ccRCC prognosis model.
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It consists of the expression level of each TLR4-related ODEG and the corresponding regression coefficient (coef) value, forming the
prognostic risk score calculation formula:

RiskScore = " (Coef * Exp)

where Coef refers to the regression coefficient related to TLR4-associated ODEGs, Exp refers to the expression level, and the sum is
taken over all relevant ODEGs.

According to this calculation formula, we computed the risk score (RiskScore) for each sample in the training cohort. Then, using
the median risk score as the cut-off, we divided the patients in the training cohort into low-risk and high-risk subgroups.
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Fig. 1. Heterogeneity of TLR4 in TCGA-KIRC. A: Inter-group comparison between normal and ccRCC TLR4 expression, with light green representing
the normal group, and brown representing the ccRCC group. B: Kaplan-Meier survival analysis diagram comparing high and low TLR4 expression
levels in ccRCC. Blue represents the low TLR4 expression group, while yellow signifies the high TLR4 expression group. C: Single-gene GSEA chart,
with the peak on the left indicating that the number of positively correlated genes in the differentially expressed genes between TLR4 high and low
expression groups exceeds the number of negatively correlated genes. D: Volcano plot, with red representing 3557 upregulated genes, and blue
representing 1119 downregulated genes. E: Venn diagram. Blue denotes high and low TLR4 differentially expressed genes (TLR4_Deg), and red
denotes genes recorded in renal cell carcinoma (hsa05211; RCC_gene). The overlapping nine genes are therapeutic response genes (TRGs).
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In the test set, after normalization using the scale function, we applied the aforementioned formula to analyse the E-MTAB-1980
cohort. Crucially, the cut-off value for dividing the validation cohort into high-risk and low-risk subgroups was set to the median risk
score of the training set; this ensures that the criteria for distinguishing between high-risk and low-risk subgroups remain consistent
across multiple cohort analyses.

2.6. Deep evaluation and risk analysis

In this study, we thoroughly evaluated the predictive accuracy of the model and delved into the relationship between risk factors
and prognosis. Using the timeROC, survival, and survminer packages, we conducted ROC analysis, calculated the AUC for 1-year, 3-
year, and 5-year survival times, and compared the model’s risk score with other clinical information to assess its difference in pre-
dicting the prognosis of AML patients.

Through the risk_plot. R program, we created a risk factor association diagram, more intuitively understanding the differences in
population proportions, survival status, and model gene expression distribution among different risk subgroups. Combined with in-
formation such as age, sex, and TNM stage, we used the survival package for univariate and multivariate Cox analyses to verify the
possibility of the riskScore as an independent prognostic factor.

Finally, we studied the riskScore differences between different categories. We plotted box plots and scatter plots to observe the
riskScore differences between different subtypes and plotted trend charts and stacked histograms to test whether the riskScore between
different survival outcomes had significant differences. In conjunction with TMB from TCGA-KIRC, we further elucidated their mutual
relationships and conducted joint analysis of prognostic outcomes.

2.7. Immune heterogeneity and treatment risk prediction

Through the utilization of the ssGSEA method and lollipop charts, we performed a statistical analysis on the infiltration level of 28
immune cells in both the high- and low-risk groups. Employing the estimate and CIBERSORT software packages, we calculated the
immune scores and matrix scores of ccRCC samples, estimated the content of immune cells in the tissue, and further investigated their
relationship with risk scores. The analysis results unveiled the correlation between the genes used for model construction, immune
checkpoint genes, and the degree of immune cell infiltration.

Next, we evaluated the predictive capacity of the riskScore in the treatment of ccRCC. We computed the degree of correlation
between the riskScore and the expression levels of immune cells and immune checkpoint genes, and through box plot analysis, we
examined their significant differences between the high- and low-risk groups. Leveraging the oncoPredict package, we assessed the
sensitivity of ccRCC samples to various drugs and scrutinized the significant differences in these sensitivities between the high- and
low-risk groups.

2.8. Statistical analysis

All data analysis and graphical representations in this study were facilitated using the R programming language (version 4.1.0).
Intergroup comparisons of continuous data were carried out utilizing either the t-test or the Mann—Whitney U test. When comparisons
involved three or more groups, the Kruskal-Wallis test was employed. Survival curves (overall survival, OS) were scrutinized using the
Kaplan—Meier approach, accompanied by a log-rank test to discern group disparities. Through the use of R statistical software, the
ggforest and survival packages, alongside the survminer method, forest plots were generated to portray models. Risk scores and
prognosis were assessed through both univariate and multivariate Cox proportional regression methods. A p value of less than 0.05 was
indicative of a statistically significant research outcome. In graphical representations, “****” signified p < 0.0001, “***” denoted p <
0.001, “**” represented p < 0.01, “*” stood for p < 0.05, while “ns” designated a lack of statistical significance.

3. Result
3.1. Heterogeneity of TLR4 in the TCGA-KIRC cohort

Within the TCGA-KIRC cohort, we scrutinized the expression matrix of TLR4. Our findings revealed that the average TLR4
expression level in normal tissue samples was 16.36, whereas in ccRCC samples, it was 24.37 (Fig. 1A). These data suggest a marked
elevation in TLR4 expression in ccRCC compared to normal samples, a difference that is statistically significant (p < 0.05).

Subsequent KM prognosis analysis highlighted that the survival prognosis for the group with high TLR4 expression was notably
superior to that of the low TLR4 expression group (Fig. 1B). This observation stands in contrast to our initial hypotheses. To better
understand this phenomenon, we employed the single-gene GSEA method to assess the correlation between TLR4 expression levels and
the renal cell carcinoma pathway (hsa05211) in the KEGG database. The analysis underscored a significant positive linkage between
TLR4 and the hsa05211 pathway (Fig. 1C).

In light of these results, we delved deeper by analysing the differentially expressed genes between the high and low TLR4 expression
groups and juxtaposed them with the genes of the hsa05211 pathway. Initially, we pinpointed 4676 differentially expressed genes
(Fig. 1D). Of the 69 genes present in the hsa05211 pathway, 9 target genes (TRGs) were identified as being associated with TLR4
expression, namely, HGF, TGFB2, ELOB, PIK3CA, GAB1, BAD, AKT3, PIK3R3, and KRAS (Fig. 1E).

To gain a deeper understanding of TRG characteristics in ccRCC, we performed copy number variation analysis, differential
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analysis between normal control groups, and survival prognosis analysis. The copy number variation analysis demonstrated that all 9
TRGs displayed varying degrees of variation. Specifically, PIK3CA exhibited the most pronounced variation, near 5%, while the
variations in GAB1, AKT3, TGFB2, and PIK3R3 were between 1 and 2% (Fig. 2A). The differential analysis revealed that HGF, TGFB2,
ELOB, GAB1, BAD, and PIK3R3 had marked expression differences between ccRCC and normal samples (Fig. 2B). Furthermore,
survival analysis underscored that the expression levels of all TRGs significantly influence the prognosis of ccRCC. Of particular note,
elevated expression of ELOB and HGF correlated with improved survival outcomes, suggesting that they might act as protective genes
in ccRCC (Fig. 2C-K).

3.2. Consensus clustering reveals distinct ccRCC subtypes: results and assessment

Based on the aforementioned results, we observed diverse expression patterns of TRGs in ccRCC, which implied that TLR4-
associated genes exhibit multiple biological characteristics and functional states in tumour cells. Consensus clustering allows for
the categorization of gene expression profiles, grouping samples based on similarities, and thereby revealing potential subtypes. Thus,
based on the gene expression profile of TRGs, we employed consensus clustering to segregate 531 ccRCC samples into three stable
subtypes: A (211 samples), B (197 samples), and C (123 samples) (Fig. 3A-E). These subtypes demonstrated pronounced intragroup
similarities and marked intergroup differences.

To evaluate the biological similarities within these classifications and the immune phenotype differences between them, we utilized
Kaplan-Meier survival analysis, PCA, multiple clustering heatmaps, and the ssGSEA algorithm. The Kaplan-Meier study showed that
subtype B has a significant advantage in terms of survival rate, while the prognosis for subtype C is relatively poorer (p < 0.001) (see
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Fig. 3F). The PCA plot visually depicts the heterogeneity of different subtypes at the whole-gene expression level (Fig. 3G).

Multiple clustering analysis revealed that the expression levels of ELOB and BAD in subtype C were notably higher than those in the
other groups (Fig. 3H). The results from the ssGSEA study indicate that, except for mature cytotoxic cells (CD56dim natural killer
cells), the infiltration levels of other immune cells have significant differences among the three subtypes (Fig. 3I). These data solidly
support our consensus clustering, achieving its intended objective, showcasing pronounced biological similarities within groups and
immune phenotype differences between them.

3.3. Construction and validation of a ccRCC prognostic risk model based on ODEGs

Addressing the distinct phenotypic cluster subtypes of ccRCC, we conducted a series of analyses to reveal their biological
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mechanisms and identify potential therapeutic targets and predictive model features. Through pairwise differential analysis, we ob-
tained the intersection of three sets of differential genes, identifying 516 overlapping differential genes (ODEGs) (Fig. 4A). Through
univariate Cox regression analysis, 225 ODEGs were confirmed to be related to survival outcomes. Using LASSO regression, we further
narrowed the scope of the model genes to 34 (Fig. 4B and C). Ultimately, through multivariate Cox regression analysis and stepwise
regression, based on the principles of model universality and the optimal C-index, we chose 17 genes to construct the best predictive
model (Fig. 4D). Simultaneously, we obtained the risk score formula for the model:

riskScore = expPTPRB x (—0.319) + expLRP6 x 0.636 + expACVR2A x (—0.264) + expUSP2 x (—0.201) + expSLC38A5 x 0.176
-+ expNBEA x (—0.223) + expEMP1 x 0.394 + expZNF677 x (—0.274) + expMPZL2 x (—0.311) + expEVC x (—0.262) + expANKS1A
x 0.380 + expTMEM72 x 0.253 + expMDK x 0.165 + expSCD5 x (—0.272) + expLIMCH1 x (—0.304) + expFAM13B x (—0.068) +
expRUNX1 x 0.215.

The term ‘exp’ in the formula denotes the scaled expression level of the gene.

Based on the established model, a risk score (riskScore) was calculated for the ccRCC samples. When the riskScore reached the
median (—0.08), the samples were divided into high-risk and low-risk groups. The results of the Kaplan—Meier survival analysis
showed that the survival time of the high-risk group was significantly shorter than that of the low-risk group (p < 0.001, Fig. 4E). To
further validate the applicability of the model, the E-MTAB-1980 dataset from the Arrayexpress database was selected, which includes
101 ccRCC samples. After normalizing these samples, their riskScores were calculated using the same model and grouped based on the
median riskScore value from the TCGA-KIRC dataset. The results of the Kaplan—-Meier survival analysis were consistent with the TCGA-
KIRC training set, showing that the clinical outcomes for the high-risk group were significantly worse (p = 0.021, Fig. 4F).
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Fig. 4. Construction and Validation of the Prognostic Model. A: Venn diagram comparing the overlap of three groups of differentially expressed
genes obtained from pairwise differential analysis. B: LASSO regression coefficient shrinkage path plot: shows how gene coefficients are reduced
with the increase in regularization strength. C: Cross-validation error plot for LASSO regression: depicts the model’s prediction error changing with
the change in regularization strength. The prediction error is minimal when A = Amin. D: Forest plot for the prognostic risk model: The x-axis
represents the HR value. Each gene displays a 95% confidence interval. Genes are generally considered tumor suppressors when HR < 1, and
oncogenes when HR > 1. E: Kaplan-Meier survival plot for the training set: Blue represents the low-risk group, yellow represents the high-risk group,
and the shadow indicates the 95% confidence interval. F: Kaplan-Meier survival plot for the test set: The color scheme is the same as in Fig. 5E.
Because the cutoff value is based on the training set, the number of samples in the high and low-risk groups differs.
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Fig. 5. Series of Plots Evaluating the Performance of the Prognostic Risk Model. A: 1, 3, and 5-year ROC curves for riskScore. B: Risk factor cor-
relation plot. The top diagram shows each ccRCC sample ordered from smallest to largest by riskScore. The middle diagram plots the prognostic
outcomes of samples with riskScore on the x-axis and survival time on the y-axis. Red indicates death, blue indicates survival/loss to follow-up,
which corresponds to the order of samples in the top diagram. The bottom diagram is a heatmap matrix of model genes in the samples, where
red represents high expression, and blue indicates low expression, which also corresponds to the top and middle diagrams. C: Multi-ROC curve plot
that combines age, sex, and TNM stage. D: Univariate prognostic analysis plot. E: Multivariate prognostic analysis plot. F: Sankey plot, from left to
right: subtype classification, high and low-risk groups, and outcome classification. G: Box plot of riskScore among subtypes, with the y-axis rep-
resenting riskScore and the x-axis representing subtype names. H: Box plot of prognostic grouping, with the y-axis representing riskScore and the x-
axis representing survival outcomes. I: Stacked histogram for riskScore grouping. The y-axis represents percentage values, and the x-axis represents
high and low-riskScore groups, showing the proportion of dead and living samples within each group. J: Box plot of TMB versus riskScore, showing a
comparison of TMB values between high and low-riskScore groups. K: Trend plot among TMB, riskScore, and subtypes. The x-axis represents the
specific values of riskScore, the y-axis represents TMB values, different colors represent samples from different subtypes, straight lines represent
linear regression, and shadows represent the 95% confidence interval. L: KM survival plot for TMB. M: Joint KM survival analysis plot for TMB
and riskScore.
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3.4. Performance evaluation of the prognostic risk model

After an in-depth evaluation and validation of the risk model, the predictive performance of the riskScore for survival outcomes in
the TCGA-KIRC cohort was studied using ROC curve analysis. The analysis results indicated that the AUC values for 1 year, 3 years, and
5 years were 0.82, 0.79, and 0.79, respectively, fully demonstrating the pivotal role of the riskScore in prognostic prediction (Fig. 5A).
Further analysis revealed that with the increase in riskScore, the mortality rate of ccRCC patients notably increased, and the survival
period correspondingly decreased (Fig. 5B). Compared to other clinical information, the AUC value of the riskScore was 0.816,
indicating that its prediction performance is significantly superior to that of other metrics (Fig. 5C). The results of the Cox regression
analysis showed that the riskScore is an independent indicator for prognosis, both in univariate and multivariate analyses (Fig. 5D and
E). The Sankey diagram analysis results indicated that subtype B has more low-risk samples, while subtype C mainly comprises high-
risk samples, which aligns with the KM curve results of the subtypes (Fig. 5F).

The scatter box plot indicates that the median riskScore of subtype B is notably lower than that of the other subtypes (Fig. 5G). The
analysis results revealed that the riskScore of deceased patients was significantly higher than that of surviving patients (Fig. 5H), and
the proportion in the high-risk group was greater than that in the low-risk group (Fig. 5I). The TMB value in the high-risk group was
significantly higher than that in the low-risk group and was positively correlated with the riskScore (Fig. 5J and K). TMB had a sig-
nificant impact on survival prognosis (Fig. 5L), and when combined with different TMB and riskScore groupings, the survival prognosis
still held statistical significance (Fig. 5M). Overall, the model constructed in this study exhibits good stability and broad applicability.

3.5. Correlation study between the prognostic risk model and tumour-infiltrating immune cells

The type and quantity of immune infiltrating cells in tumours have been proven to serve as crucial indicators for predicting patient
prognosis [30]. To more accurately predict patient outcomes, prognostic risk models often consider the type, quantity, and distribution
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Fig. 6. Study on the Correlation between the Prognostic Risk Model and Immune Infiltrating Cells. A: ssGSVA analysis plot between high and low-
risk groups. The x-axis represents immune cells infiltrating ccRCC tissues, and the y-axis represents the relative abundance of infiltration. B: The left
diagram is for the matrix score, and the right diagram is for the immune score. The x-axis represents the high and low-risk groups, and the y-axis
represents the relative scores. C: Association plot of the model construction genes and immune infiltrating cells. The right-side y-axis represents the
names of the genes used in model construction, and the x-axis represents the names of immune infiltrating cells. D: Correlation analysis plot of
model construction genes and immune checkpoint genes: the x-axis represents the names of immune checkpoint genes. In both C and D, red in-
dicates positive correlation, and blue indicates negative correlation.
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of immune infiltrating cells [31,32]. In this study, leveraging ssGSVA, the immune matrix score, and the correlation analysis between
model construction genes and immune cells and checkpoints, we explored the relationship between the prognostic model and immune
infiltrating cells in ccRCC tissues. ssGSEA results showed that the infiltration levels of 23 types of immune cells showed significant
differences between the high- and low-risk groups. The primary infiltrating cells included myeloid-derived suppressor cells (MDSCs),
central memory CD4 T cells, activated CD4 T cells, and activated CD8 T cells. Except for mature cytotoxic cells (CD56dim natural killer
cells) and immature dendritic cells, the infiltration levels of the other 21 immune cell types in the high-risk group were noticeably
higher than those in the low-risk group (Fig. 6A). In terms of the immune score, the median value in the high-risk group was
significantly higher than that in the low-risk group. However, in the matrix score, the difference between the two groups was not
statistically significant (Fig. 6B).

In the present investigation, we thoroughly examined the association between the infiltration degree of immune cells in ccRCC
tissues and the expression levels of genes in our constructed model. We identified that PTPRB, EMP1, MPZL2, RUNX1, SLC38A5, and
MDK exhibited a positive correlation with primary immune infiltrating cells. Conversely, USP2 and TMEM72 were negatively
correlated with these primary immune cells (Fig. 6C). Furthermore, we observed that PD-1 was negatively correlated with the principal
model genes, while PD-L1 and PD-L2 showed positive correlations (Fig. 6D). These analyses enriched our understanding of the
mechanisms underlying tumour immune evasion and the potential avenues for immunotherapy, laying a theoretical foundation for
personalized treatment.
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Fig. 7. The role of riskScore in immunotherapy and anti-cancer drug sensitivity. A: Lollipop chart where the left y-axis represents immune cell
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3.6. The role of riskScore in immunotherapy and antitumour drug sensitivity

This study explored the correlation between model genes, immune-infiltrating cells, and immune checkpoint genes. Correlation
analysis revealed that the infiltration of 22 types of immune cells had a statistically significant relationship with the riskScore. Among
them, mast cells and immature dendritic cells were negatively correlated with the riskScore, while activated CD4 T cells showed the
most significant positive correlation with the riskScore (Fig. 7A). Further analysis revealed that, compared to PD-L2, the correlation
between PD-1, PD-L1, and CTLA4 and the riskScore was stronger (Fig. 7B). Intergroup difference analysis results showed that the
expression of PDCD1 and CTLA4 in the high-risk group was significantly higher than that in the low-risk group, while the expression of
CD274 was more pronounced in the low-risk group. The expression difference for PDCD1LG2 was not evident (Fig. 7C-F). Drug
sensitivity analysis indicated that the high-risk group was more sensitive to cisplatin, gemcitabine, and topotecan but showed lower
sensitivity to zoledronic acid (Fig. 7G-I). These findings suggest that the model holds potential applicability in tumour
immunotherapy.

4. Discussion

While treatment for renal clear cell carcinoma has seen advancements, its complexity and heterogeneity continue to pose chal-
lenges in therapy and prognosis evaluation [33]. To better navigate treatment strategies and prognostic models, technologies such as
artificial intelligence have begun to play a pivotal role [34]. Concurrently, consensus clustering has also played a key role in tumour
gene research [35].

In renal clear cell carcinoma, the expression of TLR4 is closely associated with patient prognosis and survival rates [14]. Although
inhibiting TLR4 can slow tumour growth, studies have found that high expression of TLR4 correlates with better survival outcomes
[36]; this suggests that the role of TLR4 in renal clear cell carcinoma might be intricately tied to its expression levels. Moreover, TLR4
expression is intertwined with the biological pathways of renal cell carcinoma, underscoring its crucial role in this malignancy.
Through integrated immune infiltration analysis and consensus clustering, we gleaned deeper insights into the mechanism of action of
TLR4, offering theoretical support for the treatment and prognosis evaluation of renal clear cell carcinoma [3].

First, we performed a differential analysis on samples with varying TLR4 expression in the TCGA-KIRC cohort to identify differ-
entially expressed genes. This approach aligns with recent research methodologies, wherein similar techniques have been employed to
study other types of cancers [37]. Subsequently, we integrated genes from the renal cell carcinoma pathway in the KEGG database and
identified TRGs through intersection analysis. This strategy has also been validated in recent literature [38]. Further analysis revealed
that, whether in copy number variations, differential analysis between the normal and experimental groups, or prognosis outcome
analysis, TRGs consistently yielded positive results. This evidence provided robust support for the subsequent consensus clustering,
consistent with findings in the literature [39]. Based on TRGs, we categorized the ccRCC samples from the TCGA-KIRC cohort into
three subtypes. These subtypes demonstrated their distinctiveness in survival analysis, principal component analysis, and multiple
clustering heatmaps, aligning with recent research outcomes [40].

By employing these TRGs, we divided the ccRCC samples from the TCGA-KIRC cohort into three unique subtypes; their distinct
characteristics were reflected in survival analysis, principal component analysis, and multiple cluster heatmaps.

Clearly, subtype C has an unfavourable prognosis. In this subtype, the expression of ELOB and BAD is significantly elevated, both of
which are detrimental to the prognosis of ccRCC. The ELOB gene encodes Elongin B, a protein involved in multiple biological pro-
cesses, including transcriptional regulation and protein degradation. Recent research, including a study by Jin et al. [41], has
emphasized the role of ELOB in other malignancies, suggesting that it can regulate gene expression and subsequently promote tumour
cell proliferation and metastasis. According to Samra Turajlic et al. [42], suppressing ELOB expression can curb the growth and in-
vasion of renal clear cell carcinoma cells. In addition, the BAD gene encodes the Bcl-2-associated death promoter, a protein that fa-
cilitates cell apoptosis [43]. In the context of tumour progression, BAD has emerged as a significant player. Current studies have shown
that the expression of BAD positively correlates with tumour staging. Specifically, the levels of BAD protein in high-grade tumours
surpass those in low-grade tumours, further emphasizing its central role in tumour progression [44].

Based on the differences in the three subtypes, we successfully constructed a risk prediction model using univariate, LASSO, and
multivariate Cox regression analyses. This model furnishes a risk score for each sample, quantifying the prognostic risk for ccRCC
patients and offering guidance for both prognostic assessment and personalized treatment. In recent years, predicting the future
development of tumours has been deemed critical for both patients and physicians by numerous scholars [45]. For instance, prognostic
models rooted in immune and apoptotic signalling pathways have been shown to accurately forecast tumour survival rates [46].
Research by Shen et al. highlighted that immune genes serve as effective predictive markers for ccRCC prognosis [47]. Concurrently,
researchers such as Bian Z and Yanhua Mou, utilizing death-related genes and ferroptosis-related genes, respectively, developed ccRCC
prognosis models, underscoring their predictive efficacy [48,49]. Mirroring the aforementioned studies, for our study we also crafted a
ccRCC prognosis model based on the differential expression of TLR4 and subsequently validated it using external datasets, which
emphasizes its significance in the clinical appraisal of ccRCC patient prognosis.

The study identified marked differences in immune infiltration levels among the three subtypes through ssGSEA. Specifically,
subtype B, which exhibited the most favourable prognosis, was predominantly characterized by immune-infiltrating cells such as
myeloid-derived suppressor cells (MDSCs), central memory CD4 T cells, and regulatory T cells. Inmune infiltration exerts a critical
influence on the tumour microenvironment. For example, the activity of CD8 T cells is pivotal for immune regulation [50], and the
activation of T cells is central to immune modulation [51]. Recent studies suggest that MDSCs can suppress CD8™ T cells and augment
the count of tumour-specific regulatory T cells exhibiting robust immunosuppressive actions [52]. Conversely, regulatory T cells can
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restrain unchecked lymphocyte proliferation and the broader immune response [53]. Additionally, CD4* memory T cells can stifle
tumour cell growth by amplifying the proliferation of CD8" memory T cells [54].

In this study, we selected 17 genes to create a prognostic model, with each gene playing diverse roles in the development of clear
cell renal cell carcinoma (ccRCC) or other malignancies. Notably, the PTPRB gene, a crucial regulator of protein tyrosine kinase re-
ceptors, exhibits diminished expression in the vast majority of ccRCC cases [55]. Ren Y demonstrated that targeting LRP6 could inhibit
ccRCC proliferation and metastasis, introducing a novel avenue for antitumour treatments [56]. Additionally, the AVCR 2A gene,
which encodes the TGF-p receptor, is a focal point in contemporary tumour mutation research. Changes within the TGF-f superfamily
are positively correlated with the expression of metastasis-associated genes and are associated with decreased tumour survival rates
[57]. Furthermore, the USP2 gene has been employed to develop an immune-related ccRCC prognostic risk model aimed at predicting
patient survival outcomes [58]. SLC38A5 is a Na+-coupled transporter that is upregulated in various cancers. It mediates the influx of
glutamine, serine, glycine, and asparagine into cancer cells, playing a pivotal role in promoting cancer cell survival and growth [59].
Case reports have indicated that the fusion of the NBEA and EML4 genes can enhance the sensitivity of non-small cell lung cancer
patients to alectinib [60]. EMP1, which expresses epithelial membrane protein 1 and is regulated by TAZ, can induce the expression of
NADPH oxidase 4 (NOX4), which is crucial for haemochromatosis. Together, EMP1 and NOX4 can mediate the ferroptosis program in
renal cell carcinoma, offering potential therapeutic value [61]. ZNF677 impedes the progression of renal cancer through the tran-
scriptional suppression of N6-methyladenosine and CDKN3 [62]. In a study on breast cancer, Anksla was identified as a Racl effector
and was found to promote cancer cell migration by activating the human epidermal growth factor receptor 2 (HER2) switch [63],
consistent with the findings of this research. TMEM72 belongs to the transmembrane protein family. Differential analysis between
metastatic and nonmetastatic ccRCC revealed elevated expression of TMEM72, suggesting an unfavourable prognosis. MDK encodes
Midkine, a heparin-binding growth factor that is aberrantly expressed at high levels in various human cancers; it fosters cancer cell
growth, survival, metastasis, migration, and angiogenesis, establishing itself as a crucial cancer marker [64]. SCD5 has been instru-
mental in crafting a prognostic model for ccRCC using metabolic gene markers, showcasing its precision in predicting ccRCC outcomes
[65]. In a cohort study led by Nicholas Rooney, decreased expression of RUNX1 was associated with reduced survival rates in ccRCC
patients. Further experimental evidence confirmed that the absence of RUNX1 improves the survival rate in a genetic mouse model of
kidney cancer [66]. These research findings align closely with the conclusions drawn in our study.

However, MPZL2 is regarded as a poor prognostic indicator in paediatric acute myeloid leukaemia [67], but in this study, it acted as
a protective marker, which might be related to the complex regulatory environment of tumours. In studies of renal clear cell carcinoma
associated with smoking, LIMCH1 was identified as a significantly expressed gene, but its mechanism of action is still unclear [68],
differing from the current research, which might be related to the reference used. The EVC gene is associated with recessive genetic
diseases, often leading to skeletal dysplasia [69], but it has not been linked to tumours. FAM13B is a type of circular DNA reported in
diseases associated with neonatal death, but no abnormalities have been found in the field of oncology [70]. These findings suggest
that these genes play different roles in the onset and development of tumours and might play a crucial role in the prognosis of KIRC, but
further verification is needed.

We conducted a comprehensive analysis of renal cell carcinoma gene alterations, expression discrepancies, and TLR4-related
immune infiltration within the TCGA-KIRC cohort. By discerning TLR4-associated subtypes, we underscored the heterogeneity
inherent in renal clear cell carcinoma. Leveraging these subtype distinctions, we formulated a scoring model encompassing 17 genes.
This model exhibited robust and consistent predictive efficacy across both training and validation datasets, offering a formidable tool
for forecasting the prognosis of ccRCC and guiding immunotherapy decisions. Recent studies have posited that TLR family expression
in renal cell carcinoma correlates with prognosis [71], and the degree of immune infiltration within the tumour microenvironment is
another predictive indicator [72]. Such insights resonate with our conclusions, reinforcing the potential clinical significance and utility
of our proposed model.

While it is true that this study was primarily focused on the expression and function of TLR4 and its associated genes, we must
recognize that the onset and progression of renal clear cell carcinoma is a complex process involving multiple factors. Therefore, future
research should not only consider mechanisms related to TLR4 but also incorporate more potential molecules and biological factors;
this will aid in our achievement of a more comprehensive and in-depth understanding of the pathogenesis of renal clear cell carcinoma.

5. Conclusions

This study opens new perspectives for the prognosis assessment and treatment of renal clear cell carcinoma (ccRCC). By delving
into the role of TLR4 in ccRCC, we identified tumor-related genes (TRGs) associated with renal cell carcinoma. Based on these 17
genes, we constructed a risk prediction model that displayed exceptional stability and predictive capability in both training and
validation sets. This provides an innovative assessment method for predicting the prognosis of ccRCC and lays a solid foundation for
future clinical studies. Furthermore, this discovery offers practical value for clinical practice. Through this, understanding TLR4 and its
related genes enables doctors to more accurately assess the prognosis of ccRCC patients, providing them with personalized treatment
strategies to enhance survival rates and quality of life. The study also highlights some genes that have not yet been thoroughly
investigated, offering new directions for future basic and clinical research, giving ccRCC patients a broader range of treatment options
and optimized therapeutic outcomes.
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