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Abstract
Muscle-invasive bladder cancer (MIBC) is a disease characterized by molecular and 
clinical heterogeneity, posing challenges in selecting the most appropriate treatment 
in clinical settings. Considering the significant role of CD4+ T cells, there is an emerg-
ing need to integrate CD4+ T cells with molecular subtypes to refine classification. We 
conducted a comprehensive study involving 895 MIBC patients from four independ-
ent cohorts. The Zhongshan Hospital (ZSHS) and The Cancer Genome Atlas (TCGA) 
cohorts were included to investigate chemotherapeutic response. The IMvigor210 
cohort was included to assess the immunotherapeutic response. NCT03179943 
was used to evaluate the clinical response to a combination of immune checkpoint 
blockade (ICB) and chemotherapy. Additionally, we evaluated genomic characteris-
tics and the immune microenvironment to gain deeper insights into the distinctive 
features of each subtype. We unveiled four immune-molecular subtypes, each ex-
hibiting distinct clinical outcomes and molecular characteristics. These subtypes in-
clude luminal CD4+ Thigh, which demonstrated benefits from both immunotherapy 
and chemotherapy; luminal CD4+ Tlow, characterized by the highest level of fibroblast 
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1  |  INTRODUC TION

Muscle-invasive bladder cancer (MIBC) presents a complex and di-
verse landscape at the molecular and clinical levels, contributing to 
its high morbidity and mortality.1 While cisplatin-based chemother-
apy has been the standard treatment for MIBC, over 50% of patients 
cannot receive this therapy due to renal function impairment, lim-
itations in performance status, or comorbidities.2,3 Immune check-
point blockade (ICB) has demonstrated remarkable survival benefits 
in recent years, but only about 20% of patients achieve significant 
improvements.4,5 Given the relatively low response rate and the 
high cost associated with immunotherapy, there is a pressing need 
to develop a more precise and personalized classification to guide 
treatment selection.

Numerous research teams have presented molecular classifi-
cations for bladder cancer (BC). Various gene expression-based 
schemes have emerged, encompassing the entire spectrum of BC. 
These classifications have significantly advanced our comprehen-
sion of biology in BC.6,7 In a broad sense, these molecular subtypes 
can be categorized into two main groups: luminal and basal sub-
types. Several studies have underscored the clinical significance 
of molecular stratification in MIBC, suggesting that specific MIBC 
subtypes might exhibit enriched responses to chemotherapy and im-
munotherapy.8–10 With the increasing prominence of immunother-
apy, it is imperative to incorporate tumor immune features into the 
classification system.

Studies have indicated that various immune cell subsets could 
serve as valuable indicators for predicting immunotherapy re-
sponse.11–13 Recently, the role of CD4+ T cells in the tumor immune 
microenvironment has drawn increasing attention. It has been ob-
served that CD4+ T cells can bolster CD8+ T cell-mediated killing 
in ICB-induced tumor immunity.14 Consistently, our previous studies 
revealed the importance of different CD4+ T cell subsets in orches-
trating immune responses.15–17 Considering its crucial role in tumor 
immunity, incorporating CD4+ T cells with the existing molecular 
subtypes may aid in selecting appropriate treatments for MIBC 
patients.

In this study, we integrated CD4+ T cells with molecular subtypes 
to establish a novel immune-molecular classification in MIBC. This 
innovative classification holds the potential to significantly enhance 

patient selection for both current and emerging therapies, leading to 
more personalized treatment strategies for MIBC patients.

2  |  MATERIAL S AND METHODS

2.1  |  Study cohorts

Four independent cohorts of 895 MIBC patients were analyzed in 
this study including the Zhongshan Hospital (ZSHS) cohort, The 
Cancer Genome Atlas (TCGA) cohort, the IMvigor210 cohort, and 
NCT03179943 (Figure S1A).

The ZSHS cohort involved 215 patients who underwent radical 
cystectomy from 2002 to 2014 at ZSHS, Fudan University. A total of 
81 patients were excluded due to non-urothelial carcinoma (n = 13), 
non-muscle-invasive bladder cancer (NMIBC, n = 60), and tissue de-
tachment on the tissue microarray (TMA) (n = 1). Finally, we enrolled 
141 patients and 69 individuals received chemotherapy. Informed 
consent was obtained from all patients, and the study was approved 
by the Clinical Research Ethics Committee of Zhongshan Hospital.

The Cancer Genome Atlas cohort initially included 412 patients 
from TCGA database. Twenty-one patients were excluded for var-
ious reasons, such as insufficient follow-up information or RNA 
sequencing data (n = 7), NMIBC pathologic diagnoses (n = 4), and 
receiving preoperative therapy (n = 10). Ultimately, TCGA cohort 
consisted of 391 patients, including 124 patients who underwent 
chemotherapy.

The IMvigor210 cohort consisted of 348 patients from the 
IMvigor210 trial, a single-arm phase II study designed to investigate 
the clinical effect of atezolizumab in patients with locally advanced 
or metastatic urothelial carcinoma (UC).4 Both expression data and 
relevant clinical data in the IMvigor210 cohort were downloaded 
from http://​resea​rch-​pub.​gene.​com/​IMvig​or210​CoreB​iolog​ies/​.

NCT03179943 is a single-arm phase II study designed to test 
the combination of guadecitabine and atezolizumab in patients with 
metastatic UC who had experienced primary or secondary progres-
sion on ICB and were either not suitable for or had already received 
platinum-based chemotherapy.18 Fifteen of them with pretreatment 
RNA sequencing data were included. Additional clinicopathological 
characteristics of these cohorts are listed in Tables S1 and S2.
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growth factor receptor 3 (FGFR3) mutation, thus indicating potential responsiveness 
to FGFR inhibitors; basal CD4+ Thigh, which could benefit from a combination of ICB 
and chemotherapy; and basal CD4+ Tlow, characterized by an immune suppression 
microenvironment and likely to benefit from transforming growth factor-β (TGF-β) 
inhibition. This immune-molecular classification offers new possibilities for optimizing 
therapeutic interventions in MIBC.
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2.2  |  Processing of transcriptomic and 
genomic data

Transcriptomic data were obtained simultaneously with the collection 
of clinical information. We used fragments per kilobase of transcript 
per million mapped reads (FPKM) to calculate the expression of genes 
and normalized mRNA expression by log2(FPKM+1) before analysis. 
Pathway signature scores were calculated by the mean arithmetic value 
of log2(FPKM+1) based on the related gene set expression that was 
reported previously (detailed gene lists are listed in Table S3).19–24 The 
total nonsilent somatic mutation per megabase (mut/Mb), which was 
defined as tumor mutation burden (TMB), was acquired from https://​
portal.​gdc.​cancer.​gov/​. The decomposition of 30 cosmic mutational 
signatures was performed using the “deconstructSigs” package. We 
grouped cosmic mutational signatures with similar etiology into nine 
signature clusters for further analysis: APOBEC mutational signature 
consisted of signature 2 and signature 13; aging mutational signature 
consisted of signature 1 and signature 5; tobacco mutational signature 
consisted of signature 4 and signature 29; homologous recombina-
tion defect (HRD) mutational signature consisted of signature 3 and 
signature 8; defective mismatch repair (dMMR) mutational signature 
consisted of signatures 6, 14, 15, 20, 21, and 26; polymerase ε (POLE) 
mutational signature consisted of signature 10; alkylating mutational 
signature consisted of signature 11; and ultraviolet (UV) mutational 
signature consisted of signature 7. Signature clusters were generated 
through the arithmetic summation of the individual signatures men-
tioned above. Others mutational signature is obtained by subtracting 
the other 8 mutational signatures from 1. The copy number variation 
(CNV) data were acquired from cBioPortal for Cancer Genomics. The 
OncoKB dataset (https://​www.​oncokb.​org/​) was matched with TCGA 
cohort to delineate novel therapeutic targets. The tumor neoantigen 
burden (TNB) data were evaluated using the methods described in a 
previous study.6 The involved genes for gene set enrichment analy-
sis (GSEA) were downloaded from https://​gsea-​msigdb.​org (detailed 
sources of GSEA pathways are listed in Table  S4). Gene alterations 
were identified as either nonsense, missense, frameshift, splice-site, 
in-frame deletion variants, or deleterious homozygous deletions and 
amplifications.

2.3  |  Immunohistochemistry (IHC) and 
assay methods

Tissue microarray was constructed and IHC was performed fol-
lowing previously established procedures.25 Formalin-fixed and 
paraffin-embedded tumor tissues from patients with MIBC were 
collected from the ZSHS. Each sample was subjected to hematoxy-
lin and eosin staining for assessment, and representative areas were 
marked on the paraffin blocks. Two tissue cores measuring 1.0 mm 
from distinct regions were used to build the TMAs. TMA sections 
were deparaffinized using xylene and then hydrated with distilled 
water. Following a 30-min inhibition of endogenous peroxidase 
with 3% H2O2, the sections underwent a 5-min heat treatment in 

unmasking solution (0.01 M sodium citrate buffer, pH = 6) using a 
pressure cooker. Subsequently, TMA sections were incubated with 
10% normal goat serum for 30 min. Anti-CD4 antibody (Ab67001, 
diluted 1:50; Abcam) was applied overnight at 4°C in a humid cham-
ber to detect CD4+ T cells in the tissue. After removing the primary 
antibody, positive staining was revealed using the DAB detection 
system. Afterward, the sections underwent counterstaining with he-
matoxylin, dehydration, mounting, and observation. Digital images 
of TMAs were scanned by NanoZoomer-XR (Hamamatsu) and Image 
Pro Plus 6.0 under a high-power magnification field. The number of 
CD4+ T cells per high-power field (HPF, ×200 magnification) was de-
fined as a density score (total number of positive cells per HPF) by 
two pathologists who were blinded to the clinicopathological data, 
and the average of the five fields was taken. The cutoff value for 
CD4+ T cells in each cohort was the median value. Antibodies used 
for immunostaining are listed in Table S5.

2.4  |  Statistical analysis

Statistical p-values were conducted using two-way tests, and de-
tailed statistical tests are shown in corresponding figure legends. 
Log-rank test was conducted for Kaplan–Meier analysis to compare 
overall survival (OS) between different subgroups. The Pearson 
chi-squared test or Fisher exact test was applied for the analysis of 
categorical variables, and Mann–Whitney U test was performed for 
continuous variables.

All statistical analyses were conducted using IBM SPSS Statistics 
26.0, Graph pad Prism 8.0.1, GSEA 4.1.0, and R software 4.1.2. 
p ≤ 0.05 was considered statistically significant.

3  |  RESULTS

3.1  |  Interplay of CD4+ T cells and molecular 
subtypes impacts on OS and chemotherapeutic 
response in MIBC

Though CD4+ T cells and molecular subtypes alone could predict prog-
nosis neither in TCGA (Figure S2A) nor in the ZSHS cohort (Figure S2B), 
CD4+ T cells had prognostic value in patients with basal subtype 
(Figure S2C,D). Therefore, we classified patients into four subgroups 
based on the CD4+ T cells and molecular subtypes: luminal CD4+ Thigh, 
luminal CD4+ Tlow, basal CD4+ Thigh, and basal CD4+ Tlow. Kaplan–
Meier analysis was conducted to demonstrate the clinical outcome of 
this stratification. We found patients in the basal CD4+ Tlow group pos-
sessed the worst prognosis (TCGA cohort, Log rank p = 0.003; ZSHS 
cohort, Log rank p = 0.087; Figure 1A). For patients receiving chemo-
therapy, better OS was observed in patients with high CD4+ T cells, 
while the molecular subtypes showed no difference in either TCGA 
or the ZSHS cohort (Figure S3A,B). Furthermore, patients with high 
infiltration of CD4+ T cells could benefit more from chemotherapy 
in the luminal subtype rather than the basal subtype (Figure S3C,D). 

https://portal.gdc.cancer.gov/
https://portal.gdc.cancer.gov/
https://www.oncokb.org/
https://gsea-msigdb.org
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After dividing people into four subgroups, we observed that the lumi-
nal CD4+ Thigh subgroup could significantly lead to improved OS in pa-
tients receiving chemotherapy in TCGA (Log rank p = 0.066, Figure 1B) 
and the ZSHS cohorts (Log rank p < 0.001, Figure 1B).

3.2  |  Patients with luminal subtype and high CD4+ 
T cells show superior response to PD-L1 blockade 
in MIBC

We further investigated the relationship between the immune-
molecular subtypes and PD-L1 blockade. In the context of atezoli-
zumab treatment, patients with the luminal subtype demonstrated 

improved OS, while no significant association was observed between 
patients with different expression levels of CD4+ T cells and treat-
ment outcomes (Figure S4A,B). However, patients with high CD4+ 
T cells showed better OS in patients with luminal subtype (Log rank 
p = 0.038, Figure 2A) rather than basal subtype (Log rank p = 0.470, 
Figure 2A). We then assessed the predictive value to PD-L1 blockade 
of this stratification. A notable association between patients in the 
luminal CD4+ Thigh subgroup and improved OS was observed (Log 
rank p = 0.021, Figure 2A). Additionally, this subgroup exhibited the 
highest objective response rate (ORR, 46.4%, Figure 2B). Among pa-
tients with metastatic UC who had previously experienced primary 
or secondary progression on a checkpoint inhibitor, the basal CD4+ 
Thigh subgroup demonstrated enhanced OS when treated with a 

F I G U R E  1  The interplay of CD4+ T cells and molecular subtypes impacts on OS and chemotherapeutic response in MIBC. (A) Kaplan–
Meier analysis of OS in TCGA cohort (left) and the ZSHS cohort (right), stratified by CD4+ T cells and molecular subtypes. (B) Kaplan–Meier 
analysis of OS in patients receiving chemotherapy, performed in TCGA cohort (left) and the ZSHS cohort (right), stratified by CD4+ T cells 
and molecular subtypes. Log-rank test was conducted for Kaplan–Meier analysis. MIBC, muscle-invasive bladder cancer; OS, overall survival; 
ZSHS, Zhongshan Hospital.
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combination therapy of guadecitabine and atezolizumab (Figure 2C). 
Moreover, all patients who responded as stable disease (SD) were 
present within this particular subgroup (Figure 2C).

3.3  |  Genomic characteristics of MIBC stratified by 
CD4+ T cells and molecular subtypes

We further assessed the genomic characteristics across the stratifi-
cation based on CD4+ T cells and molecular subtypes. The analysis 
suggested a higher TMB (p < 0.001, Figure 3A) and microsatellite in-
stability score (MSI, p < 0.001, Figure 3B) in the luminal CD4+ Thigh 
subgroup. Moreover, the results indicated elevated levels of both 
APOBEC and POLE mutational signatures in the luminal CD4+ Thigh 
subgroup (Figure  3C). These mutational features have previously 
been identified as biomarkers associated with the response to immu-
notherapy.26,27 The basal CD4+ Tlow subgroup exhibited the highest 
proportion of homozygous deletion of 9p21.3 (43.2%, Figure  3D), 
which confers “cold” tumor immune phenotypes according to a 
previous report.28 The luminal CD4+ Thigh subgroup exhibited the 
highest amplification of the 11q13.3 locus (21.3%, Figure 3D). Gene 

alteration analysis revealed that FGFR3 (30.1%, p < 0.001) and ELF3 
(19.0%, p = 0.001) mutations were more frequent in the luminal 
CD4+ Tlow subgroup, while BRCA1 (16.2%, p = 0.001) mutations were 
more common in the basal CD4+ Tlow subgroup. On the other hand, 
mutations in PPARG (32.0%, p < 0.001) were enriched in the lumi-
nal CD4+ Thigh subgroup (Figure S5). The expression of FGFR3 and 
PPARG were in accordance with the mutations of FGFR3 and PPARG, 
with higher expression of FGFR3 observed in the luminal CD4+ Tlow 
subgroup and higher expression of PPARG observed in the luminal 
CD4+ Thigh subgroup (Figure S6A). Notably, patients in the luminal 
CD4+ Tlow subgroup were found to have a high prevalence of FGFR3 
mutation and FGFR3-TACC3 fusion, categorized as level 1 of action-
ability defined by the OncoKB precision oncology knowledge data-
base, suggesting potential benefits from FGFR inhibitors (Figure 3E).

3.4  |  Distinct tumor immune microenvironments 
stratified by CD4+ T cells and molecular subtypes

We proceeded to investigate the immune composition of differ-
ent subgroups. Notably, the luminal CD4+ Thigh subgroup exhibited a 

F I G U R E  2  Patients with luminal subtype and high CD4+ T cells show superior response to PD-L1 blockade in MIBC. (A) Kaplan–Meier 
analysis of OS in the IMvigor210 cohort according to high/low CD4+ T cells in luminal subtype (left), basal subtype (middle), and four 
subgroups based on CD4+ T cells and molecular subtypes in all patients (right) after treatment of atezolizumab. (B) Analysis of response to 
atezolizumab across four subgroups based on CD4+ T cells and molecular subtypes. (C) Heatmap demonstrating clinical information of four 
subgroups based on CD4+ T cells and molecular subtypes with response to guadecitabine plus atezolizumab in NCT03179943. Log-rank test 
was conducted for Kaplan–Meier analysis. Mann–Whitney U test and Pearson's chi-square test were also applied. CR, complete response; 
MIBC, muscle-invasive bladder cancer; OS, overall survival; PD, progressive disease; PR, partial response; SD, stable disease; TMB, tumor 
mutation burden.
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significantly higher TNB (p < 0.001, Figure 4A). Moreover, pathways re-
lated to immunogenic neoepitope presentation, such as MHCI, MHCII, 
TCR, and BCR, were hyperactivated in the luminal CD4+ Thigh sub-
group (Figure 4B). Interestingly, we observed distinct compositions of 
CD4+ T helper cell subsets between the luminal CD4+ Thigh and basal 
CD4+ Thigh subgroups. The luminal CD4+ Thigh subgroup demonstrated 
a higher presence of Th1 and Th17 cells, whereas the basal CD4+ Thigh 
subgroup showed more Treg and Th2 cells (Figure 4C). Importantly, 
each subgroup presented distinct immunological phenotypes. The lu-
minal CD4+ Thigh subgroup exhibited an immune-inflamed phenotype 
characterized by T cell activation and IFN-γ-related gene signatures. 
On the other hand, the basal CD4+ Thigh subgroup displayed an im-
mune equilibrium phenotype with an abundance of immune-inflamed 
signatures alongside immune suppression signatures. The luminal 
CD4+ Tlow subgroup was linked to an immune desert phenotype, and 
the basal CD4+ Tlow subgroup presented an immune suppression phe-
notype with the highest level of immune suppression and TGF-β signa-
tures, as well as TGF-β pathway activity (Figure 4D, Figure S6B). The 
same immunological phenotypes were observed in the IMvigor210 

cohort as well (Figure  S7). IHC conducted in the ZSHS cohort con-
firmed these results. Although there was no significant difference in 
CD8+ T cells between the luminal CD4+ Thigh and basal CD4+ Thigh 
subgroups, the luminal CD4+ Thigh subgroup exhibited a higher pres-
ence of CD103+CD8+ tissue-resident memory T cells (TRM), while the 
basal CD4+ Thigh subgroup had more TIGIT+CD8+ exhausted T cells 
(TEX) than the luminal CD4+ Thigh subgroup (Figure 4E). Furthermore, 
patients in the luminal CD4+ Thigh subgroup displayed higher numbers 
of PD-L1+, IFN-γ+, and GZMB+ cells, whereas the basal CD4+ Thigh sub-
group had elevated levels of TGF-β+ cells (Figure 4F,G).

4  |  DISCUSSION

Transcriptome profiling facilitates the intrinsic molecular subtypes 
of BC, which may help to identify a more precise patient stratifi-
cation with increased sensitivity to various therapeutic options. 
Several teams have identified distinct molecular subtypes character-
ized by diverse histopathological features in MIBC, including LUND 

F I G U R E  3  Genomic characteristics of MIBC stratified by CD4+ T cells and molecular subtypes. (A) The distribution of TMB among 
four subgroups based on CD4+ T cells and molecular subtypes in TCGA cohort. (B) The distribution of MSI among four subgroups based 
on CD4+ T cells and molecular subtypes in TCGA cohort. (C) Heatmap for mutational signatures in TCGA cohort. (D) Prevalence of 9p21.3 
homdel (left) and 11q13.3 amp (right) in four subgroups based on CD4+ T cells and molecular subtypes in TCGA cohort. (E) Highest levels 
of therapeutic actionability in MIBC stratified by CD4+ T cell infiltration and molecular subtypes in TCGA cohort. Data were analyzed by 
the Mann–Whitney U test and Pearson's chi-square test. MIBC, muscle-invasive bladder cancer; MSI, microsatellite instability score; TMB, 
tumor mutation burden.
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University,29 University of North Carolina (UNC),30 MD Anderson 
(MDA) Cancer Center,31 and TCGA.6,32 While these subtypes were 
established from largely independent datasets using unique tran-
scriptional platforms, they exhibit numerous similarities.7 Notably, 
a strong overlap has been observed between certain subtypes.33 At 
a higher level, these subtypes represent a division into basal and lu-
minal subtypes, with each system having specific subclassifications.9 
The basal subtype is distinguished by the expression of basal kera-
tin markers such as keratin 14 (KRT14) and keratin 5 (KRT5). Gene 

pathways associated with cell survival and cell movement were also 
found to be enriched in this subtype. In contrast, the luminal subtype 
exhibited elevated levels of uroplakins including uroplakin 2 (UPK2) 
and uroplakin 3A (UPK3A). Alterations in FGFR3 and tuberous sclero-
sis 1 (TSC1) were significantly enriched in this subtype.30,31,34

Immune checkpoint blockade has demonstrated significant 
efficacy in patients with unresectable and metastatic BC as 
second-line treatment and in platinum-ineligible patients as first-
line treatment.35,36 Established evidence indicated that markers 

F I G U R E  4  Distinct tumor immune microenvironments stratified by CD4+ T cells and molecular subtypes. (A) The distribution of TNB 
among four subgroups based on CD4+ T cells and molecular subtypes in TCGA cohort. (B) Gene set enrichment analysis of the antigen-
presenting pathways in four subgroups in TCGA cohort. (C) The distribution of different CD4+ T cell subsets in four subgroups in the ZSHS 
cohort. (D) Heatmap for immune functional signatures in four subgroups in TCGA cohort. (E) The distribution of different CD8+ T cell 
subsets in four subgroups in the ZSHS cohort. (F) The distribution of PD-L1+ cells in four subgroups in the ZSHS cohort. (G) The distribution 
of effector cells in four subgroups in the ZSHS cohort. Data were analyzed by the Mann–Whitney U test and Pearson's chi-square test. TNB, 
tumor neoantigen burden; ZSHS, Zhongshan Hospital.
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associated with the immune microenvironment, such as CD8 ex-
pression, PD-L1 expression on tumor or immune cells, have shown 
their predictive value of response to ICB.37–40 Given the growing 
importance of immunotherapy, it is essential in clinical practice 
to incorporate immune features into the molecular classifica-
tion system to pinpoint the optimal patient population for ICB. 
Furthermore, while several studies have supposed the potential 
responses to chemotherapy and immunotherapy in certain sub-
types, the diversity of published MIBC classifications has posed 
challenges in integrating these subtypes into guiding standard 
management of patients with MIBC.4,9,39 In this study, we iden-
tified four immune-molecular subtypes with specific genomic 
characteristics, immune phenotypes, oncogenic pathways, and 
clinical outcomes based on integrating CD4+ T cells and molecular 
subtypes (Figure 5). In addition, this study gives plausible explana-
tions for heterogeneous responses to immunotherapy among the 
four subtypes according to their specific features.

Accumulating evidence has linked responses to immunother-
apy with T-cell infiltration.41,42 Our analysis suggested that the four 
subtypes harbored different immune phenotypes. Among the high-
T-cell-infiltration phenotypes, the luminal CD4+ Thigh subtype was 
characterized by the immune-inflamed phenotype. The finding was 
in line with previous reports that patients in this subtype presented 
the best response to immunotherapy and chemotherapy.19,23,43–45 

However, the basal CD4+ Thigh subtype, which also possessed high 
T cell-inflamed signatures, did not demonstrate superior outcomes 
from immunotherapy. It might be attributed to the enrichment of 
the immune suppression signature in this subtype, and the T cell-
inflamed infiltration signature may be counterbalanced by a higher 
level of immune suppression signature.

The function of CD4+ T cells relies on the composition of vari-
ous CD4+ T cell subsets, including Th1, Th2, Th9, Th17, Th22, and 
Treg cells, which are controlled by different transcription factors to 
produce specific cytokines and thus exert different functions.46 Th1 
cells participate in antitumor immunity through IFN-γ and tumor 
necrosis factor (TNF) production, Th2-mediated immunity supports 
tumor growth, and Tregs are known to inhibit the function of CD8+ 
cytotoxic lymphocytes.47–50 Although the role of Th9 and Th17 cells 
remains controversial among various cancers, it was confirmed that 
Th17 cells were associated with an antitumor immune contexture 
and Th9 cells were correlated with a tumor-promoting environment 
in MIBC.16,17,51 In our study, despite possessing high infiltration of 
CD4+ T cells in both the luminal CD4+ Thigh and basal CD4+ Thigh 
subtypes, the composition of CD4+ T cell subsets was starkly dif-
ferent. More Th1 and Th17 cells were observed in the luminal CD4+ 
Thigh subgroup and more Treg and Th2 cells in the basal CD4+ Thigh 
subtype. This may partially explain the different response rates to 
immunotherapy in these two subtypes.

F I G U R E  5  Overview of molecular characteristics and potential therapeutic implications per subtype for muscle-invasive bladder cancer 
(MIBC). ICB, immune checkpoint blockade.
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The luminal CD4+ Tlow and basal CD4+ Tlow subtypes, which 
displayed non-T cell-inflamed phenotype, both displayed a low 
response rate to immunotherapy. However, the mechanism that 
regulates the immune microenvironment might differ in these two 
subtypes. The luminal CD4+ Tlow subtype showed enrichment in 
FGFR3 expression and FGFR3 mutations. The FGFR3 signaling has 
been reported to affect pathways (i.e., EMT and TGF-β) that in-
terfere with the microenvironmental milieu.52 Furthermore, nu-
merous clinical trials are currently underway to demonstrate the 
clinical effectiveness of FGFR inhibitors and to investigate the po-
tential utilization of FGFR alterations as a biomarker. Erdafitinib, 
a tyrosine kinase inhibitor targeting FGFR1–4, has demonstrated 
antitumor activity in preclinical models and a phase 1 study with 
patients carrying FGFR alterations.53,54 In the phase 2 study 
(NCT02365597), Erdafitinib exhibited an ORR of 40% in meta-
static UC with selected FGFR3 mutations or fusions.55 Based on 
this clinical trial, erdafitinib has been approved by the FDA as 
the first targeted drug for BC since 2019.56 More importantly, 
Erdafitinib demonstrated a significant improvement in both OS 
and progression-free survival (PFS) compared with chemother-
apy in patients with metastatic UC with susceptible FGFR3/2 
alterations who had progression after previous anti-PD-1 or anti-
PD-L1 therapy in a global phase 3 clinical trial (NCT03390504).57 
This noteworthy enhancement emphasizes the significance of 
molecular testing for FGFR alterations in patients diagnosed with 
metastatic UC. Considering the high prevalence of FGFR3 muta-
tion and FGFR3-TACC3 fusion in the luminal CD4+Tlow subgroup, 
FGFR inhibitors may be a potential therapeutic option for patients 
in this subgroup.

The basal CD4+ Tlow subtype exhibited the highest proportion 
of homozygous deletion of 9p21.3. It was reported that 9p21 loss 
would confer a “cold” tumor immune phenotype characterized by 
the reduced abundance of tumor-infiltrating leukocytes and the 
activation of immunosuppressive signaling, which may explain our 
clinical findings.28 Moreover, considering the activation of TGF-β 
signaling, it is potentially beneficial for the application of TGF-β in-
hibitors in the basal CD4+ Tlow subtype.58

Regarding the retrospective and exploratory design of our 
study, this classification still requires further validation by more 
extensive, multicentered clinical cohorts. Experimental proce-
dures should be carried out to assess the potential value of this 
classification to certain therapies. Moreover, the detailed mecha-
nism that caused the non-T cell-inflamed microenvironment needs 
further exploration. Despite these limitations, this study defined 
an immune-molecular classification based on CD4+ T cells and mo-
lecular subtypes. This classification is hoped to serve as a foun-
dation for developing tailored therapeutic approaches for MIBC 
patients.
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