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Cuproptosis depicts tumor
microenvironment phenotypes
and predicts precision
Immunotherapy and prognosis
in bladder carcinoma

Huihuang Li*? Xiongbing Zu*?, Jiao Hu'?, Zicheng Xiao*?,
Zhiyong Cai*?, Ning Gao™* and Jinbo Chen**

‘Department of Urology, Xiangya Hospital, Central South University, Changsha, China,
2National Clinical Research Center for Geriatric Disorders, Xiangya Hospital, Central South
University, Changsha, China, *Department of Urology, Xiangya Boai Hospital, Changsha, China

Background: Though immune checkpoint inhibitors (ICls) exhibit durable
efficacy in bladder carcinomas (BLCAs), there are still a large portion of
patients insensitive to ICls treatment.

Methods: We systematically evaluated the cuproptosis patterns in BLCA patients
based on 46 cuproptosis related genes and correlated these cuproptosis
patterns with tumor microenvironment (TME) phenotypes and immunotherapy
efficacies. Then, for individual patient’s evaluation, we constructed a cuproptosis
risk score (CRS) for prognosis and a cuproptosis signature for precise TME
phenotypes and immunotherapy efficacies predicting.

Results: Two distinct cuproptosis patterns were generated. These two patterns
were consistent with inflamed and noninflamed TME phenotypes and had
potential role for predicting immunotherapy efficacies. We constructed a CRS
for predicting individual patient’s prognosis with high accuracy in TCGA-BLCA.
Importantly, this CRS could be well validated in external cohorts including
GSE32894 and GSE13507. Then, we developed a cuproptosis signature and
found it was significantly negative correlated with tumor-infiltrating
lymphocytes (TILs) both in TCGA-BLCA and Xiangya cohorts. Moreover, we
revealed that patients in the high cuproptosis signature group represented a
noninflamed TME phenotype on the single cell level. As expected, patients in
the high cuproptosis signature group showed less sensitive to immunotherapy.
Finally, we found that the high and low cuproptosis signature groups were
consistent with luminal and basal subtypes of BLCA respectively, which
validated the role of signature in TME in terms of molecular subtypes.
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Conclusions: Cuproptosis patterns depict different TME phenotypes in BLCA.
Our CRS and cuproptosis signature have potential role for predicting prognosis
and immunotherapy efficacy, which might guide precise medicine.
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Introduction

Bladder carcinoma (BLCA) is among the most common
carcinomas worldwide, with 549393 new patients diagnosed in
2018 (1). Muscle invasive bladder carcinomas (MIBCs) refer to
the tumors that invade into the detrusor muscle. With higher
rates to metastasize to lymph nodes or distant sites, patients with
MIBCs possess extremely high disease specific mortality and
need multimodal and invasive treatment (2). However, unlike
large therapeutic improvements in other carcinomas, the
therapeutic regimen for BLCA remained unchanged over the
past 30 years (3). Although neoadjuvant chemotherapy (NAC)
combined with radical cystectomy (RC) have become the golden
treatment option, the prognoses of advanced BLCAs are still not
satisfied with some patients insensitive to NAC or cisplatin
intolerance (3). Fortunately, BLCA is a type of carcinoma with
high tumor mutational burden (TMB) and immune checkpoint
inhibitors (ICIs) including anti-PD-1 and anti-PD-L1 showed

Abbreviations: ICI, immune checkpoint inhibitor; BLCA, bladder
carcinoma; TME, tumor microenvironment; CRS, cuproptosis risk score;
TIL, tumor-infiltrating lymphocyte; MIBC, muscle invasive bladder
carcinoma; NAC, neoadjuvant chemotherapy; RC, radical cystectomy;
TMB, tumor mutational burden; CRT-1, copper transporter 1; DC,
dendritic cell; BCG, bacillus Calmette-Guerin; FPKM, fragments per
kilobase per million mapped fragments; TPM, transcripts per kilobase
million; ICB, immune checkpoint blockade; ssGSEA, single sample gene set
enrichment analysis; DEG, differentially expressed gene; FC, fold change; GO,
gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; TIME,
tumor immune microenvironment; TIP, tumor immunophenotype; LASSO,
least absolute shrinkage and selector operation; scRNA-seq, single cell RNA
sequencing; UMI, unique molecular identifier; PCA, principal component
analysis; UMAP, uniform manifold approximation and projection; ROC,
receiver operating characteristic; NSCLC, non-small cell lung cancer; NK,
natural killer; Teff, T-effector; TIS, tumor inflammation signature; AUC, area
under curve; Thl, type 1 helper; CR, complete response; PR, partial response;
SD, stable disease; PD, progressive disease; EMT, epithelial-mesenchymal
transition; LOX, lysyl oxidase; ECM, extracellular matrix; AOC3, amine
oxidase copper containing 3; LUAD, lung adenocarcinoma; NMIBC, non-
muscle invasive bladder cancer; FDA, Food and Drug Administration; ORR,

objective response rate.
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durable responses in a portion of patients (3-5). Thus, predicting
which patients will be sensitive to ICIs treatments is the major
task for improving the survival outcomes of advanced BLCAs.

To achieve this goal, understanding the effect mechanism
behind ICIs is vital. Through targeting negative regulating
receptors on effect immune cells (generally effect T cells), ICIs
could reactivate and promote a durable antitumor response (6).
Tumor microenvironment (TME), which is consisted of
malignant and non-malignant cells (generally including
stromal and immune cells), could be generally divided into
two phenotypes based on the tumor-infiltrating lymphocytes
(TILs) presence. Inflamed tumors (hot tumors) are those with
high infiltration of TILs, while noninflamed tumors (cold
tumors) are those with low infiltration (7). Theoretically, ICIs
could only exhibit their efficacy on the presence of T cells and
would show higher response rates in the inflamed tumors (8).
Actually, with scarce TILs infiltration, noninflamed tumors like
prostate cancer and glioblastoma are resistant to the treatment of
ICIs (9-11). While for the tumors with high TILs infiltration,
patients show significantly higher response to ICIs treatment
(12, 13). As a result, distinguishing noninflamed tumors from
inflamed could not only have the potential for predicting ICIs
efficacy, but also for turning “cold” into “hot” for higher ICIs
efficacy (8). For BLCA, there are molecular subtypes exhibiting
different response rates to ICIs, like basal subtypes showing
higher response rates than luminal subtypes (14, 15).

Copper (Cu) is a mineral nutrient and its imbalance is
related with pathologies like Wilson disease and proliferative,
angiogenesis and metastasis of carcinoma (16). Recently,
Tsvetkov et al. made a breakthrough that excess of
intracellular copper concentrations could induce a unique type
of cancer cell death which is distinct from other programmed
cell deaths like apoptosis, pyroptosis, necroptosis and
ferroptosis, namely cuproptosis (17). Therefore, genes involved
in copper homeostasis and cuproptosis could play key roles in
the cancer developments and cancer immune processes (18).
Copper transporter 1 (CTR-1), as the most important copper
influx transporter, was found to be significant related with PD-
L1 expression and play vital role in the cancer immune evasion
(19). In addition, MT1 was reported to induce an
immunosuppressive phenotype by inducing tolerogenic
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dendritic cells (DCs) (20). Cytochrome ¢ oxidase 17 (COX17)
played vital role in the cancer development and its knockdown
could inhibit the invasion and metastasis of triple negative breast
cancer (TNBC) (21). However, comprehensive analysis of these
cuproptosis related genes is still lacking. In this study, for the
first time, we comprehensively correlated 46 cuproptosis related
genes with TME phenotypes, precision immunotherapy efficacy
and prognosis in BLCA.

Materials and methods
Data sources

The fragments per kilobase per million mapped fragments
(FPKM), count value and clinical data of TCGA-BLCA was
downloaded from UCSC Xena (https://xenabrowser.net/). The
FPKM value was transformed into transcripts per kilobase
million (TPM) value and duplicated patients or patients
without matched RNA-seq data and survival data were
excluded. Finally, 411 tumor samples and 19 normal samples
in TCGA-BLCA were included for further analysis. Xiangya
cohort (GSE188715) was developed as our previous study
reported (22). Another two databases (GSE32894 and
GSE13507) were downloaded from GEO database (https://
www.ncbi.nlm.nih.gov/geo/) using “getGEO” function in the
“GEOquery” R package. Immunotherapy datasets including
GSE173839, GSE135222 and GSE100797 were downloaded
from GEO database using the same method, while
PMID26359337 was downloaded from the corresponding
supplementary material of the study (23).

Unsupervised clustering

46 cuproptosis related genes were collected from the studies
of Tsvetkov et al. (17) and Ge et al. (18). We conducted
consensus clustering and repeated 1000 times using
“ConsensuClusterPlus” R package (maxK=4, reps=1000,
pltem=0.8, distance=“euclidean”, clusterAlg=“km”).
Cuproptosis related genes were summarized in Table S1.

Pathway enrichment analysis

Four immune-related signatures and 21 signatures related to
efficacy of immune checkpoint blockade (ICB) therapy were
collected from previous studies (15, 24). Other therapeutic
signatures and Drugbank database were also collected as
reported in our previous study (25). Additionally, signatures
related to molecular subtypes of BLCA were collected from
Kamoun’s study (14). Then we calculated the sample-level
enrichment scores of these signatures using single sample gene
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set enrichment analysis (ssGSEA) implemented in “GSVA”
R package.

Differential gene expression analysis was conducted using
empirical Bayesian algorithm (“limma” R package) and the
criteria for differentially expressed genes (DEGs) was set as
absolute log2 fold change (FC) greater than 2.5 and adjust p
value less than 0.05. Hallmark, gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) gene sets were
downloaded from MSigDB (26) (http://www.gsea-msigdb.org/
gsea/index.jsp) and then GSEA analysis was performed using
“GSVA” R package.

Tumor immune microenvironment
depiction

Anti-cancer immunity cycle describes a seven-step-based
process for anti-tumor immune cells activation and the levels of
each step were downloaded from the tracking tumor
immunophenotype (TIP) (http://biocc.hrbmu.edu.cn/TIP/) as
our previous study described (22). Also, the relative
abundances of 28 immune cells in TCGA-BLCA and Xiangya
cohort were calculated using ssGSEA algorithm based on the
gene sets reported in Charoentong’s study (27).

Development and validation of a
cuproptosis risk score

Univariable Cox regression model was applied to filter the
prognostic genes based on DEGs and the filtered prognostic
genes were further narrowed down using the least absolute
shrinkage and selector operation (LASSO) and ten-fold cross
validation. Then a CRS was developed by Cox proportional
hazard regression algorithm using the “glmnet” R package:

CRS = ZBixRNAi

External databases including GSE32894 and GSE13507 were
used to validate this risk score.

Single cell RNA sequencing

A scRNA-seq dataset containing seven BLCA samples was
downloaded from the supplemental material of GSE135337 (28).
The raw count matrixes were used to create Seurat object using
“Seurat” R package and the inclusion criteria for high quality
cells were set as: numbers of unique molecular identifier (UMI)
more than 1000, genes more than 250, log10GenesPerUMI more
than 0.80 and mitochondrial percent less than 20%. Then the
raw data count was normalized, identified variable genes and
scaled using SCTransform function. Seven samples were
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integrated based on Anchors generated by the top 3000 variables
(FindIntegrationAnchors function). After integration, RunPCA
function was used to conduct principal component analysis
(PCA) and the top 40 PCs were then used to perform uniform
manifold approximation and projection (UMAP) reduction.
FindClusters function was conducted to identify the main cell
clusters with a resolution value of 0.4 and the cell clusters were
annotated based on the gene markers reported as previous study
(29). AddModuleScore function was used to generate a
cuproptosis signature on the single cell level.

Assessment of molecular subtypes
of BLCA

“ConsensusMIBC” and “BLCAsubtyping” R packages were
used to divided BLCA patients into different molecular subtypes.
In addition, we regrouped these subtypes as dichotomous
outcomes, namely “basal” and “luminal” subtypes, according
to the consensus subtype (14). Detailed description could be
found in our previous studies (22, 25).

Statistical analysis

If continuous variables fitted normally distributed criterion,
unpaired t-test was applied to compare the differences, otherwise
Wilcoxon rank-sum test was applied. 2 or Fisher’s exact test
was applied to compare categorical values. The survival curves
and the survival differences between two groups were generated
using Kaplan-Meier method and log-rank tests respectively
(“survminer” R package). Pearson correlation coefficients was
applied to conduct correlation analyses. The predictive accuracy
was judged using time-dependent receiver operating
characteristic (ROC) analysis (timeROC function in the
“tROC” R package). P values for DEG and GSEA analyses
were adjusted using false discovery rate (FDR) method. Two-
tailed p value less than 0.05 was set as the significant different
criteria and all the analyses were finished using R 4.1.3.

Results
Cuproptosis regulated patterns in BLCA

We found a majority of cuproptosis related genes were
dysregulated between BLCA carcinoma and paired normal
tissues (Figure 1A). Among these dysregulated genes, for
example, COX17 plays vital role in the development of TNBC
(21), while SLC31A1 is a key target gene for chemoresistance in
ovarian cancer (30), indicating cuproptosis related genes might
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also play vital roles in BLCA. We further depicted that
cuproptosis related genes had a closed relationship among
each other and most of these genes had prognostic value in
BLCA (Figure 1B). Inspired by these results, we wondered if
cuproptosis related genes had a comprehensive regulated pattern
in BLCA and conducted unsupervised clustering. We found that
TCGA-BLCA patients could be well divided into two clusters,
named cuproptosis clusterl and cluster2 (Figure 1C, Figures
S1A-D). Importantly, patients in cuproptosis clusterl exhibited
significantly favorable survival outcomes than patients in
cluster2 (Figure 1D). GSEA results of hallmark pathways
revealed that a majority of immune related pathways
(including inflammatory, interferon o and 7y response) were
suppressed in cuproptosis clusterl (Figure 1E, Table S2),
indicating that there might be a different immune status
between these two clusters.

Different immune characteristics
between cuproptosis regulated patterns

To our surprise, all positive regulation of T cell activation
pathways were significantly suppressed in cuproptosis clusterl
(Figure 2A, Table S2). We were wondering if clusterl
represented a non-inflamed TME phenotype of BLCA and
then compared cancer immune cycles between these two
clusters. As showed in Figure 2B, a majority of cancer immune
cycles were significantly lower in cuproptosis clusterl than
cluster2, indicating that patients in clusterl might inhibit
cancer immune activation and immune cells infiltration into
TME. ssGSEA results further revealed that most TILs like
activated CD4" T cells, CD8" T cells, dendritic cells (DCs) and
natural killer (NK) cells were significantly lower in cuproptosis
clusterl (Figure 2C). These results supported that cuproptosis
clusterl represented a non-inflamed TME phenotype and would
be insensitive to ICIs treatment, while cluster2 represented an
inflamed phenotype and could be sensitive to ICIs. Mariathasan
et al. summarized 21 pathways possessing immunotherapy
efficacy predicting value (15) and we found all these pathways
were inhibited in cuproptosis clusterl (Figure 2D). In addition,
another four immune related pathways including IMmotion150
T-effector (Teff) signature, IMmotion150 Myeloid signature,
JAVELIN signature, and Tumor inflammation signature (TIS)
were all significantly suppressed in cuproptosis clusterl
(Figures 2E-H). These results indicated that cuproptosis
cluster] might be insensitive to ICIs treatment. However,
unsupervised clustering was conducted based on a cohort of
patients and could not evaluate the regulation pattern of a single
patient. So, we were aimed to screen out novel genes to predict
individual patient’s prognosis, TILs infiltration, and
immunotherapy efficacy.
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Development of cuproptosis regulated patterns in bladder carcinoma (BLCA). (A) The expression of 46 cuproptosis related genes between normal
and BLCA tissues. Tumor, red; Normal, azure. (B) The comprehensive interactions between cuproptosis related genes. The size of circles
represented the different effects of genes on the prognosis. Blue dots in the circles represented favorable factors for overall survival (OS), while the
red dots represented risk factors. (C) Two clusters were generated by unsupervised clustering based on 36 cuproptosis related genes. (D) Kaplan-
Meier plots between two cuproptosis regulated patterns. Blue line represented cuproptosis clusterl, while red line represented cuproptosis cluster2.
(E) Gene set enrichment analysis (GSEA) of hallmark pathways between cuproptosis clusterl and cluster2. *p < 0.05; **p < 0.01; ***p < 0.001,

***%p < 0.0001. ns, not significant

Construction and validation of
cuproptosis risk score and its
clinical significance

We screened out 69 DEGs between cuproptosis cluster]l and

cluster2 (Table S3) and further performed univariable cox

regression model to select 20 genes possessing prognostic value
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(Table S4). Among these 20 genes, ACSM6 was ruled out because
of none expression in all other GEO databases and the genes left
were further narrowed down using LASSO and ten-fold cross
validation (Figure 3A, Figure S2A). 14 genes were finally screened
out to construct CRS and the univariable prognostic values of these
genes were shown in Figure 3B. All these genes except KRT5 and
SERPINB3 were significantly upregulated in cuproptosis clusterl
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Consistency between cuproptosis patterns, tumor microenvironment (TME) phenotypes and immunotherapy efficacy. (A) T cell regulated pathways
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compared with cluster2 (Figure 3C). Then, a CRS was constructed
using cox proportional hazard regression algorithm based on these
genes: CRS = (-0.15)*ATP1A4 + (-0.04)*BCAS1 + (-0.13)
*BTBD16 + (-0.06)*CACNAID + (-0.36)*CTSE + (-0.05)
*CYP4B1 + (-0.14)*CYP4F12 + (-0.02)*FAM3B + (-0.22)
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*HNF1B + 0.05*KRT5 + 0.13*SERPINB3 + 0.29*SLC30A2 +
(-0.04)*TOX3 + 0.34*UPK3A. Cuproptosis cluster2 showed
significantly higher CRS than clusterl (Figure S2B, p< 0.001).
Patients with higher CRS exhibited significantly poorer survival
outcomes in TCGA-BLCA training cohort (Figures 3D, E, p<
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FIGURE 3

Construction and validation of cuproptosis risk score (CRS). (A) LASSO regression of the 19 genes possessing prognostic value. (B) Univariable
cox regression analysis results of 14 genes selected for developing CRS. (C) The volcano plot of the 14 genes selected for developing CRS
between two cuproptosis regulated patterns. (D-F) Distribution of patients’ survival status (D), Kaplan—Meier survival plot (E) and time-
dependent ROC curves of CRS (F) in TCGA-BLCA cohort. (G-1) Distribution of patients’ survival status (G), Kaplan—Meier survival plot (H) and
time-dependent ROC curves of CRS (1) in GSE32894 validation cohort. (3-L) Distribution of patients’ survival status (3), Kaplan—Meier survival
plot (K) and time-dependent ROC curves of CRS (L) in GSE13507 validation cohort.

0.0001) and the predictive accuracies were satisfied, with area
under curve (AUC) around 0.70 (Figure 3F). Importantly, the CRS
could be well validated in external cohorts including GSE32894
and GSE13507. In GSE32894, patients with higher CRS showed
poorer survival outcomes (Figures 3G, H, p< 0.0001) with
extremely high predictive accuracy (Figure 31, AUCs at 12, 36,
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60 months were 0.80, 0.87 and 0.87 respectively). The same in
GSE13507, patients with higher CRS showed poorer survival
outcomes (Figures 3], K, p = 0.0067) with high predictive
accuracy (Figure 3L, AUCs at 12, 36, 60 months were 0.75, 0.68
and 0.67 respectively). These results revealed that our CRS could be
a novel tool for predicting individual BLCA patient’s prognosis.
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We then performed univariable Cox regression analysis and
found that older age, higher tumor stage and CRS were risk
factors for OS (Figure S2C). Also, all these factors remained
independent risk factors in multivariable Cox regression analysis
(Figure S2D). So, we incorporated age, tumor stage and CRS to
develop a nomogram for clinical application (Figure S2E). As
showed in Figure S2F, the OS outcomes predicted by nomogram
were generally consistent with the actual outcomes. Moreover,
our nomogram exhibited the highest predictive accuracy, with
AUC values 0f 0.73, 0.70 and 0.68 in 1, 3 and 5 years respectively
(Figures S2G-I).

Cuproptosis signature for individual
patient’'s immune cell infiltration
evaluation

For individual patient’s immune cell infiltration evaluation,
we first performed a systematically correlation analysis of the 14
novel genes and immune cells. To our surprise, KRT5 and
SERPINB3, which were significantly downregulated in
cuproptosis clusterl (Figure 3C), were correlated with a specific
inflamed TME phenotype both in TCGA-BLCA and Xiangya
cohort (Figures S3A, B). The remaining other 12 novel genes,
which were significantly upregulated in cuproptosis clusterl
(Figure 3C), were all correlated with a specific noninflamed
TME phenotype in both TCGA-BLCA and Xiangya cohort
(Figures S3A, B). These results further indicated that
cuproptosis clusterl and cluster2 represented noninflamed and
inflamed TME phenotypes respectively. So, we constructed a
cuproptosis signature for predicting individual patient’s TILs
infiltration based on these 14 genes using ssGSEA algorithm.

As we expected, a majority of cancer immune cycles
including release of cancer antigens, T cell recruiting and NK
cell recruiting were all significantly negative correlated with
cuproptosis signature both in TCGA-BLCA and Xiangya
cohort (Figure 4A, Table S5). In addition, TILs infiltration
calculated using ssGSEA algorithm were generally negative
correlated with our signature both in TCGA-BLCA (Figure 4B,
Table S5) and Xiangya cohort (Figure 4C, Table S5) including
activated CD4" T cell, CD8" T cell, DCs and NK cells. Moreover,
the negative relationship between cuproptosis signature and
immune cells infiltration could also be well validated in
GSE32894 and GSE13507 (Figures S4A, B). As reported in our
previous studies (22, 25), effector genes of CD8" T cells, DCs,
macrophage, NK cells, and type 1 helper (Thl) cells were
summarized and all the genes were upregulated in the low
cuproptosis signature group (Figure 4D). What’s more,
cuproptosis signature was negative correlated with 22 ICIs
genes (Figure 4E, right upper; Table S6) and 18 TIS genes
(Figure 4E, left bottom; Table S6). For immunotherapy efficacy
predicting, our signature was significantly negative correlated
with IMmotion150 Teff signature (Figure 4F, R=-0.56, p<0.001),
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IMmotion150 Myeloid signature (Figure 4G, R=-0.36, p<0.001),
JAVELIN signature (Figure 4H, R=-0.42, p<0.001), and TIS
(Figure 4I, R=-0.51, p<0.001). Moreover, all 21 pathways
related to efficacy of ICIs treatment were significantly
upregulated in the low cuproptosis signature group
(Figure 4]). Besides immunotherapy predicting, our signature
could be also used to predict other therapeutic opportunities. As
showed in Figure S5A, patients with lower cuproptosis signature
were more likely to response to chemotherapy, immunotherapy
and ERBB therapy while patients with higher signature could
benefit more from antiangiogenic therapy according to
Drugbank database. Immunosuppressive oncogenic pathways
including PPARG network, WNT B catenin network, FGFR3
coexpressed genes and et al. were all upregulated in patients with
higher cuproptosis signature (Figure S5B). However, EGFR
network and radiotherapy predicted pathways were
upregulated in patients with lower cuproptosis signature
(Figure S5B), indicating these patients could be more sensitive
to EGFR or radiotherapy treatment. In sum, we built a
cuproptosis signature which could predict individual patient’s
immune cell infiltration and potential therapeutic opportunities.

The role of cuproptosis signature on the
single cell level

All the above analysis were based on bulk RNA-seq, then we
aimed to figure out if our cuproptosis signature had immune
predicting value on the single cell level using scRNA-seq. As
shown in Figure 5A, seven BLCA samples from public dataset
could be well annotated into epithelial (EPCAM+), myeloid
(LYZ+), fibroblast (COL1A1+4), T (CD3D+) and endothelial
cells (CD31+) (28, 29). Obviously, cuproptosis signature was
specifically high in epithelial cells (Figure 5B) and we further
chose epithelial cells for the subsequent analysis. Chemokine
related pathways including chemokine binding and chemokine
production were significantly downregulated in the high
cuproptosis signature group (Figure 5C, Table S7). Furthermore,
T cell activation related pathways were all downregulated in the
high cuproptosis signature group both in GO (Figure 5D, Table
S7) and KEGG analysis (Figure 5E, Table S7).

Cuproptosis signature for predicting
immunotherapy efficacy and molecular
subtypes of BLCA

For immunotherapy efficacy predicting, we divided patients
into response group including complete response (CR) and
partial response (PR) patients and non-response group
including stable disease (SD) and progressive disease (PD)
patients. We found that there were significantly more response
patients in the low cuproptosis signature group in GSE173839
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(Figure 6A, p=0.01). Although without statistic difference,
patients in the low cuproptosis signature group showed an
obvious trend of higher response rates to immunotherapy in
GSE135222, GSE100797 and PMID26359337 cohorts
(Figures 6B-D). So, our cuproptosis signature could not only
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predict TILs infiltration, but also directly predict
immunotherapy efficacy.

For BLCA, there are molecular subtypes exhibiting different
response rates to immunotherapy treatment, like basal subtypes
exhibiting poorer survival outcomes and higher immunotherapy
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The role of cuproptosis signature on the single cell level. (A) UMAP plots of GSE135337 and each cluster was visualized and marked by different
cell types. (B) Distribution of cuproptosis signature on the single cell level. (C) Gene ontology (GO) enrichment of chemokine (C) and T cell
activation (D) related signatures identified by gene set enrichment analysis (GSEA) on the single cell level. (E) Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment of T cell activation related signatures identified by GSEA on the single cell level.

response rates than luminal subtypes. In agreement with previous
results, high cuproptosis signature group represented a luminal
subtype enriched for urothelial differentiation, Ta and luminal
differentiation pathways, while low cuproptosis signature group
represented a basal subtype enriched for basal related pathways
like basal differentiation and epithelial-mesenchymal transition
(EMT) differentiation pathways both in TCGA-BLCA and
Xiangya Cohort (Figure 6E). Importantly, the predictive
accuracies of cuproptosis signature for basal and luminal
subtypes predicting were both extremely high in TCGA-BLCA
and Xiangya Cohort (Figures 6F, G), with all AUC values around
0.90. These results revealed that our cuproptosis signature
possessed TILs infiltration and immunotherapy efficacy
predicting values on the aspect of molecular subtypes of BLCA.

Discussion

Recently, a unique type of cancer cell death distinct from
other programmed cell deaths like apoptosis, pyroptosis,
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necroptosis and ferroptosis, namely cuproptosis, was reported
by the study of Tsvetkov et al. and caught many researchers’
attention (17). In fact, as a mineral nutrient, copper was wildly
reported to be related with pathologies of carcinoma (16). Eva
et al. summarized the genes involved in copper homeostasis and
a majority of these genes were reported to play vital role in the
cancer development and cancer immune evasion (18). Among
these genes, for example, lysyl oxidase (LOX) family contributes
to the angiogenesis, metastasis and formation of extracellular
matrix (ECM) in carcinomas (31). Specifically, LOX2 was found
to increase ECM and prevent CD8" T cells infiltration into TME,
thus causing patients’ resistance to anti-PD-L1 (32).
Downregulation of amine oxidase copper containing 3
(AOC3) was reported to decrease immune cell recruitment
and promote lung cancer progression (33). Importantly, as the
most important copper influx transporter, copper transporter 1
(CTR-1) was found to be significantly related with PD-L1
expression and play vital role in the cancer immune evasion
(19). However, all these studies focused on only one or a small
set of novel genes, and the comprehensive relationships among
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The roles of cuproptosis signature for predicting immunotherapy efficacy and molecular subtypes of BLCA. (A—D) Cuproptosis for predicting
immunotherapy efficacy in GSE173839 (A), GSE135222 (B), GSE100797 (C) and PMID26359337 (D) datasets. (E) Distribution of molecular subtypes of
BLCA and bladder cancer related pathways between high and low cuproptosis signature groups in TCGA-BLCA and Xiangya cohort respectively. (F,
G) ROC curves of cuproptosis signature for predicting molecular subtypes of BLCA in TCGA-BLCA and Xiangya cohort respectively

cuproptosis related genes, cancer immune and immunotherapy
are lacking.

In our previous study, we generated m6A modification
clusters and correlated them with TME and immunotherapy
efficacy in renal carcinoma based on 24 m6A regulator genes
(34). There are many other studies focusing on the relationships
among TME and lists of genes, indicating the complexity and
coregulated features of TME. Wan et al. constructed two
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ferroptosis clusters and systematically analyzed their
relationships with prognosis and immunotherapy efficacy in
glioma (35). Cao et al. divided BLCA patients into five hypoxia
response patterns and individual hypoxia response pattern was
also generated (36). Their findings could reveal the immune
escape mechanism and promote the precise immunotherapy
application for BLCA. In lung adenocarcinoma (LUAD), Liu
et al. evaluated the m5C modification patterns and found three
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clusters with vital role in the TME regulation (37). As far as we
known, this is the first study systematically correlating cuproptosis
related genes with TME, prognosis and immunotherapy efficacy
in BLCA. We identified two cuproptosis clusters and found there
were different survival outcomes behind these two clusters.
Moreover, different cuproptosis clusters represented different TME
phenotypes and immunotherapy response rates. For individual
BLCA patient, we also constructed CRS and cuproptosis signature
for prognosis and cancer immune predicting respectively.

BLCA, as the most common carcinomas worldwide, causes
huge threaten to human being’s health and economy: For non-
muscle invasive bladder cancer (NMIBC), its high rate of
recurrence and progression committing long-term invasive
surveillance. While the high metastasis potential of MIBC
makes it high disease specific mortality (2). What’s more,
about 15% to 20% of NMIBC will develop into MIBC diseases,
which possess even worse survival outcomes and poorer
response to NAC therapy compared with primary MIBCs (3,
38, 39). Because of BLCA’s high TMB, ICIs treatment showed
durable efficacy in a portion of patients and the US Food and
Drug Administration (FDA) has already approved five ICIs for
BLCA treatment (3). Rosenberg et al. reported the first clinical
trial of atezolizumab in advanced BLCA and showed an overall
objective response rate (ORR) for 15%. In addition, they also
correlated TCGA molecular subtypes with immunotherapy
efficacy (4). Sharma et al. investigated the role of nivolumab
monotherapy in advanced BLCA and found nivolumab
possessing 24.4% overall ORR with acceptable treatment-
related adverse events (40). Bellmunt et al. found that
pembrolizumab could significantly improve the OS outcomes
of advanced BLCA (41). All these clinical trials promoted the
approvements of ICIs for BLCA and revealed the significant
roles of ICIs. However, not all patients in these trials responded
to ICIs treatment, indicating urgent needs for discovering
biomarkers predicting ICIs’ efficacies.

Recently, numerous studies found that TME contributed to
the cancer biology and immunology by influencing host’s
immune system (8, 42-44). Patients with immunosuppression
microenvironments and less TILs showed poorer response rates
to ICIs treatment and poorer OS (4, 45). Thus, distinguishing
noninflamed tumors from inflamed could not only have the
potential for predicting ICIs efficacy, but also for turning “cold”
into “hot” for higher ICIs efficacy (8). There are numerous
studies correlating pyroptosis, ferroptosis and tertiary lymphoid
structure signatures with TME and immunotherapy efficacy in
BLCA (46-48). In this study, we generated a cuproptosis
signature for precise TME phenotypes predicting for the first
time. Importantly, this result could be well validated in our own
cohort, which made our result more believable. What’s more,
our cuproptosis signature could directly predict immunotherapy
efficacy, which could be vital for precise ICIs treatment in BLCA.

Limitations for our study: First, all of our results were
generated from retrospective data and need further validations
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using prospective studies. Second, although we validated the role
of cuproptosis signature in TME and immunotherapy, the
detailed mechanisms should be further investigated in vitro
and in vivo.

Conclusion

Cuproptosis patterns depict different TME phenotypes in
BLCA. Our CRS and cuproptosis signature have potential role
for predicting prognosis and immunotherapy efficacy, which
might guide precise medicine.

Data availability statement

Publicly available datasets were analyzed in this study. This
data can be found here: https://portal.gdc.cancer.gov/; https://
www.ncbi.nlm.nih.gov/geo/.

Ethics statement

This study was reviewed and approved by Medical Ethics
Committee of Xiangya Hospital Central South University, GCP
number 202104145. Written informed consent was obtained
from all participants for their participation in this study.

Author contributions

HL, XZ, JH, ZX performed analyses and drafted the
manuscript. HL, XZ, JH and ZX searched and downloaded the
original datasets from TCGA and GEO. HL, JH and ZC
contributed to statistical analyses. HL, NG and JC edited the
pictures. NG and JC conceived and supervised the study. All
authors contributed to writing the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (81873626, 81902592, 82070785), Hunan
Natural Science Foundation (2020JJ5884) and Hunan Province
Young Talents Program (2021RC3027).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://portal.gdc.cancer.gov/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.3389/fimmu.2022.964393
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.964393/full#supplementary-material

SUPPLEMENTARY FIGURE 1
Unsupervised clustering of 46 cuproptosis related genes in the TCGA-
BLCA cohort.

References

1. Tran L, Xiao JF, Agarwal N, Duex JE, Theodorescu D. Advances in bladder
cancer biology and therapy. Nat Rev Cancer (2021) 21(2):104-21. doi: 10.1038/
$41568-020-00313-1

2. Lenis AT, Lec PM, Chamie K, Mshs MD. Bladder cancer: A review. Jama
(2020) 324(19):1980-91. doi: 10.1001/jama.2020.17598

3. Patel VG, Oh WK, Galsky MD. Treatment of muscle-invasive and advanced
bladder cancer in 2020. CA: Cancer ] Clin (2020) 70(5):404-23. doi: 10.3322/
caac.21631

4. Rosenberg JE, Hoffman-Censits J, Powles T, van der Heijden MS, Balar
AV, Necchi A, et al. Atezolizumab in patients with locally advanced and
metastatic urothelial carcinoma who have progressed following treatment
with platinum-based chemotherapy: a single-arm, multicentre, phase 2 trial.
Lancet (London England) (2016) 387(10031):1909-20. doi: 10.1016/s0140-
6736(16)00561-4

5. Necchi A, Anichini A, Raggi D, Briganti A, Massa S, Luciano R, et al.
Pembrolizumab as neoadjuvant therapy before radical cystectomy in patients with
muscle-invasive urothelial bladder carcinoma (PURE-01): An open-label, single-
arm, phase II study. J Clin Oncol Off ] Am Soc Clin Oncol (2018) 36(34):3353-60.
doi: 10.1200/jco.18.01148

6. Sharma P, Siddiqui BA, Anandhan S, Yadav SS, Subudhi SK, Gao J, et al. The
next decade of immune checkpoint therapy. Cancer Discovery (2021) 11(4):838-57.
doi: 10.1158/2159-8290.Cd-20-1680

7. Galon J, Bruni D. Approaches to treat immune hot, altered and cold tumours
with combination immunotherapies. Nat Rev Drug Discovery (2019) 18(3):197—
218. doi: 10.1038/s41573-018-0007-y

8. Duan Q, Zhang H, Zheng J, Zhang L. Turning cold into hot: Firing up the
tumor microenvironment. Trends Cancer (2020) 6(7):605-18. doi: 10.1016/
j.trecan.2020.02.022

9. Beer TM, Kwon ED, Drake CG, Fizazi K, Logothetis C, Gravis G, et al.
Randomized, double-blind, phase III trial of ipilimumab versus placebo in
asymptomatic or minimally symptomatic patients with metastatic
chemotherapy-naive castration-resistant prostate cancer. J Clin Oncol Of ] Am
Soc Clin Oncol (2017) 35(1):40-7. doi: 10.1200/jc0.2016.69.1584

10. Kwon ED, Drake CG, Scher HI, Fizazi K, Bossi A, van den Eertwegh AJ,
et al. Ipilimumab versus placebo after radiotherapy in patients with metastatic
castration-resistant prostate cancer that had progressed after docetaxel
chemotherapy (CA184-043): A multicentre, randomised, double-blind, phase 3
trial. Lancet Oncol (2014) 15(7):700-12. doi: 10.1016/s1470-2045(14)70189-5

11. Quail DF, Joyce JA. The microenvironmental landscape of brain tumors.
Cancer Cell (2017) 31(3):326-41. doi: 10.1016/j.ccell.2017.02.009

Frontiers in Immunology

10.3389/fimmu.2022.964393

SUPPLEMENTARY FIGURE 2

Construction of a nomogram by integrating cuproptosis risk score
(CRS) and other clinicopathological factors. (A) Results of ten-fold
cross validation. (B) Box plots of risk score between two cuproptosis
regulated patterns. (C, D) Univariable (C) and multivariable (D)
regression results of CRS and other clinicopathological factors. (E) A
nomogram was constructed by integrating CRS, age and tumor stage.
(F) Calibration curves of our nomogram for 3 and 5 years. (G-1)
The ROC curves of our nomogram for 1 (G), 3 (H) and 5 (I)
years respectively.

SUPPLEMENTARY FIGURE 3
Correlation between 14 novel genes and immune cellinfiltration in TCGA-
BLCA (A) and Xiangya cohort (B) respectively.

SUPPLEMENTARY FIGURE 4
Correlation between cuproptosis signature and immune cells infiltration
in GSE32894 (A) and GSE13507 (B) respectively.

SUPPLEMENTARY FIGURE 5

Heatmaps of therapeutic targets from Drugbank database (A) and the
enrichment scores of several therapeutic signatures (B) between different
cuproptosis signature groups.

12. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJ, Robert L, et al.
PD-1 blockade induces responses by inhibiting adaptive immune resistance.
Nature (2014) 515(7528):568-71. doi: 10.1038/nature13954

13. McDermott DF, Huseni MA, Atkins MB, Motzer RJ, Rini BI, Escudier B,
et al. Clinical activity and molecular correlates of response to atezolizumab alone or
in combination with bevacizumab versus sunitinib in renal cell carcinoma. Nat
Med (2018) 24(6):749-57. doi: 10.1038/s41591-018-0053-3

14. Kamoun A, de Reynies A, Allory Y, Sjédahl G, Robertson AG, Seiler R, et al.
A consensus molecular classification of muscle-invasive bladder cancer. Eur Urol
(2020) 77(4):420-33. doi: 10.1016/j.eururo.2019.09.006

15. Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K, Wang Y, et al.
TGEFp attenuates tumour response to PD-L1 blockade by contributing to exclusion
of T cells. Nature (2018) 554(7693):544-8. doi: 10.1038/nature25501

16. Denoyer D, Masaldan S, La Fontaine S, Cater MA. Targeting copper in
cancer therapy: 'Copper that cancer'. Metallomics Integr Biometal Sci (2015) 7
(11):1459-76. doi: 10.1039/c5mt0014%h

17. Tsvetkov P, Coy S, Petrova B, Dreishpoon M, Verma A, Abdusamad M,
et al. Copper induces cell death by targeting lipoylated TCA cycle proteins. Sci (New
York NY) (2022) 375(6586):1254—61. doi: 10.1126/science.abf0529

18. Ge EJ, Bush Al, Casini A, Cobine PA, Cross JR, DeNicola GM, et al.
Connecting copper and cancer: From transition metal signalling to metalloplasia.
Nat Rev Cancer (2022) 22(2):102-13. doi: 10.1038/s41568-021-00417-2

19. Voli F, Valli E, Lerra L, Kimpton K, Saletta F, Giorgi FM, et al. Intratumoral
copper modulates PD-L1 expression and influences tumor immune evasion.
Cancer Res (2020) 80(19):4129-44. doi: 10.1158/0008-5472.Can-20-0471

20. Dai H, Wang L, Li L, Huang Z, Ye L. Metallothionein 1: A new spotlight on
inflammatory diseases. Front Immunol (2021) 12:739918. doi: 10.3389/
fimmu.2021.739918

21. Ramchandani D, Berisa M, Tavarez DA, Li Z, Miele M, Bai Y, et al. Copper
depletion modulates mitochondrial oxidative phosphorylation to impair triple
negative breast cancer metastasis. Nat Commun (2021) 12(1):7311. doi: 10.1038/
541467-021-27559-2

22. Li H, Liu S, Li C, Xiao Z, Hu J, Zhao C. TNF family-based signature
predicts prognosis, tumor microenvironment, and molecular subtypes in
bladder carcinoma. Front Cell Dev Biol (2021) 9:800967. doi: 10.3389/
fcell.2021.800967

23. Van Allen EM, Miao D, Schilling B, Shukla SA, Blank C, Zimmer L, et al.
Genomic correlates of response to CTLA-4 blockade in metastatic melanoma. Sci
(New York NY) (2015) 350(6257):207-11. doi: 10.1126/science.aad0095

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.964393/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.964393/full#supplementary-material
https://doi.org/10.1038/s41568-020-00313-1
https://doi.org/10.1038/s41568-020-00313-1
https://doi.org/10.1001/jama.2020.17598
https://doi.org/10.3322/caac.21631
https://doi.org/10.3322/caac.21631
https://doi.org/10.1016/s0140-6736(16)00561-4
https://doi.org/10.1016/s0140-6736(16)00561-4
https://doi.org/10.1200/jco.18.01148
https://doi.org/10.1158/2159-8290.Cd-20-1680
https://doi.org/10.1038/s41573-018-0007-y
https://doi.org/10.1016/j.trecan.2020.02.022
https://doi.org/10.1016/j.trecan.2020.02.022
https://doi.org/10.1200/jco.2016.69.1584
https://doi.org/10.1016/s1470-2045(14)70189-5
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1038/nature13954
https://doi.org/10.1038/s41591-018-0053-3
https://doi.org/10.1016/j.eururo.2019.09.006
https://doi.org/10.1038/nature25501
https://doi.org/10.1039/c5mt00149h
https://doi.org/10.1126/science.abf0529
https://doi.org/10.1038/s41568-021-00417-2
https://doi.org/10.1158/0008-5472.Can-20-0471
https://doi.org/10.3389/fimmu.2021.739918
https://doi.org/10.3389/fimmu.2021.739918
https://doi.org/10.1038/s41467-021-27559-z
https://doi.org/10.1038/s41467-021-27559-z
https://doi.org/10.3389/fcell.2021.800967
https://doi.org/10.3389/fcell.2021.800967
https://doi.org/10.1126/science.aad0095
https://doi.org/10.3389/fimmu.2022.964393
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

24. Braun DA, Hou Y, Bakouny Z, Ficial M, Sant' Angelo M, Forman J, et al.
Interplay of somatic alterations and immune infiltration modulates response to
PD-1 blockade in advanced clear cell renal cell carcinoma. Nat Med (2020) 26
(6):909-18. doi: 10.1038/s41591-020-0839-y

25. Hu J, Yu A, Othmane B, Qiu D, Li H, Li C, et al. Siglec15 shapes a non-
inflamed tumor microenvironment and predicts the molecular subtype in bladder
cancer. Theranostics (2021) 11(7):3089-108. doi: 10.7150/thno.53649

26. Liberzon A, Birger C, Thorvaldsdottir H, Ghandi M, Mesirov JP, Tamayo P.
The molecular signatures database (MSigDB) hallmark gene set collection. Cell Syst
(2015) 1(6):417-25. doi: 10.1016/j.cels.2015.12.004

27. Charoentong P, Finotello F, Angelova M, Mayer C, Efremova M, Rieder D,
et al. Pan-cancer immunogenomic analyses reveal genotype-immunophenotype
relationships and predictors of response to checkpoint blockade. Cell Rep (2017) 18
(1):248-62. doi: 10.1016/j.celrep.2016.12.019

28. Lai H, Cheng X, Liu Q, Luo W, Liu M, Zhang M, et al. Single-cell RNA
sequencing reveals the epithelial cell heterogeneity and invasive subpopulation in
human bladder cancer. Int J Cancer (2021) 149(12):2099-115. doi: 10.1002/
ijc.33794

29. Chen Z, Zhou L, Liu L, Hou Y, Xiong M, Yang Y, et al. Single-cell RNA
sequencing highlights the role of inflammatory cancer-associated fibroblasts in
bladder urothelial carcinoma. Nat Commun (2020) 11(1):5077. doi: 10.1038/
$41467-020-18916-5

30. Wu G, Peng H, Tang M, Yang M, Wang J, Hu Y, et al. ZNF711 down-
regulation promotes CISPLATIN resistance in epithelial ovarian cancer via
interacting with JHDM2A and suppressing SLC31A1 expression. EBioMedicine
(2021) 71:103558. doi: 10.1016/j.ebiom.2021.103558

31. Amendola PG, Reuten R, Erler JT. Interplay between LOX enzymes and
integrins in the tumor microenvironment. Cancers (2019) 11(5):729. doi: 10.3390/
cancers11050729

32. Peng DH, Rodriguez BL, Diao L, Chen L, Wang J, Byers LA, et al. Collagen
promotes anti-PD-1/PD-L1 resistance in cancer through LAIR1-dependent CD8
(+) T cell exhaustion. Nat Commun (2020) 11(1):4520. doi: 10.1038/s41467-020-
18298-8

33. Chang CY, Wu KL, Chang YY, Tsai PH, Hung JY, Chang WA, et al. Amine
oxidase, copper containing 3 exerts anti-mesenchymal transformation and
enhances CD4(+) t—cell recruitment to prolong survival in lung cancer. Oncol
Rep (2021) 46(3):203. doi: 10.3892/0r.2021.8154

34. LiH, HuJ, Yu A, Othmane B, Guo T, Liu J, et al. RNA Modification of N6-
methyladenosine predicts immune phenotypes and therapeutic opportunities in

kidney renal clear cell carcinoma. Front Oncol (2021) 11:642159. doi: 10.3389/
fonc.2021.642159

35. Wan RJ, Peng W, Xia QX, Zhou HH, Mao XY. Ferroptosis-related gene
signature predicts prognosis and immunotherapy in glioma. CNS Neurosci Ther
(2021) 27(8):973-86. doi: 10.1111/cns.13654

Frontiers in Immunology

14

10.3389/fimmu.2022.964393

36. Cao R, Ma B, Wang G, Xiong Y, Tian Y, Yuan L. Characterization of
hypoxia response patterns identified prognosis and immunotherapy response in
bladder cancer. Mol Ther Oncol (2021) 22:277-93. doi: 10.1016/j.0mt0.2021.06.011

37. Liu T, Hu X, Lin C, Shi X, He Y, Zhang J, et al. 5-methylcytosine RNA
methylation regulators affect prognosis and tumor microenvironment in lung
adenocarcinoma. Ann Trans Med (2022) 10(5):259. doi: 10.21037/atm-22-500

38. Ge P, Wang L, Lu M, Mao L, Li W, Wen R, et al. Oncological outcome of
primary and secondary muscle-invasive bladder cancer: A systematic review and
meta-analysis. Sci Rep (2018) 8(1):7543. doi: 10.1038/s41598-018-26002-6

39. Pietzak EJ, Zabor EC, Bagrodia A, Armenia J, Hu W, Zehir A, et al. Genomic
differences between "Primary" and "Secondary" muscle-invasive bladder cancer as a
basis for disparate outcomes to cisplatin-based neoadjuvant chemotherapy. Eur
Urol (2019) 75(2):231-9. doi: 10.1016/j.eururo.2018.09.002

40. Sharma P, Callahan MK, Bono P, Kim J, Spiliopoulou P, Calvo E, et al.
Nivolumab monotherapy in recurrent metastatic urothelial carcinoma (CheckMate
032): a multicentre, open-label, two-stage, multi-arm, phase 1/2 trial. Lancet Oncol
(2016) 17(11):1590-8. doi: 10.1016/s1470-2045(16)30496-x

41. Bellmunt J, de Wit R, Vaughn DJ, Fradet Y, Lee JL, Fong L, et al.
Pembrolizumab as second-line therapy for advanced urothelial carcinoma. N
Engl ] Med (2017) 376(11):1015-26. doi: 10.1056/NEJMoal613683

42. Crispen PL, Kusmartsev S. Mechanisms of immune evasion in bladder
cancer. Cancer Immunol Immunother CII (2020) 69(1):3-14. doi: 10.1007/s00262-
019-02443-4

43. Sadeghi Rad H, Monkman J, Warkiani ME, Ladwa R, O'Byrne K, Rezaei N,
et al. Understanding the tumor microenvironment for effective immunotherapy.
Med Res Rev (2021) 41(3):1474-98. doi: 10.1002/med.21765

44. Xiao Y, Yu D. Tumor microenvironment as a therapeutic target in cancer.
Pharmacol Ther (2021) 221:107753. doi: 10.1016/j.pharmthera.2020.107753

45. Plesca I, Tunger A, Miller L, Wehner R, Lai X, Grimm MO, et al.
Characteristics of tumor-infiltrating lymphocytes prior to and during immune
checkpoint inhibitor therapy. Front Immunol (2020) 11:364. doi: 10.3389/
fimmu.2020.00364

46. LuH, WuJ, Liang L, Wang X, Cai H. Identifying a novel defined pyroptosis-
associated long noncoding RNA signature contributes to predicting prognosis and
tumor microenvironment of bladder cancer. Front Immunol (2022) 13:803355.
doi: 10.3389/fimmu.2022.803355

47. Zhou L, Xu B, Liu Y, Wang Z. Tertiary lymphoid structure signatures are
associated with survival and immunotherapy response in muscle-invasive bladder
cancer. Oncoimmunology (2021) 10(1):1915574. doi: 10.1080/2162402x.
2021.1915574

48. Xia QD, Sun JX, Liu CQ, XuJZ, An Y, Xu MY, et al. Ferroptosis patterns and
tumor microenvironment infiltration characterization in bladder cancer. Front Cell
Dev Biol (2022) 10:832892. doi: 10.3389/fcell.2022.832892

frontiersin.org


https://doi.org/10.1038/s41591-020-0839-y
https://doi.org/10.7150/thno.53649
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.1002/ijc.33794
https://doi.org/10.1002/ijc.33794
https://doi.org/10.1038/s41467-020-18916-5
https://doi.org/10.1038/s41467-020-18916-5
https://doi.org/10.1016/j.ebiom.2021.103558
https://doi.org/10.3390/cancers11050729
https://doi.org/10.3390/cancers11050729
https://doi.org/10.1038/s41467-020-18298-8
https://doi.org/10.1038/s41467-020-18298-8
https://doi.org/10.3892/or.2021.8154
https://doi.org/10.3389/fonc.2021.642159
https://doi.org/10.3389/fonc.2021.642159
https://doi.org/10.1111/cns.13654
https://doi.org/10.1016/j.omto.2021.06.011
https://doi.org/10.21037/atm-22-500
https://doi.org/10.1038/s41598-018-26002-6
https://doi.org/10.1016/j.eururo.2018.09.002
https://doi.org/10.1016/s1470-2045(16)30496-x
https://doi.org/10.1056/NEJMoa1613683
https://doi.org/10.1007/s00262-019-02443-4
https://doi.org/10.1007/s00262-019-02443-4
https://doi.org/10.1002/med.21765
https://doi.org/10.1016/j.pharmthera.2020.107753
https://doi.org/10.3389/fimmu.2020.00364
https://doi.org/10.3389/fimmu.2020.00364
https://doi.org/10.3389/fimmu.2022.803355
https://doi.org/10.1080/2162402x.2021.1915574
https://doi.org/10.1080/2162402x.2021.1915574
https://doi.org/10.3389/fcell.2022.832892
https://doi.org/10.3389/fimmu.2022.964393
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Cuproptosis depicts tumor microenvironment phenotypes and predicts precision immunotherapy and prognosis in bladder carcinoma
	Introduction
	Materials and methods
	Data sources
	Unsupervised clustering
	Pathway enrichment analysis
	Tumor immune microenvironment depiction
	Development and validation of a cuproptosis risk score
	Single cell RNA sequencing
	Assessment of molecular subtypes of BLCA
	Statistical analysis

	Results
	Cuproptosis regulated patterns in BLCA
	Different immune characteristics between cuproptosis regulated patterns
	Construction and validation of cuproptosis risk score and its clinical significance
	Cuproptosis signature for individual patient’s immune cell infiltration evaluation
	The role of cuproptosis signature on the single cell level
	Cuproptosis signature for predicting immunotherapy efficacy and molecular subtypes of BLCA

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


