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Introduction: This study aims to present the landscape of the intratumoral microenvironment and by
which establish a classification system that can be used to predict the prognosis of bladder cancer
patients and their response to anti-PD-L1 immunotherapy.
Methods: The expression profiles of 1554 bladder cancer cases were downloaded from seven public data-
sets. Single-sample gene set enrichment analysis (ssGSEA), univariate Cox regression analysis, and meta-
analysis were employed to establish the bladder cancer immune prognostic index (BCIPI). Extensive anal-
yses were executed to investigate the association between BCIPI and overall survival, tumor-infiltrated
immunocytes, immunotherapeutic response, mutation load, etc.
Results: The results obtained from seven independent cohorts and meta-analyses suggested that the
BCIPI is an effective classification system for estimating bladder cancer patients’ overall survival.
Patients in the BCIPI-High subgroup revealed different immunophenotypic outcomes from those in the
BCIPI-Low subgroup regarding tumor-infiltrated immunocytes and mutated genes. Subsequent analysis
suggested that patients in the BCIPI-High subgroup were more sensitive to anti-PD-L1 immunotherapy
than those in the BCIPI-Low subgroup.
Conclusions: The newly established BCIPI is a valuable tool for predicting overall survival outcomes and
immunotherapeutic responses in patients with bladder cancer.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bladder cancer is deemed one of the ten most frequent malig-
nancies worldwide, with an estimated 83,730 new cases and
17,200 deaths yearly in the United States [1]. Although the disease
is curable in the early stages with surgery, few treatment options
are available for patients with metastatic diseases, whose five-
year overall survival rate remains at approximately 15 % [2]. An
increasing body of evidence suggests that the crosstalk between
tumor cells and the tumor microenvironment plays a critical role
in tumor cell growth, invasion, and metastasis [3]. In addition,
immunocytes in the microenvironment can exert either tumor-
suppressing or tumor-promoting effects, which will lead to diverse
clinical outcomes.

The tumor-infiltrating immunocytes within bladder cancer tis-
sues have been identified and characterized by investigations for
a long time. The existence of CD8+ tumor-infiltrating lymphocytes
is correlated with ameliorative outcomes in patients with muscle-
invasive urothelial carcinoma, while the abundance of immuno-
suppressive regulatory T cells (Tregs) and macrophages is associ-
ated with compromised survival outcomes [4]. Patients with
tumors characterized by low Tregs, low CD68+/CD163+ macro-
phages, and high CD4+ T cells primarily have a favorable prognosis
in response to Bacillus Calmette–Guerin (BCG) therapy [5]. In addi-
tion, bladder cancer is the only solid malignancy in addition to
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melanoma, and immunotherapy offers survival benefits. The US
Food and Drug Administration (US FDA)-approved immunothera-
peutic agents targeting PD-1 or PD-L1 have demonstrated pro-
longed stable effects among metastatic bladder cancer patients
[6]. It should be highlighted here that the immunotherapeutic effi-
cacy of many tumors, including bladder cancer, is correlated with
the tumor immune microenvironment, neoantigens, copy number
variations (CNVs), and tumor mutational burden [7–10].

This study aimed to establish a novel classification index by
comprehensively collecting infiltrated immunocyte/immune
response-related signatures and then exploring the correlation
between the bladder cancer immune microenvironment and can-
cer genotypes.
2. Methods

2.1. Patient summary

Bladder cancer tissue arrays were purchased from Shanghai
Outdo Biotech Company Ltd. (Shanghai, China). Ethical approval
was obtained from the ethics committees of the company and
the First Affiliated Hospital of Anhui Medical University (Approval
Number: PJ2021-08-30). A total of 888 bladder patients with com-
plete clinical features and available follow-up information were
enrolled from four public datasets, namely The Cancer Genome
Atlas Bladder Cancer (TCGA-BLCA, n = 403), GSE31684 (n = 93),
GSE32894 (n = 224), and GSE13507 (n = 165) cohorts. And 669
patients from other three public cohorts named GSE32548
(n = 130), GSE48075 (n = 63), and E-MTAB-4321 (n = 476) were
used for the external validation. The demographic and clinico-
pathological features of the enrolled patients are summarized in
Table 1.

2.2. Data preprocessing

Raw count data was obtained from high-throughput sequencing
in the TCGA-BLCA cohort. The fragments per kilobase per million
(FPKM) were computed based on the raw count data and then
transformed into transcripts per kilobase million (TPM) values. In
addition, we filtered these mRNAs whose TPM values were less
than 1 in more than 90 % of cases. For microarray data obtained
from the GEO datasets (GSE31684, GSE32894, and GSE13507),
we used the R package affy to perform robust multiarray average
(RMA) normalization [11]. The original gene expression data were
log2 transformed and median-centered for subsequent analysis. A
detailed description of the platform and the download links for
each cohort are listed in Supplementary Table 1.

2.3. Collection of immunocyte/immune response-related signatures
and single-sample gene set enrichment analysis (ssGSEA)

After comprehensive retrieval, we collected 162 immunocyte/
immune response-related signatures [7,12–36]. Repeated signa-
tures were recombined by enrolling all available genes. In addition,
we used the R packages clusterProfiler and GSVA to perform GSEA
[37] and ssGSEA [38,39], respectively. The normalized enrichment
score (NES) of the 162 immune-related signatures in each case was
obtained through ssGSEA; for the calculation of each signature,
missing expression data for less than five genes were allowed.

2.4. Establishment of the bladder cancer immune prognostic index
(BCIPI)

The tumor immune infiltration level of each case was evaluated
through the NES score derived from ssGSEA. Then, univariate Cox
75
regression analysis was executed to identify overall survival-
related signatures. Meta-analyses were performed to further syn-
thesize the hazard ratios of each signature in the four independent
cohorts based on the fixed-/random-effect model referring to the
heterogeneity analysis. These signatures, whose synthesized P
value was less than or equal to 0.05, were enrolled to establish
the BCIPI using the following equation:

BCIPI ¼
Xn

i¼1

NESi �
Xn

j¼1

NESj

NESi is defined as the normalized ssGSEA score for the ith

immune-related signature in which the synthesized hazard ratio
(HR) value was higher than 1, and NESj is defined as signatures
in which the synthesized HR value was less than 1.

2.5. Correlation of the BCIPI with immunocyte infiltration, immune
checkpoints, and response to immunotherapy

The R package ‘‘estimate” generated a tumor purity index and
immune score that could reflect the immune infiltration status
[40]. Charoentong et al. [41] reported using ssGSEA based on 28
gene sets to assess the infiltration abundance of 28 immunocytes.
We also evaluated the expression of 66 immune checkpoints with
different BCIPIs in the four independent cohorts using the Pearson
correlation test. To predict the response of the BCIPI subgroup to
anti-PD-L1 immunotherapy, we downloaded the expression pro-
files of bladder cancer patients in the IMvigor210 cohort from
the R package IMvigor210CoreBiologies (http://research-pub.ge-
ne.com/IMvigor210CoreBiologies), which comprised a set of
patients with locally advanced and metastatic diseases receiving
atezolizumab (anti-PD-L1) treatment [7]. The GenePattern module
SubMap was used to compare the similarities and differences
between BCIPI subgroups in the four bladder cancer cohorts and
anti-PD-L1 responders in the IMvigor210 cohort [42].

2.6. Correlation of the BCIPI with copy number alterations and gene
mutation

GISTIC2.0 was applied to generate CNV data from GDAC Fire-
hose (https://gdac.broadinstitute.org). We compared the differ-
ences between the BCIPI-H and BCIPI-L subgroups at the focal
level of amplification/deletion and arm level of amplification/dele-
tion. In addition, the mutation matrix of the TCGA cohort was
obtained from the GDC website using the TCGAbiolinks R package
[43]. We used the R package maftools to plot the Oncoprint for the
BCIPI-H and BCIPI-L subgroups [44].

2.7. Correlation of the BCIPI with published molecular subtypes

The TCGA group proposed a new molecular classification sys-
tem that includes luminal-papillary, luminal-infiltrated, luminal,
basal/squamous, and neuronal [45]. In addition, Thorsson et al.
[46] proposed six pancancer immune subtypes, including TGF-b
dominant, IFN-c dominant, lymphocyte depleted, wound healing,
inflammatory, and immunologically quiet. Therefore, the correla-
tion between BCIPI subgroups and these previously defined molec-
ular subtypes was analyzed.

2.8. Immunohistochemistry (IHC) validation

An IHC assay was performed to validate the identified immuno-
cytes, such as macrophages (CD163, ab87099, MA, USA). The pro-
portions of CD8+ and PD-L1+ cells were provided by Shanghai
Outdo Biotech Company Ltd (Shanghai, China). The IHC assay
was carried out according to the procedure reported in our previ-
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Table 1
Basic clinicopathological features of enrolled cohorts.

TCGA-BLCA GSE13507 GSE31684 GSE32894 GSE32548 GSE48075 E-MTAB-4321
(N = 403) (N = 165) (N = 93) (N = 224) (N = 130) (N = 63) (N = 476)

Age, years old
Mean (SD) 67.9 (10.5) 65.2 (12.0) 69.1 (10.2) 69.4 (11.3) 69.7 (10.6) 67.8 (9.72) 68.9 (10.9)
Median [Min, Max] 69.0 [34.0, 89.0] 66.0 [24.0, 88.0] 69.2 [41.7, 91.1] 70.0 [20.0, 93.0] 70.5 [38.0, 90.0] 68.0 [42.7, 86.2] 69.5 [23.5, 95.5]

Gender
Female 105 (26.1 %) 30 (18.2 %) 25 (26.9 %) 61 (27.2 %) 31 (23.8 %) 0 (0 %) 109 (22.9 %)
Male 298 (73.9 %) 135 (81.8 %) 68 (73.1 %) 163 (72.8 %) 99 (76.2 %) 0 (0 %) 367 (77.1 %)
unknown 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 63 (100 %) 0 (0 %)

Tstage
CIS 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 3 (0.6 %)
Tis 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 1 (1.6 %) 0 (0 %)
Ta 1 (0.2 %) 24 (14.5 %) 5 (5.4 %) 110 (49.1 %) 40 (30.8 %) 0 (0 %) 345 (72.5 %)
T1 3 (0.7 %) 80 (48.5 %) 10 (10.8 %) 63 (28.1 %) 51 (39.2 %) 0 (0 %) 112 (23.5 %)
T2-4 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 0 (0 %) 16 (3.4 %)
T2 117 (29.0 %) 31 (18.8 %) 17 (18.3 %) 43 (19.2 %) 38 (29.2 %) 40 (63.5 %) 0 (0 %)
T3 192 (47.6 %) 19 (11.5 %) 42 (45.2 %) 7 (3.1 %) 0 (0 %) 16 (25.4 %) 0 (0 %)
T4 57 (14.1 %) 11 (6.7 %) 19 (20.4 %) 1 (0.4 %) 0 (0 %) 6 (9.5 %) 0 (0 %)
unknown 33 (8.2 %) 0 (0 %) 0 (0 %) 0 (0 %) 1 (0.8 %) 0 (0 %) 0 (0 %)

Grade
High 380 (94.3 %) 60 (36.4 %) 87 (93.5 %) 0 (0 %) 0 (0 %) 0 (0 %) 192 (40.3 %)
Low 20 (5.0 %) 105 (63.6 %) 6 (6.5 %) 0 (0 %) 0 (0 %) 0 (0 %) 284 (59.7 %)
G1 0 (0 %) 0 (0 %) 0 (0 %) 45 (20.1 %) 15 (11.5 %) 0 (0 %) 0 (0 %)
G2 0 (0 %) 0 (0 %) 0 (0 %) 84 (37.5 %) 40 (30.8 %) 0 (0 %) 0 (0 %)
G3 0 (0 %) 0 (0 %) 0 (0 %) 93 (41.5 %) 75 (57.7 %) 0 (0 %) 0 (0 %)
unknown 3 (0.7 %) 0 (0 %) 0 (0 %) 2 (0.9 %) 0 (0 %) 63 (100 %) 0 (0 %)

Type
MIBC 399 (99.0 %) 62 (37.6 %) 78 (83.9 %) 51 (22.8 %) 39 (30.0 %) 62 (98.4 %) 16 (3.4 %)
NMIBC 4 (1.0 %) 103 (62.4 %) 15 (16.1 %) 173 (77.2 %) 91 (70.0 %) 1 (1.6 %) 460 (96.6 %)

Z. Bian, J. Chen, C. Liu et al. Computational and Structural Biotechnology Journal 21 (2023) 74–85
ous studies [47,48]. For these universally expressed proteins, the
expression = the score of the positively stained region (0, negative
expression; 1, 1–10 %; 2, 11–50 %; 3, 51–80 %; and 4, >80 %) � score
of immunostaining intensity (0, negative staining; 1, weak stain-
ing; 2, mild staining; and 3, strong intensity) [49].
2.9. Statistical analysis

Kaplan–Meier plots and log-rank tests were performed to deter-
mine the survival difference between the BCIPI-H and BCIPI-L sub-
groups. In addition, multivariate Cox regression analysis was
employed to synthesize the BCIPI and clinicopathological features
and compare the predictive value of this newly established model
with BCIPI versus that of a continuous C-index; subsequently, the
restricted mean survival (RMS) curve was generated [50,51]. All
analyses were performed using R software (version 3.6.5). A two-
sided P value < 0.05 was deemed statistically significant.
3. Results

3.1. Establishment and validation of the BCIPI signature

To comprehensively establish an immune component-based
prognostic index in bladder cancer, we manually retrieved and
modified 162 tumor-infiltrated immune signatures. The NES value
of each signature in individuals was calculated by the ssGSEA
method. Then, we employed univariate Cox regression analysis to
determine the prognostic roles of these signatures in the four blad-
der cancer cohorts. meta-analyses were performed to achieve over-
all predictive estimations for the 162 immune-related signatures.
As a result, 33 immune-related signatures with P values � 0.05
were enrolled in building the BCIPI, and the details of the signa-
tures are illustrated in Supplementary Table 2 (all P < 0.05).

The BCIPI score of each bladder cancer patient was calculated by
adding the NES value of the 11 selected immune-related risk
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signatures and subtracting the NES score of 22 protect signatures,
and a heatmap plot was employed to display the distributions of
the 33 immune-related signatures between the BCIPI-H and
BCIPI-L subgroups (Fig. 1A-B). TheKaplan–Meier plot suggested that
the BCIPI was a risk factor for overall survival in all four bladder can-
cer cohorts (TCGA-BLCA: HR = 1.37, 95 % CI: 1.013–1.846, P = 0.041,
Fig. 1C; GSE13507: HR = 1.7, 95 % CI: 1.054–2.746, P = 0.030, Fig. 1D;
GSE31684: HR = 1.59, 95 % CI: 0.962–2.617, P = 0.071, Fig. 1E;
GSE32894: HR = 13.47, 95 % CI: 3.171–57.216, P < 0.001, Fig. 1F),
and the synthesizedmeta-analysis obtainedmore convincing results
(HR = 1.84, 95 % CI: 1.15–2.95, P = 0.010, Fig. 1G). In addition, we
observed that BCIPI still presented a favorable prognostic value of
over all survival (OS) for BCa patients, especially in the subgroup
of G2 (P = 0.001), G3 (P = 0.005), and high grade (P = 0.08) (Supple-
mentary Fig. 1).

To further explorewhether the BCIPI systemcould be included as
a supplement to the currently available staging system, we
employedRMS time ratios to compare patients’ overall survival out-
comes indifferentBCIPI subgroups. TheRMS time ratios ranged from
0.65 to 0.84 in the four datasets (TCGA-BLCA: P < 0.001; GSE13507:
P < 0.001; GSE31684: P = 0.008; GSE32894: P = 0.012, Fig. 2), and the
overall predictive values were significantly improved in all four
bladder cancer cohorts. These findings suggest that the newly
defined BCIPI is an effective classification system that not only
reflects the tumor immune infiltration status in the local bladder
and predicts the overall survival of bladder cancer patients but also
adds prognostic value to the available staging system.

3.2. Comparison of the tumor-infiltrated immunocytes between the
BCIPI-H and BCIPI-L subgroups

GSEA was conducted to compare the BCIPI-H and BCIPI-L
groups at the pathway level in the TCGA-BLCA cohort. As a result,
we found that the differences between the two subgroups were
significantly concentrated on immune-related pathways, including
cell adhesion molecules cams, complement and coagulation cas-



Fig. 1. The 33 immune-associated signatures-based indexes predict the overall survival of bladder cancer patients. (A) The flow displays the overall design of the current
study. (B) Heatmaps displaying the normalized enrichment score (NES) between bladder cancer immune prognostic index (BCIPI)-high and -low subgroups in the TCGA-BLCA
and GSE32894 cohorts. (C–F) Kaplan–Meier plot showing distinct overall survival outcomes between the BCIPI-high and BCIPI-low subgroups in the TCGA-BLCA, GSE13507,
GSE31684, and GSE32894 cohorts. (G) Meta-analysis displaying the overall prognostic value of the BCIPI by synthesizing the hazard ratio (HR) values from four bladder cancer
cohorts.

Z. Bian, J. Chen, C. Liu et al. Computational and Structural Biotechnology Journal 21 (2023) 74–85
cades, cytokine receptor interaction, ECM receptor interaction,
hematopoietic cell lineage, leukocyte transendothelial migration,
neuroactive ligand receptor interaction, nod like receptor signaling
pathway, pathways in cancer, and T-cell receptor signaling path-
way (P < 0.05) (Fig. 3A, and Supplementary Table 3).

To assess whether the BCIPI reflects the tumor-infiltrated
immunocytes/immune responses of bladder cancer patients, we
evaluated the association between the BCIPI and ImmuneScore and
TumourPurity, defined by Yoshihara et al. [40] as well as the Stro-
malScore. The results depicted that the BCIPI was significantly posi-
tively associated with ImmuneScore and StromalScore, but

negatively associated with TumourPurity. The details of the R̂Person
77
andPvalues indifferentdatacohortsaredisplayedinSupplementary
Fig. 2.

Moreover, we compared the infiltrating abundance of 28
immunocytes between the BCIPI-H and BCIPI-L groups in the four
bladder cancer cohorts. As displayed in Fig. 3B, the abundance of
nearly all immunocytes, such as activated B cells, activated CD4+ T
cells, macrophages, Th1 cells, and Tregs, among the four cohorts
was higher in the BCIPI-H group than in the BCIPI-L group. We also
validated these findings in bladder cancer tissue arrays
(Supplementary Table 4). We chose CD163 as the marker of macro-
phages, and with the IHC staining results for CD163, we found that
higher expression of CD163 was correlated with unfavorable prog-



Fig. 2. Restricted mean survival (RMS) difference between the bladder cancer immune prognostic index (BCIPI) and the integrated signature in TCGA-BLCA, GSE13507,
GSE31684, and GSE32894 cohorts. The integrated signature was generated by combining the BCIPI with clinicopathological features. The RMS curves are made up of a series
of points representing the RMS time of matched BCIPI and integrated signature. The difference in terms of the C-index between the two signatures was determined by the t-
test.
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nosis in bladder cancer patients with a lower American Joint Com-
mittee on Cancer (AJCC) stage (Ois + I + II) (log-rank P value < 0.05,
Fig. 3C–D), while a higher percentage of CD8+ cells was correlated
with favorable prognosis (log-rank P value < 0.05, Fig. 3E–F). No sig-
nificant association was observed between PD-L1 expression and
the overall survival of bladder cancer patients (Fig. 3G). In addition,
the Pearson correlation test also suggested that the percentage of
CD8+ cells was significantly associated with overall survival (Pear-
son correlation test P < 0.01, Fig. 3H). Our results suggest that the
BCIPI can reflect the immune status of bladder cancer patients,
which might also be associated with the chemotherapy or
immunotherapy response.
3.3. Patients in the BCIPI-H subgroup depicted a positive response to
anti-PD-L1 treatment

As mentioned above, tumor immune status might be associated
with immunotherapy response; thus, we assessed the correlation
between the BCIPI and the expression of 66 immune checkpoints.
We found that the BCIPI was significantly related to the expression
of most immune checkpoints in the four cohorts (Supplementary
78
Fig. 3). Notably, a positive association between PD-L1 and the BCIPI
was identified in all four bladder cancer cohorts, and the mRNA
expression of PD-L1 was higher in the BCIPI-H subgroup than in
the BCIPI-L subgroup in these four cohorts (TCGA-BLCA: P < 0.001,
Fig. 4A; GSE13507: P = 0.0094, Fig. 4C; GSE31684: P = 0.00057,
Fig. 4E; GSE32894: P < 0.001, Fig. 4G). Subsequently, we assessed
the association between BCIPI subgroups and anti-PD-L1 therapy
response in these four bladder cancer cohorts, and the results sug-
gested that patients in the BCIPI-H subgroup might benefit more
from anti-PD-L1 therapy than those in the BCIPI-L subgroup
(TCGA-BLCA, P = 0.086, Fig. 4B; GSE13507, P = 0.019, Fig. 4D;
GSE31684, P = 0.185, Fig. 4F; GSE32894, P = 0.007, Fig. 4H). Our find-
ings suggest that anti-PD-L1 therapy is a promising option for treat-
ing bladder cancer patients with a higher BCIPI.
3.4. Correlation of genomic alterations with the BCIPI subgroups in
bladder cancer

Different populations carry different gene mutations [52], gene
mutations might play important role in tumoregenisis and futher
development [53]. We observed a significant mutational difference



Fig. 3. The bladder cancer immune prognostic index (BCIPI)-high subgroup showed higher infiltration of immunocytes than the BCIPI-low subgroup. (A) Pathway enrichment
differences between the bladder cancer immune prognostic index (BCIPI)-high and BCIPI-low subgroups revealed by Gene Set Enrichment Analysis (GSEA). (B) The infiltration
difference of the 28 immunocytes between the BCIPI-High and BCIPI-Low subgroups in the TCGA-BLCA, GSE13507, GSE31684, and GSE32894 cohorts. (C–D) Kaplan–Meier
and log-rank analyses revealed that higher expression of CD163 was significantly correlated with unfavorable prognosis of bladder cancer with early-stage disease (AJCC
Ois + I + II). (E–F) Kaplan–Meier and log-rank analyses revealed that a higher percentage of CD8+ positive cells was significantly correlated with a favorable prognosis for
bladder cancer. (G) Kaplan–Meier and log-rank analyses revealed that a higher percentage of PD-L1-positive cells was seemingly associated with an unfavorable prognosis of
bladder cancer. AJCC, American Joint Committee on Cancer.
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Fig. 4. The bladder cancer immune prognostic index (BCIPI) is associated with the response to anti-PD-L1 immunotherapy. CD274 (PD-L1) was more highly expressed in the
BCIPI-High subgroup than in the BCIPI-Low subgroup in the TCGA-BLCA (A), GSE13507 (C), GSE31684 (E), and GSE32894 (G) cohorts. Patients in the BCIPI-High subgroup
were predicted to have better anti-PD-L1 treatment effects in the TCGA-BLCA (B), GSE13507 (D), GSE31684 (F), and GSE32894 (H) cohorts.
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between the BCIPI-L and BCIPI-H groups. KDM6A (33 % vs 19 %),
FGFR3 (23 % vs 4 %), GRIA4 (7 % vs 1 %), CASC5 (8 % vs 1 %), ARH-
GAP35 (8 % vs 4 %), and SVEP1 (7 % vs 3 %) were significantly more
highly mutated in the BCIPI-L group than in the BCIPI-H group
(Fisher’s exact P value < 0.05), while PHLDB2 (2 % vs 7 %), XIRP2
(8 % vs 16 %), INO80 (3 % vs 6 %), DSP (4 % vs 10 %), CUL9 (3 % vs
7 %), and AHNAK (7 % vs 12 %) were significantly more highly
mutated in the BCIPI-H group than in the BCIPI-L group in the
TCGA-BLCA cohort (Fisher’s exact P value < 0.05) (Fig. 5A). We also
found that patients in the BCIPI-H group displayed a lower level of
CNV at the ArmDeletion level (t-test, PDeletion = 0.0097, Fig. 5B)
but revealed a higher level of CNV at the FocalAmp level (t-test,
PAmp = 0.012, Fig. 5C). We also analyzed the survival difference
between altered (alterations occurred in the above genes) and
unaltered (alterations have not occurred in the above genes) sub-
groups and found that the patients in the altered subgroup demon-
strated better overall survival outcomes than those in the
unaltered subgroup (log-rank P value = 0.033).

For these mutated genes, we focused on FGFR3, whose muta-
tions resulted in higher expression of FGFR3 (Fig. 5E). In addition,
we analyzed the recurrent mutations in this gene between the
BCIPI-H and BCIPI-L subgroups. We found that the mutation
rates of the FGFR3-S249C allele were higher in the BCIPI-L group
than in the BCIPI-H group (12.74 % vs 2.96 %), followed by
G370C (2.45 % vs 0 %), and then Y373C (3.92 % vs 0 %)
(Fig. 5F), indicating that these recurrent mutations might influ-
ence the expression of FGFR3 and subsequently influence tumor
microenvironment. These results suggested that FGFR3 aberra-
tions might be associated with tumor microenvironment in blad-
der cancer.

3.5. Validation of BCIPI in external cohorts and compare with proposed
molecular subtypes

The external cohorts, GSE32548, GSE48075, and E-MTAB-4321,
were used to validate the prognostic value of BCIPI. The GSE32548
cohort contains 91 non-muscular invasive bladder cancer (NMIBC)
cases and 39 muscular invasive bladder cancer (MIBC) cases;
GSE48075 contains one NMIBC case and 62 MIBC cases; these
two cohorts recorded the OS information. The E-MTAB-4321
cohort contains 476 NMIBC patients, with the available progres-
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sion information recorded. After calculation of the BCIPI score,
we observed that BCIPI presented excellent predictive value in
the GSE32548 (P < 0.001, HR = 5.31, 95 % CI: 1.986–14.187,
Fig. 6A), GSE48075 (P = 0.036, HR = 2.06, 95 % CI: 1.047–4.043,
Fig. 6B), and E-MTAB-4321 (P = 0.005, HR = 3.21, 95 % CI: 1.435–
7.173, Fig. 6C) cohorts.

In addition, we also compared the BCIPI risk subgroups with
several proposed molecular classifiers. The TCGA group proposed
a new molecular classification system in bladder cancer that
includes five molecular subtypes (luminal, luminal-papillary/
infiltrated, basal/squamous, and neuronal [45]); we identified that
the patients in the BCIPI-H group were mainly attributed to the
basal squamous and luminal-infiltrated subtypes, while the
patients in the BCIPI-L group were mapped to the luminal-
papillary and luminal subtypes (Fig. 6D), which was consistent
with the survival analyses that demonstrated that patients with
the basal squamous and luminal-infiltrated subtypes had a more
unfavorable prognosis than those with the luminal-papillary and
luminal subtypes (log-rank P value = 0.002, Fig. 6D). Kamoun
et al. [54] reported a consensus bladder cancer molecular subtype,
and we compared BCIPI with it in the TCGA-BLCA cohort. We found
that BCIPI-H patients accounted for most parts of the Ba/Sq type
and stroma-rich type, which also had poor prognosis, while
BCIPI-L patients were mostly from the favorable prognosis LumP
type (Fig. 6E). An unusual situation is that although the NE-like
subtype has the worst prognosis, it is classified as BCIPI-L in our
grouping, which reflects that the prognosis of the NE-like subtype
is not related to the activation of immune pathways. For NMIBC,
Hedegaard et al. [55] demonstrated a molecular subtype based
on the E-MTAB-4321 cohort, including basal-like, CIS-like, and
luminal subtypes, with the CIS-like subtype having the worst pro-
gression survival and the luminal subtype having the most favor-
able clinical outcome. We compared BCIPI with Hedegaard
subtypes and observed that BCIPI-H was similar to the CIS-like
subtype, while BCIPI-L was mostly composed of the luminal and
basal-like subtypes (Fig. 6F). Furthermore, we combined the BCIPI
risk subgroups with the above molecular classifiers to analyse the
prognosis of patients in different subgroups. For MIBC in the TCGA
subtype, we found that patients with the luminal infiltrated sub-
type with high immune activation had a more unfavorable progno-
sis, while low immune activation indicated a better prognosis. For



Fig. 5. Genetic differences between the bladder cancer immune prognostic index (BCIPI)-high and BCIPI-low subgroups. (A) Oncoprint plot displaying the significantly
differentially mutated genes between BCIPI-High and BCIPI-Low subgroups. (B–C) The distribution difference in Arm- (B) and Focal-level (C) copy number variations (CNVs),
including amplification (Amp) and deletion (Del). (D) Kaplan–Meier plot and log-rank analyses displaying the survival difference between gene-altered (patients with
mutations of significantly differentially mutated genes) and unaltered (patients without mutations of significantly differentially mutated genes) subgroups in the TCGA-BLCA
cohort. (E) FGFR expression was more highly expressed in gene-altered (patients with mutations of significantly differentially mutated genes) than unaltered (patients
without mutations of significantly differentially mutated genes) subgroups in the TCGA-BLCA cohort. (F) The lollipop plot displays the major mutated sites of FGFR in the
BCIPH-High (down) and BCIPI-Low (up) groups.
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patients with the neuronal subtype, high immune activation
indicated a better prognosis than those with low immune activa-
tion. However, other molecular subtypes did not present different
survival prognoses impacted by the different immune activation
(Supplementary Fig. 4A). In the Kamoun consensus subtype, we
found that patients with LumU and Stroma-rich subtypes with
high immune activation had a better prognosis than those with
low immune activation. For patients with the LumP subtype, high
immune activation indicated a more unfavorable prognosis than
low immune activation (Supplementary Fig. 4B). For NMIBC in
the Hedegaard subtype, patients with basal-like and luminal sub-
types with high immune activation had a more unfavorable prog-
nosis than those with low immune activation (Supplementary
Fig. 4C). These results also confirm the prognostic value of BCIPI
in both MIBC and NMIBC.
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4. Discussion

Immune components play critical roles in bladder cancer. Here,
we constructed a prognostic index based on the essential infil-
trated immunocyte/tumor immune responses. We found that the
BCIPI successfully discriminated low- and high-risk patients with
distinct overall survival outcomes. In addition, significant differ-
ences between the BCIPI subgroups and CNVs, somatic mutations,
immunomodulators, and infiltrated immunocyte abundance were
identified. Notably, we also found that patients in the BCIPI-H sub-
group might be more sensitive in response to anti-PD-L1
immunotherapy. Our findings will help clinicians to develop indi-
vidualized treatment plans.

Most of the current research on immunotherapy biomarkers
concentrates on a single gene or different tumor-infiltrating
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Fig. 6. Validation of bladder cancer immune prognostic index (BCIPI) in external cohort and comparison with proposed molecular subtypes. (A) Kaplan–Meier plot showing
the prognostic value of BCIPI for overall survival in GSE32584. (B) Kaplan–Meier plot showing the prognostic value of BCIPI to overall survival in GSE48075. (C) Kaplan–Meier
plot showing the prognostic value of BCIPI for tumor progression in E-MTAB-4321. (D) Sankey plot displaying the correlation between BCIPI subgroups and TCGA-BLCA
molecular subgroups; Kaplan–Meier plot showing the distinct survival outcome of basal squamous, luminal, luminal-infiltrated, luminal-papillary, and neuronal subtypes. (E)
Sankey plot displaying the correlation between BCIPI subgroups and Kamoun et al.’s consensus subtype, Kaplan–Meier plot showing the distinct survival outcome of stroma-
rich, NE-like, LumU, LumP, LumNS, and Ba/Bq subtypes. (F) Sankey plot displaying the correlation between BCIPI subgroups and Hedegaard et al.’s consensus subtype;
Kaplan–Meier plot showing the distinct survival outcome of Luminal, CIS-like, and basal-like subtypes.
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lymphocytes ratios. These may be insufficient predictors of patient
response to immunotherapy. Compared to most of the biomarkers
currently used, the BCIPI is more comprehensive in considering the
immune signatures. We manually retrieved and modified 162
tumor-infiltrated immune signatures. After a series of analyses,
33 immune-related signatures were enrolled in building the BCIPI.
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After that, we wanted to identify the correspondence between the
BCIPI and immune therapy, so we analyzed the BCIPI in four
cohorts (TCGA-BLCA, GSE13507, GSE31684, and GSE32894) and
found that patients in the BCIPI-H subgroup revealed a positive
response to anti-PD-L1 treatment. As for the prognostic predictive
value of the BCIPI, we analyzed the BCIPI in the four cohorts and
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then validated it in three external cohorts (GSE32548, GSE48075,
and E-MTAB-4321), then compared it with proposed molecular
subtypes. We compared the difference of tumor-infiltrated
immunocytes and genomic alterations between the BCIPI-H and
BCIPI-L subgroup. The differences of pathways and genes may
reflect the potential prognostic predictive mechanisms of the BCIPI.
We found that the BCIPI could predict the overall survival of blad-
der cancer patients and add prognostic value to the available stag-
ing system. The BCIPI is a special and effective classification system
that can not only predict the response to immunotherapy but also
has prognostic predictive value for patients with bladder cancer.

Previous studies have reported that higher infiltration of
immunocytes is correlated with a favorable prognosis for bladder
cancer [55], while many studies have indicated that denser
tumor-infiltrating lymphocytes are associated with more invasive
features [56,57]. Commonly, lymphocytes migrate to the tumor
site from the circulating immune system, indicating that the host
immune system can initiate an antitumor response. However, the
immunosuppressive microenvironment is created after tumor cells
acquire genetic aberrations, and this kind of variation blocks tumor
clearance by the infiltrated immunocytes. In that case, the predic-
tive value of tumor-infiltrated immunocytes would be limited.
Here, we comprehensively retrieved immune-related signatures,
and based on a series of analyses; we established an infiltrated
immunocyte/immune response-based index. We found that this
index reflects the type and activity of these infiltrated immune
components and can predict the overall survival of bladder cancer
patients. Although we found that immune status was associated
with prognosis, the prognostic predictive value of the BCIPI was
affected by the proposed molecular classifiers. We found that for
MIBC in the TCGA subtype and Kamoun consensus subtype,
patients with the luminal infiltrated subtype, neuronal subtype,
LumU, and stroma-rich and LumP subtypes, the different immune
activation might indicate different prognoses. For NMIBC in the
Hedegaard subtype, patients with basal-like and luminal subtypes
with high immune activation had a more unfavorable prognosis
than those with low immune activation. Subsequent studies are
warranted to validate our findings and to reveal the underlying
mechanisms behind them.

For these differentially mutated genes, we are interested in
FGFR3. As indicated in previous studies, FGFR3 mutations are com-
monly correlated with low-grade and stage of bladder cancer [58],
as well as common disease-specific progression [58–60]. Neverthe-
less, based on FGFR3 mutations being associated with favorable
features in bladder cancer, there is a lack of evidence to propose
that FGFR3 mutations are linked to less aggressive characteristics.
In addition, for bladder cancer patients at an advanced stage or
who are receiving chemotherapy, FGFR3 mutations are associated
with unfavorable outcomes [45,61]. The proper application of
FGFR3 inhibition in the context of immune checkpoint inhibitor
(ICI) therapy has been clinically investigated at an early stage. It
has been reported that patients who had received ICI therapy
demonstrated higher response rates to FGFR inhibition than the
cohort (59 % vs 40 %) [62,63]. Rogaratinib also obtained a similar
effect of 30 % response among patients treated with ICI compared
with 24 % across the overall cohort [64]. The reasons for this phe-
nomenon include FGFR inhibition altering the microenvironment
and tumor cells being ‘‘sensitized” to allow for lymphocyte inva-
sion. In addition, FGFR signaling might be activated during tumor
progression or immunotherapy resistance. More studies are
needed to investigate the interaction between FGFR3 mutation
and tumor microenvironment formation or immunotherapy
response.

Recently, immunotherapeutic agents, such as PD-1 and PD-L1,
have provided novel treatment options for patients with meta-
static bladder cancer [7]. In addition, these drugs have been proven
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to be associated with prolonged stable responses in these patients
[6]. Increasing evidence suggests that tumor-infiltrated immuno-
cytes, tumor mutational burden, copy number variations, and the
number of neoantigens are correlated with the immunotherapeutic
response [7–10]. Our study found that the BCIPI-H subgroup is pre-
dicted to be more sensitive in response to anti-PD-L1 immunother-
apy. Consistently, the expression of CD274 was also higher in the
BCIPI-H subgroup than in the BCIPI-L subgroup. Bladder cancer
patients with higher PD-L1 expression tend to have progressive
cancer and unfavorable prognoses [65,66]. Furthermore, Rosenberg
et al. [67] found that the antitumor response to atezolizumab (anti-
PD-L1) relied on the PD-L1 expression level in tumor-infiltrating
immunocytes. Combining the data from the literature and our find-
ings, we conclude that although patients in the BCIPI-H subgroup
have mostly unfavorable prognoses, they tend to be more sensitive
to anti-PD-L1 immunotherapy when metastases occur because of
the higher abundance of infiltrated immunocytes and higher activ-
ity of immune responses than the BCIPI-L subgroup.

We summarize three advantages of the BCIPI. First, we compre-
hensively retrieved immunocyte/immune response-related signa-
tures. We established an effective classification system with a
series of analyses and proved the usage and stability of this index
in four independent cohorts comprising 888 bladder cancer cases.
Second, based on the correlation between tumor-infiltrated
immunocytes/immune responses and response to immunotherapy,
we performed systematic analyses and predicted that patients in
the BCIPI-H subgroup are more sensitive in response to anti-PD-
L1 therapy, which offers inspiration for clinical treatment. Third,
we observed significant differences between the BCIPI-H and
BCIPI-L subgroups in pathway enrichment, mutated genes, CNVs,
and tumor-infiltrated immunocytes/immune responses. These
findings will guide the design of future mechanism studies. There
are also several limitations of the current work. First, although
we predicted the anti-PD-L1 immunotherapy responses of the four
bladder cancer cohorts based on a public dataset including bladder
cancer patients after receiving immunotherapy, we still need to
validate our findings in an external bladder cancer cohort that will
receive or has already received anti-PD-L1 immunotherapy. Sec-
ond, we observed significant differences at the multiomics level
within BCIPI subgroups, but future studies are warranted to reveal
the underlying mechanisms behind them.
5. Conclusions

The correlation of the BCIPI with tumor-infiltrated immuno-
cytes/immune responses, overall survival outcomes, and anti-PD-
L1 immunotherapy indicates that this index is a robust classifica-
tion system in bladder cancer. Patients in the BCIPI-H subgroup
are associated with unfavorable prognoses but are presumed to
have better treatment outcomes with anti-PD-L1 immunotherapy.
These findings will help clinicians facilitate personalized treatment
for bladder cancer patients.
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