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Alterations in TP53 Are a Potential
Biomarker of Bladder Cancer Patients Who
Benefit From Immune Checkpoint
Inhibition

Qiong Lyu, MD1,*, Anqi Lin, MD1,*, Manming Cao, MD1,*, Abai Xu, MD2,*,
Peng Luo, MD1 , and Jian Zhang, MD1

Abstract
In recent years, immune checkpoint inhibitors (ICIs) targeting CTLA-4 or PD1/PDL1 have achieved remarkable success in the
treatment of bladder cancer (BLCA), but only a few patients have shown durable clinical benefits. The prognostic role of a mutant
form of the tumor suppressor gene TP53 (TP53-MT) in predicting the efficacy of ICIs is highly controversial; therefore, in this
study, we obtained data for 210 patients from an immunotherapy cohort, 412 patients from The Cancer Genome Atlas (TCGA)-
BLCA cohort and 18 BLCA cell lines from Genomics of Drug Sensitivity in Cancer (GDSC), and we performed integrated
bioinformatic analysis to explore the relationships between TP53-MT and clinical benefits derived from ICI treatment and the
underlying mechanisms. We conclude that TP53-MT is a potential indicator of a relatively good response to ICIs and associated
with prolonged overall survival (OS) (log-rank test, hazard ratio (HR)¼ 0.65 [95% confidence interval (CI), 0.44-0.99], p¼ 0.041).
Through integrated analysis with several platforms, we found that TP53-MT patients were more likely to benefit from ICIs than
wild-type P53 (TP53-WT) patients, which may be the result of 2 major mechanisms. First, the patients with TP53-MT showed
stronger tumor antigenicity and tumor antigen presentation, as indicated by a higher tumor mutational load, a higher neoantigen
load and increased expression of MHC; second, the antitumor immunity preexisting in tumors was stronger in samples with
TP53-MT than in those with TP53-WT, including enrichment of interferon-gamma, positive regulation of TNF secretion pathways
and increased expression of some immunostimulatory molecules, such as CXCL9 and CXCL10. This study provided some clues
for identifying patients who would potentially benefit from ICIs at the somatic genomic level, developing new indications for
targeted second-generation sequencing and promoting the development of precision medicine.
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Introduction

Worldwide, bladder cancer (BLCA) ranks as the second most

frequently diagnosed cancer of the urinary tract after prostate

cancer, with an estimated 429,793 new cases and 165,084

deaths in 20121. Approximately 25% of newly diagnosed

patients have muscle-invasive (MIBC) or metastatic disease,1

which limits the benefits achieved with platinum-based
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traditional chemotherapy,2 and the relative 5-year overall sur-

vival (OS) rate of metastatic disease is approximately 15%.3

Meanwhile, the remaining 75% of non-muscular invasive blad-

der cancer (NMIBC) refers to papillary malignant tumors that

are confined to the mucosa (Tis, Ta) or lamina propria (T1),

and can be classified into papillary urothelial neoplasms of low

malignant potential, noninvasive low-grade (LG) and high-

grade (HG) papillary urothelial carcinoma (The 2016 WHO

classification system). Because HG NMIBC are more atypia

and have higher incidence of recurrence or progression,

belonging to high-risk NMIBC, it is of most importance in

grading of noninvasive disease4 and management of HG

NMIBC should be more radical.

High-risk NMIBC includes high grade (grade 2004)/grade

2-3(grade 1973) or presence of carcinoma in situ. Bacillus

Calmette-Guérin (BCG) is a standard strategy to prevent recur-

rence of high-risk NMIBC as results of stimulating the inherent

and adaptive immune response, but 30%-50% of patients

develop resistance to BCG.5 The failure may be explained by

some factors, like immune escape, particularly due to CTLA4/

B27 and PD-1/PD-L1 axis.6 In addition, according studies in a

large cohort including more than 1,000 BCG-treated T1G3

NMIBC patients, Ferro et al. found that the increased number

of absolute basophil before Transurethral Resection of bladder

tumor (TURBT) may be related to the recurrence.7 Besides,

they found that Overweight and obesity were significantly

associated with an increased risk of recurrence and

progression.8

Following BCG, enormous clinical investigations have led

to the accelerated development of other kind of immunothera-

pies, including immune checkpoint inhibitors (ICIs). The use of

ICIs directed against cytotoxic T-lymphocyte-associated pro-

tein 4 (CTLA-4), programmed cell death protein 1 (PD-1) or its

ligand PD-L1 has led to unprecedented success in the treatment

of numerous types of solid tumors in recent years, but the

challenges are the same as that in BCG, only a minority of

patients obtaining clinical benefit.9 Similarly, multiple clinical

trials have suggested that the overall response rate of high-

grade or metastatic bladder tumors to ICIs fluctuates between

15% and 29%.10

There is a clinical need for biomarkers to identify optimal

candidates for ICIs. Early studies have suggested that the tumor

mutational burden (TMB),11 PD-L1 expression level on the

tumor cell surface,12 and CD8þ lymphocyte infiltration level13

are associated with the response to ICIs, but most of these

markers are from quantitation of protein or mRNA levels.

Driver alterations in some genes leading to tumorigenesis and

cancer progression are 1 of the 10 major characteristics of

neoplasms,14 and prior studies have demonstrated that tumor

microsatellite instability (MSI)15,16 and mutations in the DNA

damage response and repair (DDR) pathways17-19 can be

potentially applicable for the clinical selection of patients for

ICI treatment. In addition, mutations in some other genes may

be related to the efficacy of ICIs.20-23 For example, a previous

report indicated that somatic mutations in SERPINB3 or SER-

PINB4 were correlated with survival following treatment with

ICIs targeting CTLA4 in 2 independent cohorts of melanoma

patients,24 suggesting that mutations in a hub gene may also be

a prognostic marker for ICI treatment. Similarly, a recent study

found that recurrent mutations in TET1 (TET1-MT) were pre-

dictive of relatively good durable clinical benefit from ICIs and

improvement in OS across multiple cancer types,25 which also

indicates that TET1-MT is a novel predictive biomarker for ICI

treatment. However, it is worth noting that the above mutations

in a single gene were not predictive of the prognosis of patients

receiving non-ICI therapy.

The frequency of the mutant form of the tumor suppressor

gene TP53 (TP53-MT) in bladder tumors is close to 50%,26

with TP53 functionally inactivated in 76% of samples,27 but the

prognostic role of TP53-MT is not clear. Some studies have

confirmed that TP53-MT may be related to a poor prognosis.

For example, TP53-MT is more common in extravesical and

lymph node-positive conditions and associated with poor out-

comes in BLCA patients treated with radical cystectomy.28

Moreover, another study indicated that TP53-MT was associ-

ated with the progression of non-muscle-invasive bladder can-

cer (NMIBC).29 As expected, TP53-MT is associated with the

same characteristics in other types of tumors, such as mantle

cell lymphoma (MCL)30,31 and breast cancer (BC).32 Specifi-

cally, TP53-MT is significantly associated with Ki67 positivity

>30%, a high-risk MCL International Prognostic Index (MIPI)

score and inferior responses to both induction and high-dose

chemotherapy in young patients with MCL. In the case of BC,

TP53-MT was found to be significantly associated with a high-

risk IHC4 group and an independent prognostic factor for shor-

tened BC-specific survival, enhancing the prognostic accuracy

of IHC4 and PAM50 assays.

To elucidate some biomarkers for identifying responders to

ICI treatment, some studies have focused on exploring the

correlation between TP53-MT and the efficacy of ICIs, but the

predictive role of TP53-MT in immunotherapy remains deba-

table. An early study suggested that TP53-MT was associated

with a trend toward a relatively poor response, short PFS and

short OS in 110 patients receiving CTLA-4 blockade.33 How-

ever, inconsistent results were observed in another cohort of

patients with non-small cell lung cancer treated with PD-1 plus

CTLA-4 blockade.34 The authors found that TP53 mutations

were enriched in responders, suggesting that TP53 may be

associated with an enhanced response to combination therapy.

In addition, Dong et al. demonstrated that lung adenocarcinoma

patients with TP53-MT responded relatively well when receiv-

ing PD-1 inhibitors, suggesting that TP53 may help to inform

clinical decisions on the use of ICIs.35 These observations

could be attributed to the fact that patients with TP53-MT tend

to exhibit increased genomic instability and some pathway-

specific activation,26 as well as increased PD-L1 expression

and a higher TMB.35

While clinical trials of immunotherapy for BLCA incorpor-

ating molecular biomarkers are increasingly common, there is

still a lack of research on the relationship between the mutation

status of TP53 and the efficacy of ICIs and the possible

mechanisms. Therefore, in this study, we obtained BLCA data
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sets from The Cancer Genome Atlas (TCGA), Memorial Sloan

Kettering Cancer Center (MSKCC) and Genomics of Drug

Sensitivity in Cancer (GDSC) and performed integrated bioin-

formatic analyses of genomic, transcriptomic, and clinical data

for molecules and pathways to explore whether TP53-MT is

related to the efficacy of ICIs and elucidate the underlying

mechanism.

Materials and Methods

Clinical Cohorts and GDSC-BLCA Cell Lines

An immunotherapy cohort including annotated clinical data

and mutational data for 215 patients treated with ICIs (a PD-

1/PD-L1 inhibitor or CTLA-4 inhibitorsþPD-(L)1 inhibitors)

was obtained from a previously published study by Samstein

et al.,36 and samples in this cohort were sequenced by targeted

next-generation sequencing (MSK-IMPACT). Updated

somatic mutation, gene expression (Illumina HiSeq and

RNA-Seq) and clinical data (including OS) for BLCA, com-

posing the TCGA-BLCA cohort, were obtained from the Geno-

mic Data Commons (https://portal.gdc.cancer.gov/) using the

R package TCGAbiolinks,37 and additional survival data

(disease-free survival, DFS; progression-free survival, PFS)

were downloaded from cBioportal.38 In the immunotherapy

cohort, 210 patients with with nonsynonymously mutational

data were included, including TP53-MT(99) and TP53-

WT(111).In addition, 18 BLCA cell lines with median inhibi-

tory concentration (IC50) data for chemotherapeutic agents

(4 of which expressed TP53-WT, and 14 of which expressed

TP53-MT) were obtained from GDSC (https://www.cancerrx

gene.org/), and the cell lines with TP53-MT were compared

with those without TP53-MT.

Analysis of Gene Mutation Characteristics and Tumor
Immunogenicity

Corresponding whole-exome sequencing (WES) data for

BLCA cell lines were obtained from GDSC,39 and neoantigen

load (NAL) data for the TCGA-BLCA cohort were obtained

from a previously published article.40 The TMB was calculated

by dividing the number of nonsynonymous mutations by

38 MB.41 Visualizing the genetic mutations and clinical char-

acteristics of the top 20 most mutated genes in the immunother-

apy cohort and TCGA-BLCA cohort were performed by using

the R package ComplexHeatmap,42 and visualizing the TP53

gene mutation sites was performed by using the R package

Maftools.43

Infiltration of Immune-Related Cells and Expression
of Immune-Related Molecules

We inferred the infiltrating cells in the tumor microenviron-

ment (TME) by uploading tissue expression profiles to the

CIBERSORT web portal (http://cibersort.stanford.edu/),44 run-

ning the algorithm using the LM22 signature and 1,000

permutations, and comparing the fractions of 22 immune cell

types in the samples with TP53-MT to those in the samples

without TP53-MT. In addition, we obtained 2 lists of immune

marker genes classified by cell type45 and immunomodulators

with their functional classifications40 from published reports.

The expression levels of these genes were quantified as

log2(FPKM þ 1) and compared between TP53-MT and

TP53-WT samples, and genes with an absolute value of logFC

� 0.58 and p � 0.05 were considered to be significantly differ-

entially expressed.

Copy Number Variation (CNV) Analysis

We downloaded level 3 CNV (hg19) data without germline

CNV for BLCA from the Broad GDAC Firehose (http://fire

browse.org/). Then, we used GenePattern (http://cloud.Genepat

tern.org/gp/pages/index.jsf) to perform GISTIC 2.0 analysis

based on the downloaded Segment file without resetting para-

meters except the confidence interval (CI) equaling 0.99 and

the X chromosome included.46 Next, we used the R package

Maftools to visualize the results for somatic CNVs.43

Gene Set Enrichment Analysis (GSEA) and Genomic
Profiles of DDR-Related Mutations

The R package edgeR was used to normalize RNA-Seq data in

the TCGA-BLCA cohort,47 and the R package clusterProfiler48

was used to complete the enrichment analysis of gene clusters

whose results satisfied a nominal P-value cutoff of 0.05 and

were therefore considered statistically significant. Gene sets

were downloaded from the MSigDB database of Broad Insti-

tute (http://software.broadinstitute.org/gsea/msigdb/index.

jsp).49A DDR pathway gene set was also obtained from the

MSigDB database of Broad Institute (Supplemental Table

S1). Based on the DDR-related gene set, we evaluated the

number of synonymous somatic mutations in DDR-related

pathways in the immunotherapy cohort, TCGA-BLCA cohort,

and GDSC-BLCA cell lines and investigated whether there

were significant differences between the group with

TP53-MT and the group without TP53-MT.

Statistical Analysis

The differences in the TMB, the NAL, age, MSI scores, tumor-

infiltrating lymphocytes (TILs), immune-related molecule

expression and the number of DDR-related pathway gene muta-

tions between TP53-WT and TP53-MT tumors were examined

using the Mann-Whitney U test. The associations between the

TP53 status and the top 20 currently mutated genes in the

TCGA-BLCA cohort were examined using the chi-square test,

while those in the immunotherapy cohort were examined using

Fisher’s exact test. The associations between the TP53 status

and sex, race, ethnicity and tumor stage in the TCGA-BLCA

cohort were examined using Fisher’s exact test. Survival curves

for the subgroups defined by the TP53-MT status in each data

set were generated using the Kaplan-Meier method, and the
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log-rank test was used to determine the statistical significance

of differences. A value of P <0.05 was considered statistically

significant, and all statistical tests were 2 sided. In addition, the

R package ggpurb was used to create boxplots.50 All statistical

tests and visualizations were performed with R (version 3.6.1).

Results

TP53-MT Is a Protective Factor in BLCA Patients
Receiving ICIs

In the immunotherapy cohort, survival analysis based on the

mutation status of TP53 showed that patients with TP53-MT

were significantly associated with prolonged OS (Figure 1A,

log-rank test, hazard ratio (HR) ¼ 0.65 [95% CI 0.44-0.99],

p¼ 0.041), suggesting that TP53-MT may be associated with a

relatively good prognosis in patients treated with ICIs. To ver-

ify whether TP53-MT is related to only the prognosis of ICI

treatment, we performed the same analysis on the TCGA-

BLCA cohort. We found that compared with TP53-WT

patients, patients with TP53-MT had no significant difference

in OS (Figure 1B, HR ¼ 1.02 [95% CI, 0.76-1.37], p ¼ 0.88).

Consistent with the results for OS benefit, there were also no

significant differences in PFS or DFS (Figure 1C, HR ¼ 1.18

[95% CI, 0.88-1.59], p ¼ 0.267; Figure 1D, HR ¼ 1.22 [95%
CI, 0.61-2.45], p ¼ 0.57), indicating that the efficacy of non-

ICIs may not be related to the TP53 mutation status.

In order to explore whether TP53 mutation is the best pre-

dictor of ICIs therapy, we added Supplemental Table 4 to show

the clinical and molecular characteristics of patients with or

without TP53-MT in the immunotherapy cohort (Supplemental

Table 4).We found that only the TMB (TP53-MT, 10.822

(0.878-209.547); TP53-WT, 7.807 (0.878-70.217); P ¼
0.020) between the groups was significantly different, indicat-

ing that the status of TP53 or TMB may be prognostic factors.

In addition, the univariate and multivariate Cox regression

analysis of the above factors were performed (Supplemental

Figure S3). In the univariate Cox regression analysis, we found

that in addition to the status of TP53 (TP53-MT vs TP53-WT,

HR ¼ 0.65 95%CI: 0.42-0.98, p ¼ 0.04), sample type (primary

Figure 1. Associations of the TP53 mutation status and clinical outcomes. A, Kaplan-Meier survival curves of overall survival (OS) in the
immunotherapy cohort comparing patients with TP53-MT and patients with TP53-WT. B-D, Kaplan-Meier survival curves of overall survival
(OS), progression-free survival (PFS) and disease-free survival (DFS) in the TCGA-BLCA cohort comparing patients with TP53-MT and patients
with TP53-WT. A-D, Differences between the TP53-MT and TP53-WT groups were tested using the log-rank test.
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vs metastatic, HR ¼ 0.63[95%CI: 0.42-0.95], p ¼ 0.03) and

TMB score (HR ¼ 0.98[95%CI: 0.96-1.00], p ¼ 0.03) are also

prognostic factors. In further multivariate Cox regression anal-

ysis, sample type (primary vs metastatic, HR ¼ 0.64[95%CI:

0.54-0.96], p ¼ 0.03) and TMB score (HR ¼ 0.98[95%CI:

0.96-1.00], P ¼ 0.03) are still independent prognostic factors,

and the status of TP53 (HR ¼ 0.68[95%CI: 0.45-1.04], p ¼
0.07) shows trend to be prognostic, with the p value being

slightly greater than 0.05 and 95% confidence interval(CI)

being 0.45-1.04, which may be due to the small sample size.

Based on these observations, it is necessary to explore the

potential mechanisms involving different types of TP53

mutants and the efficacy of ICIs.

Patients With TP53-MT BLCA Show Increased Tumor
Immunogenicity

To clarify the underlying factors that allow TP53-MT to predict

the efficacy of ICIs, we grouped patients from an immunother-

apy cohort based on their TP53 status to explore the relation-

ships of this status with patient clinical and genomic

characteristics (Figure 2A). The results agreed with the results

of the analysis shown in Figure 1A, showing that the OS of

patients with TP53-MT was significantly longer than that of

patients with TP53-WT. Recurrent gene mutations, including

KMT2D, ARID1A, KDM6A, etc. were found in the immu-

notherapy cohorts. Alterations in some genes, such as PIK3CA,

FGFR3, KMT2C, and CDKN1A, were mainly enriched in the

TP53-WT group. However, only the FGFR3 mutation status

was significantly different between the TP53-WT and TP53-

MT patients (Fisher’s exact test, P <0.001). Then, we

performed the same analysis with the TCGA-BLCA cohort

(Figure 2B). As expected, the OS benefit was comparable

between the patients with TP53-MT and those with TP53-

WT (log-rank test, p > 0.05). In addition, we found a significant

difference in ethnic distribution between TP53-MT and TP53-

WT (Supplemental Figure S1). The fraction of Caucasian

patients with TP53-MT was higher than that of Asian patients,

suggesting that the frequency of TP53 mutations in Caucasians

is higher (chi-square test, p ¼ 0.003). Due to the large number

of samples in this cohort, we were able to find mutant genes

with significantly different distributions in addition to FGFR3,

such as RB1, FLG and FAT4 (chi-square test, all p <0.05).

However, these newly identified gene mutations were enriched

in patients carrying TP53-MT, suggesting that they may occur

with TP53-MT.

Then, we used the R package Maftools to visualize different

mutations in TP53. In the immunotherapy cohort, TP53 muta-

tions were mainly enriched in the core region that binds to

DNA, with residues 213, 248, 280 and 285 as the most common

hotpots, and there were few mutations in the N and C termini

(Figure 2C). In the TCGA-BLCA cohort, TP53 mutations were

also mainly in the DNA-binding domain, but there were also a

small number of mutations in the transcription activation

domain (Figure 2D).

Many studies have shown that the TMB and NAL are related

to the efficacy of ICIs, so we next explored the relationship

between the TMB or NAL and TP53. BLCA patients treated

with ICIs or non-ICIs all showed a higher TMB in the patients

with TP53-MT than in those with TP53-WT (Figure 3A-B,

Mann-Whitney U test, p < 0.05 and p < 0.001). Moreover, in

the TCGA-BLCA cohort where NAL data were available, we

found that both the TMB and the NAL were higher in the

patients with TP53-MT than in those with TP53-WT (Figure

3C). However, although the same trend was observed in GDSC

cell lines, it was not statistically significant (Figure 3D, Mann-

Whitney U test, p > 0.05)

Given that genomic instability is one of the hallmarks of

cancer, DDR-related genes play an important role in maintain-

ing the stability of the genome. In addition, TP53 is one of the

genes in the single_strand_DNA_binding (GO: 0003697) path-

way of the DDR pathway-related gene sets. Therefore, in this

study, we obtained 8 gene sets for DDR-related pathways

(Supplemental Table S1) from MSigDB and explored whether

they are related to the TP53 mutation status. Although only

SSB consistently exhibited a significantly difference across the

3 database datasets evaluated, NER was significantly different

in the TCGA-BLCA cohort, the overall number of DDR-

related gene mutations in the TP53-MT group was significantly

higher than that in the TP53-WT group (Figure 3E, Mann-

Whitney U test; immunotherapy cohort: p < 0.0001, TCGA-

BLCA cohort: p < 0.0001, GDSC cell lines: p < 0.05)

Next, to identify recurrently significant CNVs between

patients with TP53-MT and those with TP53-WT that may

explain the different efficacies of ICIs, we used GISTIC 2.0 to

analyze the segment file from the TCGA-BLCA cohort. Regard-

less of the status of TP53, there were a large number of CNVs in

BLCA patients (Supplemental Figure S2), and by comparing

groups defined by the TP53 mutation status, we found that there

were more CNVs in the patients with TP53-MT (Figure 3F).

A significant deletion in TP53-MT patients included 9p21.3,

which spans the tumor suppressor genes CDKN2A and

CDKN2B. The significantly amplified regions in TP53-MT

samples included 11q13.2-13.3, 1q23.3 and 6p22.3, of which

11q13.2-13.3 span the CCND1 (cyclin D1) gene.

Patients With TP53-MT BLCA Show Relatively
Strong Antitumor Immunity

The tumor immune microenvironment (TIME) is essential to

resisting tumors, making it vital in predicting the efficacy of

ICIs. Therefore, we used 3 methods to further explore the rela-

tionships among TILs, immune-related molecules and the

TP53 mutation status. First, we used CIBERSORT to analyze

mRNA expression data for the TCGA-BLCA cohort to esti-

mate the fractions of 22 immune cell types and compared the

results between the patients with TP53-WT and those with

TP53-MT. We observed that the infiltration of M0 and M1

macrophages was higher in the TP53-MT patients but there

was no significant difference in M2 macrophages between the

2 groups (Figure 4A). In addition, resting and activated
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dendritic cells, resting mast cells, and resting memory CD4þ T

cells were more abundant in the TP53-WT patients.

Then, based on the transcriptional data of samples and mar-

kers on the surface of lymphocytes, we found that the

intratumoral lymphocyte fraction, regulatory TIL fraction,

macrophage regulation, and INF-gamma marker scores were

significantly higher in the TP53-MT patients (Figure 4B,

Mann-Whitney U test, all p < 0.05). Moreover, we found that

Figure 2. Landscape of genomic alterations and lollipop charts of TP53 mutation sites. A, Two hundred ten BLCA samples from the immu-
notherapy cohort with mutation data grouped by the TP53 mutation status and mutation profile, with clinical and molecular features annotated
above. B, Four hundred twelve BLCA samples from the TCGA-BLCA cohort with mutation data grouped by the TP53 mutation status and
mutation profile, with clinical and molecular features annotated above. C-D, Amino acid positions of TP53 mutations in the immunotherapy
cohort (C) and TCGA-BLCA cohort (D). Number in circles represent the frequency of the corresponding site mutation. Asterisks indicate the
relationship with the TP53 mutation status (the TMB, the NAL, age and the MSI score were tested using the Mann-Whitney U test; the top 20
currently mutated genes in the TCGA-BLCA cohort were tested using the chi-Square test, and those in the immunotherapy cohort were tested
using Fisher’s exact test; and sex, race, ethnicity and disease stage in the TCGA-BLCA cohort were tested using Fisher’s exact test.
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). TMB: tumor mutational burden; NAL: neoantigen load; MSI: microsatellite instability.
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myeloid-derived suppressor cells (MDSCs) were mainly

enriched in the TP53-WT expression, according to molecular

marker expression on the cell surface (Figure 4C).

Finally, we evaluated the expression of immune-related mole-

cules classified by function in patients carrying TP53-WT or

TP53-MT (Figure 4D). CD70, CD80, CXCL9/10, IL1A/1B,

Figure 3. Patients with TP53-MT show increased genomic instability. A, In the immunotherapy cohort, the TMB in the patients with TP53-MT
was significantly higher than that in the patients with TP53-WT. The values of the TMB are plotted on a log scale. B, In the TCGA-BLCA cohort,
the TMB in the patients with TP53-MT was significantly higher than that in the patients with TP53-WT. The values of the TMB are plotted on a log
scale. C, In the TCGA-BLCA cohort, the NAL in the patients with TP53-MT was significantly higher than that in the patients with TP53-WT. D, In
the GDSC-BLCA cell lines, there was no significant difference in the TMB between the TP53-MT group and TP53-WT group. E, In the 3 included
data sets, TP53-MT was associated with an increased number of nonsense mutations in the overall DDR-related pathway. F, The distributions of
CNVs in the TP53-WT and TP53-MT groups were visualized. The differences in the TMB, NAL and quantity of nonsense mutations in DDR-
related pathways were tested using the Mann-Whitney U test. ns: not significant; * p < 0.05; ** p < 0.01; *** p < 0.001, ****p < 0.0001. TMB: tumor
mutational burden; NAL: neoantigen load; DDR: DNA damage response and repair. CNV: copy number variation.
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ICAM1, IFNG, TNF and other immunomodulators were signif-

icantly overexpressed in the TP53-MT patients. For antigen-

presenting MHC molecules, we found that most genes had higher

expression levels in the tumors with TP53-MT than in those with

TP53-WT, and the results for HLA-DQA1 and HLA-DQB1 were

statistically significant. Immunosuppressive molecules, such as

KIR2DL1 and KIR2DL3, were highly expressed in the TP53-

WT group, while LAG3, PDCD1LG2 and VTCN1 were more

highly expressed in the TP53-MT group; one of them is an ICI

target. The expression levels of PDCD1, CD274 (PD-L1),

Figure 4. BLCA patients in the TCGA cohort with TP53-MT show relatively strong preexisting antitumor immunity. A, The fractions of 22
immune cell types in the TP53-MT group and TP53-WT group based on RNA-Seq data. B, The immune-related scores of the TP53-WT group
and the TP53-MT group based on the expression of a marker gene set. C-D, Heatmap showing average changes in the expression levels of
immune-related molecules between the TP53-MT and TP53-WT groups. The molecules corresponding to the same lymphocyte or function are
identified by the same color on the left side of the squares, and each square with an exact number represents the logFC of a molecule, filled with
different back colors, i.e. from red to blue (C) or gray (D). The logFC values marked in black font indicate that the absolute value of logFC is
�0.58 with statistical significance, while the logFC values in white font are nonsignificant. The differences in tumor-infiltrating lymphocytes and
immune-related molecule expression between TP53-WT and TP53-MT tumors were tested using the Mann-Whitney U test. A-B, ns: not
significant; *p < 0.05; **p < 0.01; ***p < 0.001. D, Dark gray corresponds to a nonsignificant difference (p > 0.05).
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CTLA-4, IDO1, TGFB1, IL4 and IL10 were similar between the

2 groups. In addition, compared with that in the TP53-MT group,

GZMA expression in the TP53-WT group was higher.

Enrichment of Cell Cycle and Inflammatory Pathways
in TP53-MT Patients

Pathway enrichment analysis representing the expression of

several function-related genes is more convincing than analysis

of individual genes, so we ran GSEA to explore the pathways

that were upregulated in samples with different TP53 mutation

statuses. Gene ontology (GO), Kyoto Encyclopedia of Genes

and Genomes (KEGG) and Reactome terms were identified

with a cutoff of p < 0.05 (Supplemental Table S2 and S3).

We found that cell cycle-related pathways were enriched in

cancers with TP53-MT both in the TCGA-BLCA cohort and

the GDSC-BLCA cell lines (Figure 5A), showing accelerated

cell cycling and DNA replication. In addition, we found enrich-

ment of other pathways, including the INF-gamma pathway,

the pathway positively regulating TNF secretion, and natural

immune response-related pathways (such as the innate immune

response, mucosal immune response, organ- or tissue-specific

immune response, etc.) and humoral immune pathways, in

the patients with TP53-MT in the TCGA-BLCA cohort (Figure

5B-C). Interestingly, we also found that the PD-1 signaling

pathway was significantly upregulated in the group with

TP53-MT (Figure 5D). In contrast, epithelial-mesenchymal

transition (EMT) and the pathways positively regulating angio-

genesis and vascular permeability were downregulated in the

Figure 5. GSEA results for the patients with TP53-MT in the TCGA-BLCA cohort. Significantly enriched pathways in patients with TP53-MT,
including cell cycle-related pathways (A), cytokine-related pathways (B), immune response-related pathways (C), and the PD-1 signaling pathway
(D). Significantly enriched pathways in patients with TP53-WT, including epithelial-mesenchymal transition (E), angiogenesis and increased
vascular permeability (F), fatty acid metabolism and biological oxidation pathways (G), and the NOTCH1 and FGFR signaling pathway (H).
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samples with TP53-MT (Figure 5E-F). Fatty acid metabolism-

and biological oxidation-related pathways, NOTCH1 activa-

tion pathways and FGFR pathways were more abundant in the

tumors without TP53-MT (Figure 5H-G).

BLCA Cells With TP53-MT were Sensitive to Some
Chemotherapeutic Agents

Chemotherapy is still the standard treatment for BLCA, so we

explored the GDSC database to investigate whether the altera-

tion in TP53 was correlated with chemotherapeutic agent sen-

sitivity in BLCA. The results suggested that BLCA cancer cells

with TP53-MT are significantly more sensitive to 3 chemother-

apeutics, gemcitabine, mitomycin C and doxorubicin,

than BLCA cancer cells with TP53-WT (Figure 6A-C, all

p < 0.01), making them possibly favorable selections for treat-

ment of BLCA with TP53-MT.

Discussion

Here, based on careful evaluation of clinical data and somatic

mutation data from an immunotherapy cohort consisting of

BLCA patients, we observed that TP53-MT is a potential indi-

cator of clinical benefit derived from ICI treatment and asso-

ciated with prolonged OS (Figure 1A). We did not find a

significant difference in prognosis between the patients with

TP53-MT and those with TP53-WT (Figure 1B-C) in the

TCGA-BLCA cohort, suggesting that the efficacy of non-ICI

treatment is not related to the TP53 status. By performing

integrated analysis of genes, mRNAs and proteins, as well as

some functional molecules, we found that the mechanisms by

which TP53-MT patients are more likely to benefit from ICIs

may include an increased TMB and NAL and relatively strong

preexisting antitumor immunity.51 There are some clues to the

main mechanisms mentioned above in Figure 7.

Previous studies have suggested that a high TMB (TMB-H)

is associated with improved survival after ICI treatment across

different types of tumors, such as melanoma52 and non-small

cell lung cancer.34,53 Although there is currently no universal

definition for a TMB-H, the TMB has been clinically validated

as a biological indicator that can reliably predict the efficacy of

ICIs.12,36 We observed that patients with TP53-MT had a sig-

nificantly higher TMB than patients with TP53-WT in both the

immune cohort and TCGA-BLCA cohort, and the patients with

TP53-MT in the immune cohort responded better to ICIs, con-

sistent with the above studies. However, we did not draw the

same conclusion with GDSC cell lines because while the TMB

in the TP53-MT group showed a higher trend than that in the

TP53-WT group, the difference was not statistically signifi-

cant. We thought the reason might be that the number of cell

lines included was fairly low.

Although the median TMB of patients benefitting from ICIs

is higher than that of patients who do not derive benefit, there

was considerable overlap between TP53-MT and TP53-WT

patients in this study, indicating that there may be other factors

that affect the efficacy of ICIs. Defects in DDR-related path-

ways lead to increased genomic instability, and previous studies

have suggested that mutations in DDR-related pathways are

associated with a TMB-H and may be a screening indicator for

potential responders to ICIs in solid tumors.17,54 In our study,

the results for the immunotherapy cohort, TCGA-BLCA cohort,

and GDSC cell datasets all suggested that TP53-MT corre-

sponded with more nonsynonymous mutations in DDR-

related pathways than TP53-WT and supported that there is

increased instability in the genome in the TP53-MT group,

which is attributed to the increased accumulation of missense

mutations. In the results of GSEA, we found that the pathways

Figure 6. TP53-MT affects the efficacy of common BLCA chemotherapeutic agents in GDSC-BLCA cell lines. Ln(IC50) values of gemcitabine
(A), doxorubicin (B) and mitomycin C (C) between TP53-MT and TP53-WT cell lines. IC50 s reported in GDSC were loge transformed. The
differences in the ln(IC50) values of different drugs between the TP53-MT and TP53-WT cell lines were tested using the Mann-Whitney U test.
ns: not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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related to the cell cycle and DNA replication were mainly

enriched in TP53-MT, which showed that cell cycling and DNA

replication were accelerated, and a previous study showed sim-

ilar enrichment in TP53-MT lung adenocarcinoma.35 Thus, the

body does not have enough time to process unrepaired DNA-

damaged cancer cells, which may also explain the accumulation

of errors in DNA replication and missense mutations.

In the 2 cohorts, TP53 alteration was mainly concentrated in

the core region of the DNA-binding domain, reflecting the

importance of the DNA-binding ability and transcriptional acti-

vation function in the role of a tumor suppressor gene. In addi-

tion, there were also a small number of mutations in the

transcription activation domain in the TCGA-BLCA cohort,

so missense mutations in this domain can also cause TP53

dysfunction. The results of the CNV analysis suggest that

TP53-MT is associated with increased amplification of onco-

genes and deletion of tumor suppressor genes, validating that

TP53-MT increases genomic instability.26 Specifically, we

found that the most common deletion in TP53-MT was

9p21.3, which spans the tumor suppressor genes CDKN2A and

CDKN2B, and the most significantly amplified regions were

11q13.2-13.3, 1q23.3 and 6p22.3, of which 11q13.2-13.3 spans

the CCND1 (cyclin D1) gene.55

Describing the landscape of genomic alterations helped us

find that some commonly mutated genes were enriched in the

TP53-WT or TP53-MT group. Interestingly, we observed sig-

nificant enrichment of FGFR3-MT in the TP53-WT group, con-

sistent with reported results in BLCA. Spruck et al. discoveried

that TP53 mutations were more frequent in carcinoma in situ

(CIS) and invasive tumors, and they highlighted that urothelial

cell carcinomas progress via 2 distinct pathways.56 Later,

Bakkar et al. reported that mutations in FGFR3 and TP53 were

almost mutually exclusive. TP53-MT was associated with

high-stage, high-grade tumors (eg, CIS), whereas FGFR3-MT

was associated with low-stage, low-grade tumors (eg, pTa),

which define separate pathways at initial diagnosis of BLCA.57

In the immunotherapy cohort, only the sample type (primary or

metastatic sample) of the tumor can be obtained, and the

distribution of them was not significantly different between

TP53-MT and TP53-WT patients (p ¼ 0.70, Supplemental

Table 3). However, FGFR3-MT and TP53-MT were mutually

exclusive regardless of tumor stage and grade, The FGFR3-MT

was found in 31% of TP53-WT and 9% of TP53-MT patients.

In addition, a previous study suggested that FGFR3-MT

could become activated through increased ligand-independent

dimerization and phosphorylation and was associated with

low-level lymphocyte infiltration into tumors.58 Therefore, ICIs

plus FGFR3-targeted inhibitors may be more effective than

monotherapy in patients with FGFR3-MT. In addition, due to

the larger number of samples in the TCGA-BLCA cohort, we

found genes that are susceptible to comutation with TP53, such

as RB1, FLG, and FAT4. Robertson et al.2 reported that

simultaneous mutations in the above genes and TP53 could

lead to increased genomic instability, which can result in the

accumulation of more tumor neoantigens and increased

immunogenicity.

Figure 7. Potential mechanisms of TP53-MT patients to benefit from ICIs. Abbreviation: ICIs, immune checkpoint inhibition.
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The alterations in TP53 could increase tumor immunogeni-

city as mentioned above, stimulating the body’s antitumor

immunity effectively. Marker scores for the leukocyte fraction

and regulatory TIL fraction were higher in TP53-MT samples

than in TP53-WT samples, and the levels of infiltration by M0

and M1 macrophages were higher in TP53-MT, but MDSCs

were enriched more in TP53-WT, suggesting that an antitumor

TIME was formed in the TP53-MT tumors. In addition, higher

expression of IFNG, TNF, and MHCI/II and enrichment of the

interferon-gamma pathway and the pathway positively regulat-

ing TNF secretion were observed in TP53-MT patients com-

pared with TP53-WT patients. Increased levels of TNF can

stimulate IL1 expression,59 and IFN-gamma secreted by effec-

tor T cells can promote tumor antigen recognition by activating

STAT1 to upregulate the expression of MHC-I in tumor cells,60

which can also promote the expression of PD-L1 and PD-L2 on

the surface of tumor cells through STAT1/3,61 increasing

patient benefit derived from ICIs. Moreover, CD70/80,

CXCL9/10, IL1A/B, ICAM1, IFNG, TNF and other immunos-

timulatory molecules were significantly overexpressed in

TP53-MT disease, suggesting that immune signaling pathways

were enriched. After interacting with tumor cells, effector T

cells induce increased secretion of CXCL9 and CXCL10

through the IFN-g pathway, which attracts more effector T

cells via a positive feedback loop.51 Collectively, these results

suggested that there was strong preexisting antitumor immunity

in samples with TP53-MT.

The expression of immunosuppressive molecules suggested

that patients with TP53-MT may be more likely to benefit from

ICIs than those with TP53-WT. In our study, some immuno-

suppressive molecules, such as LAG3, PDCD1LG2 (PD-L2)

and VTCN1, were more highly expressed in the TP53-MT

group. Although there was a trend toward relatively high

expression of PDCD1 and PD-L1, the GSEA results indicated

that the PD-1 signaling pathway was enriched in TP53-MT

samples, suggesting that TP53-MT patients are more likely to

benefit from PD1/PD-L1 inhibitor treatment than are TP53-WT

patients. Additionally, the expression of PDCD1LG2 in TP53-

MT tumors was higher than that in WT tumors. Previous stud-

ies suggested that high expression of PD-L2 is related to the

clinical benefit derived from ICIs across various tumors,62,63 so

we hypothesize that patients with elevated expression of PD-L1

and DP-L2 are more likely to benefit from ICIs than patients

with low expression. The metabolites of IDO1 can inhibit anti-

tumor immunity,64 but their expression levels were close

between the groups, suggesting PD1/CTLA-4 inhibitors com-

bined with IDO1 inhibitors may have limited efficacy.

In addition to the GSEA results discussed above, we found

some enrichment of pathways related to primary or acquired

resistance to ICIs and cancer progression, such as EMT, angio-

genesis and positive regulation of vessel permeability path-

ways, in TP53-WT samples.65 The expression of VEGFA/

VEGFB, which are molecules related to angiogenesis and the

regulation of permeability, was not significantly different

between the 2 groups, suggesting that other regulatory factors

may exist to achieve the observed effects. In addition,

upregulation of NOTCH1 pathway activity can induce the pro-

gression of malignant tumors by promoting EMT,66 so the

enrichment of NOTCH1 and EMT pathways in TP53-WT sam-

ples may indicate a relatively poor prognosis. Fatty acid meta-

bolism and biological oxidation pathways are also enriched in

TP53-WT disease to meet the needs related to increased lipid

membrane and signal molecule synthesis, facilitating the

growth and proliferation of malignant cells. In recent decades,

although the role of fatty acid oxidation in macrophages and T

cells has been controversial, the key role of substance metabo-

lism in determining tumor progression or regression has gra-

dually been shown.67

Chemotherapy is still the standard therapy for controlling

BLCA tumorigenesis and development, and detection of muta-

tions in TP53 can also provide guidance for personalized che-

motherapy in BLCA patients. The analysis of GDSC data

showed that cell lines containing TP53-MT were more sensi-

tive to gemcitabine, mitomycin c, and doxorubicin, which are

all drugs used in first-line chemotherapy for BLCA68 that can

reduce tumor cell proliferation and metastasis, reduce tumor

recurrence and prolong relapse-free survival through a variety

of mechanisms, than those containing TP53-WT.

In addition to the content discussed above suggesting that

patients with TP53-MT show stronger tumor antigenicity,

tumor antigen presentation and antitumor immunity preexisting

in tumors, some more available and cheaper clinical biomar-

kers could also be considered to reflect systemic inflammation,

which indirectly reflects the immunogenicity of the tumor,

such as CRP, neutrophils, white blood cells, and neutrophil-

to-lymphocyte ratio (NLR). For example, the increased modi-

fied Glasgow Prognostic Score (mGPS), which is calculated

based on the levels of albumin and CRP in circulating blood

from BLCA patients, is related to the longer recurrence-free

survival period after radical bladder resection.69 Decreased

NLR before treatment may be an indicator of a longer

disease-specific and overall survival for MIBC patients receiv-

ing neoadjuvant chemotherapy and radical surgery.70

Immunotherapy may also play an important role in the field

of neoadjuvant therapy. Neoadjuvant chemotherapy (NAC) is

the standard treatment for MIBC, which is helpful to Patholo-

gical complete responses and tumor downstaging to NMIBC.

However NAC is less effective in patients with predominant

variant histology (VH), the clinical trial results of PURE-01

and ABACUS all indicated that neoadjuvant Pembrolizumab or

Atezolizumab could be beneficial to patients with MINBC(inl-

cuding patients presented with VH), especially for those with

high PD-L1 expression.71,72 In PURE-01 trial, it was also found

that people with high TMB responded better to neoadjuvant

Pembrolizumab. In the field of neoadjuvant therapy, the dis-

covery of predictive biomarkers is also of great significance for

identification of these responding tumors.

There are some limitations to this retrospective study. First,

the patients we included were from an immunotherapy cohort

(MSKCC_IMPACT) that was analyzed with targeted next-

generation sequencing and the TCGA-BLCA cohort analyzed

by full-exon sequencing, which may have caused some patient
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selection bias. Second, we defined any type of mutation in

TP53 as TP53-MT, which may introduce some variability.

There are many types of TP53 mutations, and their functions

may be different. Therefore, the potential mechanisms involv-

ing different types of TP53 mutants and the efficacy of ICIs

need to be further explored. Third, although, in the included

immunotherapy cohort, we found that TP53-MT is associated

with a relatively good prognosis for ICI treatment, whether

TP53-MT can predict the efficacy of ICIs and the related

mechanism need more clinical data to be validated.

In summary, our study suggested that BLCA patients with

TP53-MT are more likely to benefit from ICIs at the genomic

level than are those with TP53-WT and explored possible

mechanisms. Our research provides some clues for identifying

patients who would potentially benefit from ICIs at the DNA

level, increasing indications for targeted second-generation

sequencing (i.e., MSKCC_IMPACT), and this indicator can

be coordinated with other indicators to promote the develop-

ment of precision medicine. In the near future, a larger cohort

in prospective studies will be needed to validate the prognostic

value of TP53-MT for predicting ICI treatment outcomes and

to explore the possible role of TP53-MT in immunotherapy.
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