iIScience @ CelPress

OPEN ACCESS

Article

Independent prognostic value of CLDNG6 in
bladder cancer based on M2 macrophages related
signature

Da Qi, Yan Lu,
Huinan Qu, ...,
Minghao Sun,
Yanru Li, Chengshi
Quan

microarray

quancs@jlu.edu.cn

Highlights

M2 macrophages related
module was identified by
WGCNA in bladder cancer

Machine learning was used
to construct an M2

=
L
=]
©
2
=
]
>
[
I
=
)
£
e
@
o
3
1}

macrophages-related
signature model

CLDNé was an
independent prognostic
risk factor

Machine learning

CLDNS6 promoted the
polarization of M2
macrophages

©
2
2 (e ;
5| [
i
Lo
Expression pattern Prognosis GSEA Immune infiltration M2 macrophages  immunotherapy

Qi et al., iScience 27, 109138
March 15, 2024 © 2024 The
Author(s).
https://doi.org/10.1016/
J.isci.2024.109138

)


mailto:quancs@jlu.edu.cn
https://doi.org/10.1016/j.isci.2024.109138
https://doi.org/10.1016/j.isci.2024.109138
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2024.109138&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

Independent prognostic value of CLDN6
in bladder cancer based on M2
macrophages related signature

Da Qi," Yan Lu,? Huinan Qu,* Yuan Dong," Qiu Jin," Minghao Sun,’ Yanru Li," and Chengshi Quan’4*

SUMMARY

M2 macrophages are associated with the prognosis of bladder cancer. CLDN6 has been linked to immune
infiltration and is crucial for predicting the prognosis in multi-tumor. The effect of CLDN6 on M2 macro-
phages in bladder cancer remains elusive. Here, we compared a total of 40 machine learning algorithms,
then selected optimal algorithm to develop M2 macrophages-related signature (MMRS) based on the
identified M2 macrophages related module. MMRS predicted the prognosis better than other models
and associated to immunotherapy response. CLDN6, as an important variable in MMRS, was an indepen-
dent factor for poor prognosis. We found that CLDN6 was highly expressed and affected immune infiltra-
tion, immunotherapy response, and M2 macrophages polarization. Meanwhile, CLDN6 promoted the
growth of bladder cancer and enhanced the carcinogenic effect by inducing polarization of M2 macro-
phages. In total, CLDN6 is an independent risk factor in MMRS to predict the prognosis of bladder cancer.

INTRODUCTION

As the second most common malignant tumor of the urinary system, bladder cancer has a poor prognosis."” With the increasing
understanding of cytological aspects of bladder cancer, the identification of cell signatures and different types of cell populations can
help better predict patient outcomes. In particular, the prognostic value of immune cell infiltration in bladder cancer has attracted more
and more attention.” In recent years, several immunotherapy regimens for bladder cancer have been explored, such as immune checkpoint
inhibitors.” However, there are still some difficult problems in clinical practice, such as how to select the right patients for personalized treat-
ment, and how to predict prognosis and evaluate the therapeutic effect in advance. To address these challenges, there is an urgent need for
large-scale, high-precision algorithms, such as machine learning, that can accurately predict prognosis and immunotherapy response.’

Tumor-associated macrophages (TAMs) are important components of many tumor types in the immune microenvironment and are often asso-
ciated with the efficacy and prognosis of immunotherapy.®” In particular, M2 macrophages are enriched in bladder cancer with higher histological
grade and pathological stage. Furthermore, patients with higher infiltration degree of M2 macrophages have lower survival rate and a worse effect
ofimmunotherapy.'”'" M2 macrophages polarization is an important event in the establishment of the tumor immune microenvironment.'? At the
same time, the tumor immune microenvironment and tumor cells themselves also regulate the infiltration of M2 macrophages in turn,” so it is
necessary to determine the specific factors affecting M2 macrophages and further explore the prognostic value of M2 macrophages.

CLDNS®, one of the 27 members of the Claudin (CLDN) family, not only plays the role of classical barriers and fences, but also participates in
communication and signaling in a variety of tumor cells.'® CLDNé has different expression patterns in different tumors, which leads to its
different biological functions. It has been shown that CLDN6 is expressed in bladder cancer but not normal bladder tissue, and patients
with high expression of CLDNé have a poor prognosis.'*'® In addition, CLDNé has been found to be associated with immune infiltration
in ovarian cancer.'® However, the evidence linking CLDN6 to M2 macrophages in bladder cancer is still insufficient.

In this study, we compared a total of 40 machine learning algorithms, and then selected optimal algorithm to develop M2 macrophages-
related signature (MMRS) based on the identified M2 macrophages related module. MMRS predicted the prognosis better than other models
and associated to immunotherapy response. CLDN6 was an important variable in MMRS and screened as an independent poor prognostic
factor in bladder cancer. We systematically investigated the expression pattern of CLDNé in bladder cancer and analyzed the correlation
between the expression of CLDNé and immune infiltration. We also found that CLDNé promoted the growth of bladder cancer and enhanced
the carcinogenic effect by inducing polarization of M2 macrophages. These results extend the application of M2 macrophages in the biology
and prognosis prediction of bladder cancer and propose that CLDN6 can be used as a potential predictive biomarker for bladder cancer
prognosis and immunotherapy efficacy.
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Figure 1. Identification of M2 macrophages related module

(A) The hierarchical gene dendrogram and module color of WGCNA.
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(B) Heatmaps showed that WGCNA identified M2 macrophages infiltration related modules.
(C) Venn diagram shows the intersection of genes in the blue module, genes associated with prognosis, and differential genes between bladder cancer and

normal bladder tissue.

(D and E) NMF method was used for clustering.

(F) Infiltration of M2 macrophages between different subtypes.

(G) Survival analysis between different subtypes. Data are represented as mean +

RESULTS
Identification of M2 macrophages related module

SEM.**p < 0.01, ***p < 0.001.

First, we used the CIBERSORT algorithm to assess the fraction of M2 macrophages infiltration in the BLCA cohort of TCGA. Kaplan-Meier
analysis showed that there was no significant difference between the high and low M1 macrophages infiltration groups in survival (Figure S1A),
but patients survived longer in the low M2 macrophages infiltration group (Figure S1B). Considering the significance of M2 macrophages
infiltration level on the prognosis of bladder cancer, outliers were eliminated and WGCNA was used to detect the related modules of M2

macrophages infiltration estimated by CIBERSORT. We selected the soft threshold power f = 8 (scale free R? =

0.85) to construct a scale-

free network (Figure S1C). As the results showed, 12 gene co-expression modules were identified using the dynamic tree cut method
(Figure 1A). The heatmap and scatterplots showed that the blue module was positively correlated with the infiltration of M2 macrophages
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Figure 2. Construct an M2 macrophages-related signature model
A) A total of 40 kinds of prediction models via LOOCV framework and further calculated the C-index of each model across all validation datasets.
B) Twenty variables were included in the random forest model, and as the number of trees increased, the error rate gradually stabilized between 0.385 and 0.390.

C) The importance of 20 variables when predicting OS.

D) Survival analysis and time-dependent ROC curves for each dataset.
E) Time-dependent AUC analysis of MMRS versus other models.
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Figure 2. Continued

(F) DCA graphically illustrated that MMRS brought more net benefit of survival than other models at three different time points.
(G) The relationship between MMRS and immune infiltration was analyzed using CIBERSORT.

(H) Correlation between MMRS and TIDE.

(I) MMRS of CR and PD patients in the IMvigor210 cohort.

(J) Survival analysis of MMRS in IMvigor210 cohort. Data are represented as mean + SEM. *p < 0.05.

in bladder cancer (Figures 1B and S1D). We performed a univariate Cox regression analysis of survival information in the BLCA cohort of TCGA
using genes from the blue module, and intersected with differential genes from bladder cancer and normal bladder tissue. Venn diagram
showed that 20 genes were present in the three-way intersection (Figure 1C).

Based on 20 genes, we used the non-negative matrix factorization (NMF) algorithm to classify patients into four subtypes (Figure STE). The
heatmap showed the detailed expression of 20 genes in each subtype (Figures 1D and 1E). We found that the infiltration of M2 macrophages
was mainly distributed in subtypes 3 and 4 (Figure 1F). The results of the Kaplan-Meier analysis showed that there were significant differences
in the survival of patients with four subtypes, among which the prognosis of patients with subtypes 2, 3, and 4 was worse, and the prognosis of
patients with subtype 1 was better (Figure 1G).

Construct an M2 macrophages-related signature model

Next, these 20 genes were subjected to our machine learning-based integrative procedure to develop a consistent MMRS. In the BLCA cohort of
The Cancer Genome Atlas (TCGA), we fitted 40 prediction models and further calculated the C-index of each model on all validation datasets.
Interestingly, the optimal model was the random survival forest with the highest average c-index, and this model had a leading c-index in all vali-
dated datasets (Figure 2A). Subsequently, The BLCA cohort of TCGA was randomly divided into the training set and the internal test setin a ratio of
3-7. MMRS models were constructed for these 20 genes using the random survival forest approach and their relative importance was ranked
(Figures 2B and 2C). Using the MMRS model, we calculated a risk score for each patient and found that patients with higher risk scores had worse
outcomes in both the training set and the internal test set. Time-dependent survival receiver operating characteristic (ROC) curve of risk score was
created to predict 1-, 3-, and 5-year survival rates. It was found that risk score had strong efficiency in predicting patient survival. In addition, using
the GSE13507 dataset as an external test set, we found that the risk score calculated by the MMRS model was an adverse prognostic factor for
bladder cancer patients (Figure 2D). We also compared two published M2 macrophages-based prognostic models in bladder cancer,'’'® and
time-dependent area under curve (AUC) analysis showed that MMRS had higher predictive power (Figure 2E). Decision curve analysis (DCA)
showed that MMRS had the highest net benefit compared with other models when predicting overall survival (OS) at 1, 3, and 5 years (Figure 2F).
Interestingly, the risk score was also associated with the infiltration of multiple immune cells in bladder cancer tissues, among which there
was a strong positive correlation with the infiltration of M2 macrophages (Figure 2G). M2 macrophages are strongly associated with immuno-
therapy effects,'” so we used the TIDE algorithm to predict potential immunotherapy responses. We found a positive association between risk
score and TIDE score, indicating that risk score implied poor immunotherapy effects (Figure 2H). At the same time, in a real immunotherapy
IMvigor210 cohort, we analyzed bladder patients with CR (complete response) and PD (progressive disease) after immunotherapy, and found
that the risk score was higher in PD patients (Figure 2I). Meanwhile, patients with higher risk scores had shorter overall survival (Figure 2J).

Expression of CLDN6 and relationship with clinicopathological characteristics in bladder cancer

We performed Cox regression analysis on these 20 genes and found that KLRK1 and CLDNé were independent risk factors affecting the prog-
nosis of patients with bladder cancer (Table S1). KLRK1 is an activated immune receptor expressed by natural killer (NK) and effector T cells.
Immunotherapeutic strategies targeting KLRK1 and its ligands can exert antitumor effects through multiple mechanisms such as macro-
phages polarization.”” However, the effect of CLDNé on macrophages polarization and immunotherapy has not been reported. We conduct-
ed a systematic study on the role of CLDNé in bladder cancer.

In order to explore the possible carcinogenic effect of CLDN6 in bladder cancer, we first extracted TCGA data corresponding to bladder
urothelial carcinoma and normal tissue data corresponding to GTEx to analyze the expression of CLDN6. Compared with normal samples,
CLDN&é was highly expressed in bladder cancer (Figure 3A). We next evaluated the expression of CLDNé in tumor samples from 15 bladder
cancer patients by immunohistochemical staining of the tissue microarray. We found that CLDN6 was highly expressed in bladder cancer
compared with its paired paracancerous tissues, and predominantly localized to the membrane of bladder cancer (Figures 3B and 3C).
Next, we analyzed the expression pattern of CLDNé in bladder cancer patients with different clinicopathological characteristics. The results
showed that CLDN6 was more highly expressed in non-papillary carcinoma and high-grade patients. Moreover, CLDNé expression was
higher in PD patients compared with CR patients. There was no significant difference in the expression of CLDNé in patients with different
gender, age, TNM stage, pathological stage, and lymphovascular invasion (Figure 3D). In 40 bladder cancer patients with tissue microarray,
we found that CLDNé expression was higher at pathological stage T3 and T4 and clinical stage 3 and 4 (Figures 3E and 3F). These results
indicated that CLDN6 was highly expressed in bladder cancer and is associated with various clinicopathological parameters.

CLDNé is an independent adverse prognostic factor in bladder cancer

Kaplan-Meier (KM) survival analysis was used to evaluate the prognostic value of CLDN6 in bladder cancer. We found that the patients with
high expression of CLDNé showed a lower OS, a poorer disease specific survival (DSS), and progress free interval (PFl), indicating that the

4 iScience 27, 109138, March 15, 2024
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Figure 3. Expression of CLDN6 and relationship with clinicopathological characteristics in bladder cancer
(A) CLDNé expression in TCGA bladder cancer tissues and normal tissues corresponding to GTEx.
(B) Expression of CLDN6 in adjacent normal tissue and bladder cancer tissue with tissue microarray.
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Figure 3. Continued

(C) Representative IHC images of CLDN6 in paracancer and bladder cancer. Scale bar, 200 um (left), 20 um (right).

(D) Expression of CLDN6 in patients with different clinicopathological parameters.

(E) Expression of CLDN6 in patients with different T stages and clinical stages.

(F) Representative IHC images of CLDNé in patients with different T stages and clinical stages. Scale bar, 200 um (left), 20 um (right). ns, no significance, *p < 0.05,
***p < 0.001.

prognosis of patients with high expression of CLDN6é was poor (Figure 4A). In addition, patients with high expression of CLDN6 had worse OS
and DSS in different subtypes and different pathological grades (except for DSS in patients with papillary bladder cancer) (Figures 4B and
S2A). In patients with tissue microarray, we also found the negative effect of CLDNé on OS (Figure 4C).

The time-dependent survival ROC curve of CLDNé was created to predict 1-, 3-, and 5-year survival rates. It was found that CLDNé had low
efficacy in predicting patient survival. Surprisingly, CLDNé could predict the 1-year, 3-year, and 5-year survival rate of patients with tissue mi-
croarray (Figure 4D). Additionally, a univariate Cox survival analysis indicated that TNM stage, pathologic stage, subtype, and CLDN6 expres-
sion were significant parameters that affect the survival time of bladder cancer patients (Figure 4E). Multivariate Cox survival analysis revealed
that N stage and CLDNé expression were independent predictors of unfavorable prognosis in bladder cancer patients (Figure 4F). Further,
calculation of regression coefficient variance inflation factors (VIF) validated that multicollinearity was not an issue (all VIFs <10) (Table S2). All
covariates showed no statistical significance, indicating proportional hazard (PH) assumption is true (Table S3). The scaled Schoenfeld residual
plot showed that each covariate did not change with time (Figure S2B). To identify the predictive value of the TNM stage, pathologic stage,
subtype, and CLDNé expression, we used nomograms to predict the 1-, 2-, and 3-year OS. As shown, this nomogram was able to assess
several variables to predict a patient outcome, which is based on patient characteristics, including TNM stage, pathologic stage, subtype,
and CLDNG6 expression (Figures 4G and 4H). Additionally, the predictive accuracy for OS was shown by the calibration curves. A calibration
curve for the predictive probability showed an accordant agreement for the 1-, 2-, and 3-year OS (Figure 4l). Overall, our results suggested
that CLDN6 was an adverse prognostic factor and independent prognostic marker.

GSEA analyzed pathways associated with CLDNé co-expression genes

To explore the potential molecular function of CLDNé in bladder cancer, we conducted gene set enrichment analysis (GSEA) analysis between
samples with low and high CLDNé expression to predict CLDNé-related signaling pathways. As shown in the volcano plot, red dots showed
significant positive correlations with CLDNé, whereas blue dots showed significant negative correlations (Figure 5A). This result suggested a
widespread impact of CLDNé on the transcriptome. Then we carried out GSEA analysis, and the results showed significant enrichment in the
immunoregulatory interactions between a lymphoid and a non-lymphoid cell, cytokine-cytokine receptor interaction, degradation of the extra-
cellular matrix, focal adhesion, adaptive immune system, interleukin 10 signaling, chemokine receptors bind chemokines and regulation of
actin cytoskeleton, etc (Figures 5B and 5C). Intriguingly, most of the enrichment pathways were correlated with immune infiltration. Taken
together, it was necessary to comprehensively analyze the oncogenic role of CLDN6 in the immune infiltration of bladder cancer patients.

Role of CLDN6 in immune infiltration and immunotherapy response
The single-sample gene set enrichment analysis (ssGSEA) analysis was used to comprehensively assess the correlations between CLDN6
expression and a panel of immune infiltrates in bladder cancer. The results demonstrated that the expression level of CLDNé positively corre-
lated with infiltrating levels of macrophages, Th2 cells, Th1 cells, Tgd cells, TFH, Tem, NK cells, neutrophils, B cells, and eosinophils in bladder
cancer but negatively correlated with Tem, Th17 cells, and T helper cells (Figure 5D). CIBERSORT analysis showed that CLDNé expression corre-
lated with immune cells, including M2 macrophages, MO macrophages, resting mast cells, regulatory T cells, resting mast cells, resting myeloid
dendritic cells, monocytes, plasma B cells and naive B cells (Figure 5E). Unfortunately, in bladder cancer patients with tissue microarray, we found
no statistically significant correlation between CLDN6 and CD8+%, a marker of killer T cells, probably because of the limitation of patient sample
size (Figure 5F). Altogether, the aforementioned results indicated that CLDNé might be involved in the immune infiltration in bladder cancer.
MS| is an important predictive biomarker for immunotherapy response.”’ Next, we investigated whether there was a correlation between
the expression level of CLDNé and MSI. We found that CLDNé was significantly negatively correlated with the MSI score in bladder cancer
tissue (Figure 5G). In addition, CLDNé expression was found to be positively correlated with TIDE scores, indicating that CLDN6 might be an
adverse factor for the efficacy of immunotherapy (Figure 5H).

CLDNé6 promotes the growth of bladder cancer and enhances the carcinogenic effect by inducing polarization of M2
macrophages

In the immune infiltration analysis, we found that M2 macrophages had a high degree of infiltration, rather than M1 macrophages in bladder
cancer tissues with high expression of CLDN6 (Figure 6A). This suggests that CLDNé might affect the polarization of M2 macrophages. To
further confirm the association between CLDNé6 and different macrophages subtypes, we investigated the correlation of CLDNé and the
markers of M1 and M2 macrophages, as well as TAMs in bladder cancer. The results showed that the correlation between M1 macrophages
markers (such as PTGS2 and NOS2) and the expression of CLDNé was weak, while the gene markers of M2 macrophages (such as CD163,
MRC1, and MS4A4A) were significantly positive correlation with CLDN, and the TAMs markers (such as CD86, CCL2, and IL10) were also
correlated with the level of CLDN6 (Figures 6B and S3A).
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(A) Survival analysis showed the relationship between CLDN6 and OS, DPS, and PFI.

(B) The prognostic value of CLDN6 in different subtypes of bladder cancer.

(C) Tissue microarray was used to analyze the prognostic value of CLDNé in bladder cancer patients.

(D) Time-dependent ROC curves of CLDN6 in TCGA bladder cancer cohort and tissue microarray.

(E) Forest plots showed Cox univariate regression analysis of CLDN&é.

(F) Forest plots showed Cox multivariate regression analysis of CLDNé.

(G) The nomogram was used to estimate the 1-, 3-, and 5-year survival probabilities by integrating independent prognostic measures.
(
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Figure 5. GSEA analyzed pathways associated with CLDN6 co-expression genes, and the role of CLDN6 in immune infiltration and immunotherapy

effect

F) Correlation between CLDNé and CD8+%.
G) Correlation between CLDN6 and MSI.

(
(
(
(B)
(F)
(
(H) Correlation between CLDNé6 and TIDE.

A) Volcanic maps showed CLDN6 co-expressing genes.

B and C) GSEA analysis revealed pathways enriched by CLDNé co-expressed genes.
D) ssGSEA was used to analyze the relationship between CLDN6 and immune infiltration.

CIBERSORT was used to analyze the relationship between CLDNé and immune infiltration.

To further verify the effect of CLDNé on M2 macrophages polarization, we next evaluated the expression of CLDNé, CD163, and NOS2 in

tumor samples from 40 bladder cancer tissue microarray by IHC staining (Figure 6C). Spearman correlation analyses indicated that CLDN6
and CD163 were positively correlated. CLDNé expression was not significantly correlated with NOS2 in bladder cancer tissues (Figure 4D).
Altogether, these results indicated that CLDNé promote M2 macrophages polarization in bladder issues.

To clarify the effect of CLDN6 on macrophage polarization, we first silenced CLDN6 in bladder cancer cells and examined the silencing
efficiency (Figures 6E and S3B). Then, western blot (WB) and immunofluorescence (IF) were used to detect the polarization of macrophages.
The results showed that conditioned medium (CM) from sh-CLDNé bladder cancer cells inhibited the expression of CD163 and increased
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Figure 6. CLDNG6 is associated with M2 macrophages polarization

(A) Correlation of CLDNé6 with M1 and M2 macrophages.

(B) Correlation between CLDN6 and markers of M1, M2 macrophages and TAMs.

(C) Representative IHC images of CLDN6, CD163, and NOS2 in bladder cancer.

(D) Correlation of CLDN6 with CD163 and NOS2. Scale bar, 200 um (left), 20 um (right).

(E and F) CLDN6, CD163, and NOS2 expression levels in the whole cell lysate from the indicated cells were assessed using WB.

(G) CD163 and NOS2 in the indicated cells were observed using fluorescent microscopy. Green: CD163; red: NOS2; blue: DAPI. Scale bar: 200 um.

(H) Macrophages were co-cultured with bladder cancer cells. Bladder cancer cells engulfed by macrophages are indicated by red arrows, Scale bar: 20 pm.
(I) Cell viability was determined using CCK-8 and plate cloning assay. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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the level of NOS2 in macrophages (Figures 6F and 6G). Furthermore, we found that phagocytosis of macrophages was increased when co-
cultured with sh-CLDNé bladder cancer cells (Figure 6H). This suggested that CLDNé induced polarization of M2 macrophages and
inhibited their phagocytosis. We further investigated the effects of CLDN6 and its induced macrophage polarization on growth in bladder
cancer. Our results suggested that silencing CLDN6 reduced the viability and number of clones of bladder cancer cells. In addition, the
macrophage CM induced by sh-CLDN6 bladder cancer cells inhibited the growth of bladder cancer cells (Figure 6l). The aforementioned
results showed that CLDNé promoted the growth of bladder cancer and enhanced the carcinogenic effect by inducing polarization of M2
macrophages.

DISCUSSION

Due to the rapid progression and high recurrence rate of bladder cancer, the prognosis of patients is still not optimistic.” In recent years, a lot
of research has been devoted to the prognosis of patients with bladder cancer.”>® Studies have shown that abnormal gene expression of
bladder cancer cells and immune infiltration in the tumor microenvironment may be involved in the occurrence and prognosis.”’® However,
there is an urgent need for more advanced algorithms such as machine learning to predict prognosis and immunotherapy response in bladder
cancer. In this study, we established an MMRS by machine learning in bladder cancer and screened out an independent prognostic factor,
CLDNGé. Furthermore, we investigated the role of CLDNé in the prognosis, immune infiltration, immunotherapy response, and M2 macro-
phages polarization in bladder cancer.

Recent studies have demonstrated that M2 macrophages are associated with a poorer prognosis in bladder cancer.'”"*” Macro-
phages in bladder cancer tissues mostly exhibit an M2-like phenotype, and M2 macrophages have been found to promote the growth
and development of bladder cancer by inhibiting inflammation.” Meanwhile, there is a study using machine learning to construct a
model based on M2 macrophage infiltration, which can predict the immunotherapy response in bladder cancer.'” In addition to the
stimulation of a series of factors such as IL-4, the process of macrophages polarization toward M2 is also regulated by a variety of factors
produced by tumor cells themselves.***' There is a lack of reliable model to predict prognosis in bladder cancer patients. In this study,
we used WGCNA to explore key modules related to M2 macrophages infiltration in bladder cancer, and based on the expression pro-
files of 20 selected genes, we constructed a consensus MMRS. Among the 40 machine learning models, we selected the optimal
random survival forest model and found that MMRS was a detrimental factor for the prognosis of patients with bladder cancer. In addi-
tion, we found that MMRS was positively correlated with the infiltration of M2 macrophages in bladder cancer tissues and could predict
the response of patients to immunotherapy. At present, several studies have explored prognostic models based on the infiltration of M2
macrophages in bladder cancer. The Cox regression model developed by Wang et al. for four M2 macrophages co-expressed genes
can predict the survival of bladder cancer patients.'® Moreover, Jiang et al. used LASSO-Cox regression to establish a prognosis model
related to M2 macrophages and found that this model may be a potential prognostic marker for bladder cancer."”” We compared the
predictive efficacy of the aforementioned two models with the MMRS established in this study and found that the predictive efficacy of
MMRS was better than the aforementioned two models.

In this study, we performed Cox regression analysis on genes in MMRS and found that CLDNé was an independent risk factor. CLDNé is
a member of the tight junction protein family and is expressed abnormally in a variety of tumors.'® The expression of CLDNé has been
identified as an important prognostic factor in a variety of tumors.*~* There is evidence that CLDN6 is highly expressed in bladder cancer
and is associated with poor prognosis in patients.'*'® Here we further analyzed the expression and prognostic value of CLDN6 in patients
with different clinical parameters, and found that CLDNé was highly expressed in bladder cancer and correlated with the histological
grade, subtype, and main treatment outcome of patients. We also found that CLDNé was an independent risk factor for the prognosis
of patients with bladder cancer. In addition, we verified the results by immunohistochemistry in bladder cancer tissue microarray. Here,
for the first time, we systematically analyzed the effectiveness and independence of CLDN6 in predicting prognosis in patients with
bladder cancer.

Numerous studies have shown that immune infiltration is an important factor affecting the prognosis of bladder cancer patients.*
Our GSEA analysis of CLDNé co-expressed genes revealed that CLDNé may be involved in multiple immune-related pathways.
Studies have shown that CLDNé expression correlates with immune cell infiltration in ovarian cancer.'® The relationship between
CLDNé6 and immune infiltration in bladder cancer remains unclear. Our study showed that CLDNé is involved in the immune
infiltration in bladder cancer. In bladder cancer patients with tissue microarray, we found no statistically significant correlation between
CLDNb6 and CD8+%, probably because of the limitation of the patient sample size. In particular, CLDN6 is positively correlated with
M2 macrophages polarization, and CLDN6 may be an adverse factor affecting the response to immunotherapy. CLDN5 has been re-
ported to be positively correlated with macrophage infiltration in bladder cancer,” but there is still no evidence that CLDNé affects
macrophages. Here we describe for the first time that CLDNé induces polarization of M2 macrophages and inhibits their phagocytosis
in bladder cancer. CLDNé not only promotes tumor growth, but also enhances carcinogenesis by inducing M2 macrophage
polarization.

In conclusion, we established an MMRS by screening 40 machine learing algorithms, in which CLDNé, an independent prognostic risk
factor, predicted the prognosis by promoting the polarization of M2 macrophages in bladder cancer. Our study expands the understanding
of the role of M2 macrophages in the biology and prognostic prediction of bladder cancer, and provides evidence for CLDNé as a new
predictive biomarker for prognosis and immunotherapeutic efficacy in bladder cancer.
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Limitations of the study

The main limitation of our research is the lack of experiments in vitro and in vivo to explore the regulation of CLDN6 on macrophages polar-
ization and immunotherapy. The clinical utility of the MMRS required independent validation in a larger pool of patients with bladder cancer.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-CLDN6é monoclonal antibody Santa Cruz sc-393671
Mouse anti-CD163 monoclonal antibody Proteintech 68218-1-Ig
Rabbit anti-NOS2 polyclonal antibody Proteintech 22226-1-AP
Rabbit anti-B-actin monoclonal antibody Proteintech 66009-1-Ig
Deposited data

TCGA-BLCA RNA-seq data The Cancer Genome Atlas N/A

Gene expression microarray data Gene Expression Omnibus (GEO) database Accession number: GSE176307 and GSE13507

Bulk RNA-seq data from IMvigor210 clinical trial Banchereau et al.*® EGAS00001004343
Experimental models: Cell lines

5637 Haixing Biosciences TCH-C104

THP-1 Yanbian University N/A

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Chengshi Quan (quancs@jlu.
edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All the data corresponding to the bladder cancer dataset used in this study are available in GEO (https://www.ncbi.nlm.nih.gov/geo)
and TCGA (https://portal.gdc.cancer.gov/), which are public functional genomics data repositories.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact Chengshi Quan on
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture

The human bladder cancer cell line (5637) was obtained from the Haixing Biosciences and the monocytic leukemia cells line (THP-1) was
donated by Yanbian University. 5637 and THP-1 were cultured in RPMI-1640 medium (Meilune, China) containing 10% FBS (Gibco, USA)
and 1% P/S (100 U/mL penicillin, 100 mg/mL streptomycin) at 37°C in a humidified incubator containing 5% CO,. THP-1 cells were differen-
tiated into macrophages treated with 100 nM PMA for 24 h, and then cultured with CM from bladder cancer cells or directly co-cultured with
bladder cancer cells. The CLDNé shRNA es were purchased from Genechem. The transfection process was performed as described by Yang
etal®

Human samples

Human bladder cancer tissue microarray (TMA; HBIaU079Su01 and HBlaUO50CS01) was purchased from Shanghai Outdo Biotech CO. The
study was approved by the Ethics Committee of Shanghai Outdo Biotech CO (protocol code YB M-05-02).

Study participant details

CQ and DQ conceived and designed the study. DQ drafted the manuscript. DQ, YL, and HQ performed most of the experiments. YD and QJ
collected and analyzed data. MS and YL proofread the manuscript. All authors read and approved the final manuscript.
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METHOD DETAILS

Dataset source and preprocessing

The analyses involved patients from four bladder cancer cohorts (GSE176307, GSE13507, and IMvigor210) and the bladder cancer cohort in
TCGA. Patients without survival information and RNA sequencing data were excluded from the analysis. For the GEO dataset, related clinical
data and transcriptome expression data were downloaded using the R GEOquery package’® and the related GEO datasets were merged
using the ComBat algorithm."" Transcriptome FPKM (fragments per kilobase transcript per million fragments) value and clinical data were
downloaded from the Genomic Data Commons (GDC, https://portal.gdc.cancer.gov/) using the R TCGA biolinks package.”” The FPKM
values were transformed to TPM (transcripts per million) values for subsequent analyses.

Functional enrichment analysis and estimation of immune infiltration

The levels of 37 immune and tumor-related signatures in each sample were quantified by single-sample gene set enrichment analysis
(ssGSEA) with the R package “GSVA”.** Immune cell infiltration was quantified using the CIBERSORT algorithm based on the TPM value
of the bladder cancer cohort in TCGA.**

Weighted gene co-expression network analysis (WGCNA)

We constructed mRNA co-expression networks in the bladder cancer cohort of TCGA using the R WGCNA package.’” First, the Pearson
correlation coefficient between each pair of genes was calculated to obtain a similarity matrix. WGCNA converted the similarity matrix to
an adjacency matrix using a power function. Among all soft thresholds (B) with R? > 0.85, we chose the automatic value B (B = 8) returned
by the WGCNA pick Soft Threshold function. As recommended by the WGCNA guidelines, 0.25 was chosen as the network merge height.
We used default settings for other WGCNA parameters.

Non-negative matrix factorization (NMF) clustering

Non-negative matrix factorization (NMF) is an effective dimensionality reduction method that is widely used to distinguish molecular patterns
in high-dimensional genomic data.*® Patients with bladder cancer were divided into four subtypes based on the expression of 20 genes using
the “NMF" R package.

Machine learning

We integrated a total of 40 combinations based on 10 machine learning algorithms. The integrative algorithms included StepCox, random
survival forest (RSF), supervised principal components (SuperPC), partial least squares regression for Cox (plsRcox), CoxBoost, survival sup-
port vector machine (survival-SVM), Lasso, Ridge, and generalized boosted regression modeling (GBM). MMRS in the TCGA bladder cancer
cohort was fitted based on the leave-one-out cross-validation (LOOCV) framework. Harrell's concordance index (C-index) was subsequently
calculated in two independent GEO datasets to select an optimal MMRS with the highest C-index.

M2 macrophages-related signature construction and validation

We created a random survival forest (RSF) for the model by using the rfsrc function of the randomForestSRC R package (v2.9.3). A gene com-
bination with the optimal log-rank P value was identified for the signature construction: Risk Score = Z (Bi * Expi), where Bi was the ith gene’s
Cox coefficient, and Expi was the ith gene’s expression value. The prognostic value of the MMRS was then validated in GSE13507 and IM-
vigor210 cohort patients.

Predicting the efficacy of immunotherapy

Tumor Immune Dysfunction and Exclusion (TIDE, https://tide.dfci.harvard.edu/) is a comprehensive score for tumor immune dysfunction and
immune escape, including tumor-infiltrating cytotoxic T lymphocyte (CTL) dysfunction and rejection by immune checkpoints. RNA-
sequencing raw count data and corresponding clinical information from the TCGA database were estimated using the TIDE algorithm to pre-
dict the potential immunotherapy response. A low score indicated good efficacy.”” The Spearman microsatellite instability (MSI) score from
the TCGA database was analyzed by Spearman.*®

Gene set enrichment analysis

The bladder cancer cohort of TCGA was divided into high and low CLDNé expression groups according to the median expression value of
CLDNGé. The pathways that were enriched by the top ranked genes in the two groups were detected by gene set enrichment analysis (GSEA).
For each analysis, the number of gene set permutations was set to 1000. The nominal (NOM) P value, false discovery rate (FDR), and normal-
ized enrichment score (NES) were used to identify the pathways enriched in each phenotype.

Immunohistochemistry (IHC)

Paraffin sections were dehydrated in xylene, anhydrous ethanol, 95% ethanol, and 85% ethanol, and then subjected to antigen repair, fol-
lowed by treatment with UltraSensitive™ SP (Mouse/Rabbit) IHC Kit (KIT-9710, MXB Biotechnology, Fuzhou, China).
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For CLDN6, CD163, and NOS2, each tissue sample was scored according to its staining intensity (O, none; 1, weak; 2, moderate; 3, strong)
multiplied by the point of the percentage of stained cells (positive cells <25% of the cells: 1; 26-50% of the cells: 2; 51-75% of the cells: 3;
>75% of the cells: 4). The range of this calculation was 0-12. The median value of scores was employed to determine the cut-off. Cancers
with scores above the cut-off value were considered to have high expression of the indicated molecule and vice versa.

Western blot (WB)

When cells reach 80% confluence, cells were harvested and washed with PBS. Total protein was extracted with 200 pL RIPA Lysis Buffer
(Beyotime, Shanghai, China) with 1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma, MO, USA) and 1 mM Phosphatase inhibitor (Solarbio,
Beijing, China), followed with centrifugation 12,000 g for 20 min. The protein concentration was determined using a BCA Protein Assay Kit
(Beyotime, Shanghai, China). 50 pg of denatured protein was applied to 12% SDS-PAGE gels. After electrophoresis the proteins on the
gel were then transferred onto a nitrocellulose membrane (Millipore, California, USA). The membrane was blocked with 5% defatted milk
at 37°C for 1 h and incubated overnight at 4°C with the primary antibodies. The membrane was incubated with horseradish peroxidase-con-
jugated secondary antibodies at room temperature for 1 h. Finally, the immunoreactive bands were visualized using an ECL western blotting
system (Beyotime, Shanghai, China).

Immunofluorescence (IF)

Cells were fixed with 4% paraformaldehyde and then incubated with 5% BSA. After being incubated with the first antibody at 4°C overnight
and following the secondary antibody, the cells were stained with DAPI and visualized with a fluorescence microscope (Olympus, Japan).

Cell counting kit-8 (CCK-8)

Cell viability was measured using CCK-8 reagents (Meilune, China). The cells were seeded in 96-well plates at the density of 1000 cells/well
and incubated for 24 h. In each well, a 1:19 diluted CCK-8 solution in DMEM was added and the plates were incubated at 37°C for 2 h in 5%
CO2. The absorbance of the sample was measured at 450 nm on a microplate reader (Thermo, Germany).

Plate clone formation assay

The cells were plated into 6-well plates at 600 cells/well in triplicate. The medium was replaced every 2-3 d with a fresh medium until colonies
were visible to the naked eye. The colonies were washed and fixed, stained with 5% crystal violet, and then counted.

Medical illustrations

The Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported
license.

QUANTIFICATION AND STATISTICAL ANALYSIS

Survival differences between groups were assessed using Kaplan-Meier curves and log-rank tests. Prognostic factors were determined with
univariate and multivariate Cox regression analyses. Correlation coefficients were calculated by Spearman correlation analyses. Normal and
non-normal variables were compared using the unpaired Student t-test and the Mann-Whitney U test, respectively. One-way analysis of vari-
ance and the Kruskal-Wallis test were used as parametric and nonparametric methods, respectively, for comparing > 2 groups. The statistical
analysis was performed using R software and values represent the mean + standard deviation. P < 0.05 was considered statistically significant.
*P < 0.05, **P < 0.01, ***P < 0.001.
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