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Abstract
Background: Heterogeneity of tumor cells and the tumor microenvironment (TME) is significantly associated with clinical
outcomes and treatment responses in patients with urothelial carcinoma (UC). Comprehensive profiling of the cellular diversity
and interactions between malignant cells and TME may clarify the mechanisms underlying UC progression and guide the
development of novel therapies. This study aimed to extend our understanding of intra-tumoral heterogeneity and the
immunosuppressive TME in UC and provide basic support for the development of novel UC therapies.
Methods: Seven patients with UC were included who underwent curative surgery at our hospital between July 2020 and October
2020. We performed single-cell RNA sequencing (scRNA-seq) analysis in seven tumors with six matched adjacent normal tissues
and integrated the results with two public scRNA-seq datasets. The functional properties and intercellular interactions between
single cells were characterized, and the results were validated using multiplex immunofluorescence staining, flow cytometry, and
bulk transcriptomic datasets. All statistical analyses were performed using the R package with two-sided tests.Wilcoxon-rank test,
log-rank test, one-way analysis of variance test, and Pearson correlation analysis were used properly.
Results: Unsupervised t-distributed stochastic neighbor embedding clustering analysis identified ten main cellular subclusters in
urothelial tissues. Of them, seven urothelial subtypes were noted, and malignant urothelial cells were characterized with enhanced
cellular proliferation and reduced immunogenicity. CD8+ T cell subclusters exhibited enhanced cellular cytotoxicity activities
alongwith increased exhaustion signature in UC tissues, and the recruitment of CD4+ T regulatory cells was also increased in tumor
tissues. Regarding myeloid cells, coordinated reprogramming of infiltrated neutrophils, M2-type polarized macrophages, and
LAMP3+ dendritic cells contribute to immunosuppressive TME in UC tissues. Tumor tissues demonstrated enhanced angiogenesis
mediated by KDR+ endothelial cells and RGS5+/ACTA2+ pericytes. Through deconvolution analysis, we identifiedmultiple cellular
subtypes may influence the programmed death-ligand 1 (PD-L1) immunotherapy response in patients with UC.
Conclusion: Our scRNA-seq analysis clarified intra-tumoral heterogeneity and delineated the pro-tumoral and immunosuppres-
sive microenvironment in UC tissues, which may provide novel therapeutic targets.
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Introduction

Urothelial carcinoma (UC), also known as transitional cell
carcinoma, includes bladder cancer (BC), urethra cancer,
and upper tract urothelial carcinoma (UTUC). Approxi-
mately 90% to 95%of clinical UCs are BCs, which rank as
the 12th most commonly diagnosed cancer worldwide.[1]

Patients with advanced-stage disease (pT3-T4a or lymph
node-positive disease) have a 5-year overall survival (OS)
of only 10% to 40%, with limited clinical benefits of
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neoadjuvant cisplatin-based chemotherapy.[2] Several
immune checkpoint-based therapies have been recom-
mended for surgery ineligible patients or patients with
metastatic UC, but only approximately 30% of patients
respond to these immunotherapies.[3]

Single-cell RNA sequencing (scRNA-seq) has recently
enabled sequencing of thousands of cells in a single
sample, and gene expression profiling of all individual cells
has been performed in multiple cancers.[4,5] Tumor cell
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heterogeneity and certain tumor microenvironment
(TME) cell subtypes or characteristics are significantly
associated with tumor progression and treatment
responses.[4] Recent scRNA-seq analyses have dissected
the functional characteristics of tumor-infiltrating T cells
and the TME cellular profiles in BC tissues.[6] However,
the diverse characteristics and intercellular interactions in
normal and tumor urothelial tissues, which may account
for the mechanisms underlying UC development and
progression, are not yet fully understood.

In this study,weanalyzed sevenUCand sixmatchednormal
tissues using plate-based single-cell sequencing. Our in-
house scRNA-seq data were integrated with public data
from two previous studies that included a further eight
primary UC and six normal urothelial tissues to provide a
more comprehensive view of the inter- and intra-tumoral
heterogeneity of urothelial cells.[6,7] The current study may
extend our understanding of intra-tumoral heterogeneity
and the immunosuppressive TME in UC and provide basic
support for the development of novel UC therapies.
Methods

Ethical approval

This research was reviewed and approved by the Ethics
Committee of the Shanghai Jiao Tong University Medical
School Affiliated Ruijin Hospital (No. 202034) and was
conducted in accordance with theDeclaration of Helsinki
(as revised in 2013). Written informed consent was
obtained from all the participants.
Patient recruitment and sample collection

Seven patients with UCwho underwent curative surgery at
Ruijin Hospital, Shanghai Jiao Tong University School of
Medicine, between July 2020 and October 2020, were
recruited for the current study. The patients were
histopathologically diagnosed with primary UC (UTUC
or BC) by two independent pathologists. None of the
patients had received any prior anticancer treatments
before surgery, and none of the patients had any other
cancer history. Detailed patient characteristics and
individual scRNA-seq quality are shown in [Supplemen-
tary Tables 1 and 2, http://links.lww.com/CM9/B414].
Single-cell sample preparation

After surgery, primary UC and adjacent normal samples
were washed in ice-cold saline, cut into pieces (2–4 mm),
and dissociated in a tumor-dissociation solution at 37°C
for 60 min. Tumor-dissociation solution comprised
RPMI-1640 medium supplemented with 60 U/mL type I
collagenase (#A004194, Sangon Biotech, Shanghai,
China), 100 U/mL type IV collagenase (#A004186,
Sangon Biotech), 0.1 mg/mL neutral protease
(#A002100, Sangon Biotech), and 44 U/mL DNase I
(#B006331, Sangon Biotech). Digestion was stopped with
excess RPMI-1640 medium supplemented with 10% fetal
bovine serum (#16140071, Gibco, Life Technologies,
Carlsbad, CA, USA), and the cell supernatants were
passed through 70-mmnylon cell strainers. Red blood cells
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were lysed using a red blood cell lysis buffer (#420301;
BioLegend, San Diego, CA, USA). Single-cell quality
control was first assessed via trypan blue staining, and the
cell viability and concentration was then assessed with the
Countess® II FL Automated Cell Counter (Invitrogen,
Carlsbad, CA, USA). Samples with cell viability >80%,
concentration >300 cells/mL, and without obvious cell
debris or clumps would be used for following experiment.

Plate-based single-cell library preparation and sequencing

Microbead-captured single-cell library construction was
performed using a BD RhapsodyTM Single-Cell Analysis
System (#633701, BD Biosciences, San Jose, CA, USA)
following the manufacturer’s instructions as described
previously.[8] The constructed libraries were sequenced on
a NovaSeq instrument (Illumina, San Diego, CA, USA).
Raw single-cell sequencing data processing and quality
control

Raw sequencing data were analyzed using the standard
BD RhapsodyTM Whole Transcriptome Analysis platform
on Seven Bridges (https://www.sevenbridges.com) follow-
ing the standard recommendations. Low-quality cells with
<200 detected genes or >25% of mitochondrial genes
were removed.
Public scRNA-seq dataset processing

We included two independent droplet-based single-cell
sequencing datasets based on the 10� Genomics platform
reported by Chen et al[6] and Yu et al[7] to increase the
statistical power of the current study. Raw sequencing
data reported by Chen et al[6] were downloaded from the
SRA database under BioProject No. PRJNA662018
(https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA662018)
and processed using the Cell Ranger (version 4.0.0; 10�
Genomics, Pleasanton, CA, USA, http://10xgenomics.com)
count platform.Regarding datasetGSE129845 reported by
Yu et al[7], the processed gene expression matrix was
downloaded from GEO datasets. Detailed information on
the participants in these two datasets was provided in
Supplementary Tables 1 and2 [http://links.lww.com/CM9/
B414].
scRNA-seq data processing and multiple datasets
integration

The cell-gene count matrix was processed using the Seurat
(version 4.0.1; https://satijalab.org/seurat/) package of the
R software (version 3.6.1; The R Foundation, Vienna,
Austria, https://www.r-project.org/). The obtained Seurat
objects fromeach tissuewere integratedusing theHarmony
algorithm (Harmony package of R, version 1.0; https://
github.com/immunogenomics/harmony/) to generate an
integrated and batch-corrected Seurat object.[9] Top 50
principal components were used for graph-based clustering
to identify distinct groups of cells. Significant principal
components were used for graph-based clustering for each
cell cluster to identify cell subgroups based on t-stochastic
neighbor embedding (t-SNE) and uniform manifold
approximation and projection (UMAP) analysis.
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Differentially expressed genes (DEGs) and gene set
enrichment analysis (GSEA)

Specific markers were identified using the FindAllMarkers
function in the Seurat package to normalize expression
data. Genes with an adjusted P< 0.05 were performed
with Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Gene Ontology (GO) enrichment analyses. The
ClusterProfiler package (version 3.14.3; https://bioconduc
tor.org/packages/release/bioc/html/clusterProfiler.html)
was used for the enrichment analysis of cluster-specific
biomarker genes.[10] Competitive GSEA was performed
using Molecular Signatures Database (MSigDB) gene sets
to identify differentially activated pathways or gene
signatures, as previously described.[11] Fifty hallmark
gene sets were retrieved from the MSigDB database
(https://www.gsea-msigdb.org/gsea/msigdb).
Calculation of functional module scores

We evaluated the functional activities of a specific cell sub-
cluster by calculating the averaged functional gene
signature score. Umbrella urothelial-specific genes (in-
cluding KRT20, UPK2, UPK3A, UPK3B, UPK1A, and
UPK1B) and basal urothelial marker genes (including
KRT5, KRT10, KRT13, KRT15, KRT17, KRT19, and
KRT23) were used to calculate the umbrella to basal score
ratio of the single cells, respectively. The full T cell
signature gene lists were extracted from the curated gene
list reported by Chung et al.[5] The gene sets for dendritic
cells (DCs) were extracted from a study reported by
Liu et al.[12]
Correlation analysis with prognosis and clinical responses
to immunotherapy treatments UC patients

Raw RNA-seq count data and related clinical information
of The Cancer Genome Atlas-Bladder Endothelial Carci-
noma (TCGA-BLCA) patients was downloaded from the
National Cancer Institute Genomic Data Commons
database. After removing patients without follow-up
information or duplicated samples, 401 patients were
included. Raw data were processed and normalized using
the DESeq2 package (version 1.34.0; https://bioconduc
tor.org/packages/release/bioc/html/DESeq2.html), and
reference-based decomposition was performed using the
BisqueRNA package (version 1.0.5; https://github.com/
cran/BisqueRNA) algorithm based on the single-cell
expression data in our in-house plate-based scRNA-seq
study.[13] Patients were categorized into groups with
higher or lower distinct cell proportion levels using the
optimal cutoff point, which corresponded to the most
significant association with OS, as determined by the R
package survminer (version 0.4.9; www.sthda.com/en
glish/wiki/survminer). Kaplan–Meier plots and the corre-
sponding log-rank tests, as well as the univariate cox
proportional hazards regression method, were used to
compare the OS of UC patients between groups.

To evaluate the influence of subtype cells in response to
anti-programmed death-ligand 1 (PD-L1)-based immu-
notherapies, we evaluated the cellular abundance in the
RNA-seq data derived from a patient cohort consisting of
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192 metastatic UCs treated with atezolizumab.[14] Raw
RNA-seq count data and clinical information were
retrieved from the Imvigor210CoreBiologies package
(version 1.0.0; https://github.com/SiYangming/IMvi-
gor210CoreBiologies) and processed in the similar
manner as in TCGA-BLCA data. Clinical responses to
atezolizumab treatment were categorized as complete
response (CR, n= 25), partial response (PR, n= 40),
stable disease (SD, n= 44), or progressive disease (PD,
n= 128).

Inference of the developmental trajectory of immune cells

We characterized the potential lineage differentiation
process of immune cells by trajectory analysis of
monocytes to macrophages using the Monocle 2 (version
2.18.0; http://cole-trapnell-lab.github.io/monocle-release/
docs/) algorithm.[15] The enrichment of GO terms in each
gene cluster was determined using the clusterProfiler
package (version 3.18.0; https://bioconductor.org/pack
ages/release/bioc/html/clusterProfiler.html).
Copy number variation (CNV) estimation and malignant cell
identification

We separated non-malignant urothelial cells from defini-
tive tumor cells by evaluating the genetic CNV score,
inferred from the scRNA-seq data reported by Kim
et al.[16] Urothelial cells (CNV signal perturbation > 0.02
mean square of CNV estimate, or > 0.2 for correlation
with top 5%CNV score cells) were classified as malignant
cells. Differences in CNV scores between groups were
compared using two-tailed Wilcoxon rank-sum test.
Putative interactions between cell types

Intercellular ligand–receptor (L–R) interactions between
single cells from normal and tumor tissues were mapped
using the CellChat algorithm (version 0.0.2; https://
github.com/sqjin/CellChat).[17] The overexpressed ligands
or receptors in each cell group were determined and
projected to the known L–R protein interaction network.
Biologically significant cell–cell communication was
assigned a probability value by integrating gene expres-
sion with prior knowledge of the interactions between
signaling ligands, receptors, and their cofactors by using
the law of mass action. The significance of the L–R
interactions was defined by permutation test with a
threshold of P< 0.05. Potential L–R communication
networks between cell subclusters were visualized using a
bubble plot. We applied CellChat to compare the number
of interactions and interaction strengths between different
cell populations.
Single-cell regulatory network inference and clustering
(SCENIC) analysis

The regulatory networks were evaluated based on scRNA-
seq data using the SCENIC algorithm, as reported, based
on the normalized matrix generated from the Seurat
object.[18] The top 15 regulons with significant fold-
changes between cell subclusters were included in further
analyses.
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Statistical analysis

All statistical analyses were performed using the R language
(version 4.0.3, R Foundation for Statistical Computing,
Vienna, Austria, https://www.R-project.org/) with two-
sided tests. Cellular proportions were compared using two-
tailedWilcoxonsigned-rank test. Statistical significancewas
set at P< 0.05. Other detailed statistical tools, methods,
and thresholds are described in the Methods section.

Methods of flow cytometry, immunofluorescence, and
immunohistochemistry were shown in Supplementary
Methods, http://links.lww.com/CM9/B414.
Results

Overview of single-cell subclusters in normal and tumor
urothelial tissues

We examined intra-tumoral heterogeneity and the corre-
sponding TME using scRNA-seq analysis of viable cells
derived from tumors and matched adjacent normal
biopsies from seven patients with UC (seven tumors and
six normal tissues, Figure 1A). We increased the analytical
power of the analysis by integrating our data with public
published data from two previous scRNA-seq studies with
a total of eight tumors and six normal tissues.[6,7] Detailed
information of the included samples is provided in
Supplementary Tables 1 and 2 [http://links.lww.com/
CM9/B414]. A total of 87,898 cells were derived from 15
UC tumor tissues, and 70,969 cells were obtained from 12
normal tissues. Based on t-SNE and UMAP dimension
reduction analyses, ten major cellular subclusters
[Figure 1B and Supplementary Figure 1A–1C, http://
links.lww.com/CM9/B414] were identified as urothelial
epithelial cells (EPCAM, CDH1, KRT17, and KRT19),
fibroblasts (COL1A1, DCN, PDGFRA, and LUM),
pericytes (RGS5, and ACTA2), endothelial cells (ECs)
(PECAM1, CD34, and FLT1), T/NK cells (CD3D,
NKG7, and IL7R), myeloid cells (LYZ, CD14, and
AIF1), neutrophils (S100A8, S100A9, FCGR3B, and
CSF3R), B cells (CD79A and MS4A1), plasma cells
(IGKC, JCHAIN, and MZB1), and mast cells (CPA3,
MS4A2, and TPSAB1) according to the expression levels
of canonical biomarkers [Figure 1C]. Distributions of cell
subclusters in the three datasets matched well with each
other under unsupervised cluster t-SNE and UMAP
dimensional reduction plots [Supplementary Figure 1A
and 1B, http://links.lww.com/CM9/B414], indicating
consistently identified cell types by different platforms
or batches. The proportions of cellular subclusters in each
sample and dataset were shown in Supplementary
Figure 1C and 1D [http://links.lww.com/CM9/B414].
Total cell numbers and average cellular proportions were
shown in Figure 1D, and urothelial epithelial cells largely
contributed to the cellular composition in tumor tissues.
Due to the bias that might be introduced during tissue
dissociations by tumoral and normal epithelial cells and
aimed to provide deep insights into the TME contexture of
bladder cancer, we assessed the compositions of TME cell
subsets after removing the epithelial and potential
doublets cellular populations [Supplementary Figure 1E,
http://links.lww.com/CM9/B414].Moremyeloid cells and
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fewer fibroblasts were observed in the tumor tissues
compared to the normal tissues (P< 0.05; Supplementary
Figure 1E, http://links.lww.com/CM9/B414). We also
compared the average cellular distribution between tumor
tissues from bladder cancer and upper tract urothelial
cancer; more T/NK cells and fewer myeloid, neutrophil,
and mast cells were observed in bladder cancer tissues
compared to UTUC [Supplementary Figure 2, http://links.
lww.com/CM9/B414].

Diversity of normal and tumor urothelial cells with seven
subpopulations

Seven subpopulations of urothelial epithelial cells were
identified using unsupervised t-SNE clustering analysis
[Figure 2A and 2B and Supplementary Figure 3A–3C,
http://links.lww.com/CM9/B414]. Subcluster 1 consisted
of proliferating urothelial cells that highly expressed
UBE2C and TOP2A (C1_Epi_pro). Subcluster 2 highly
expressed oncogene ERBB2 (C2_Epi_ERBB2). Subcluster
3 highly expressed the umbrella cell biomarker KRT20
(C3_Epi_Umb). Cells in subclusters 4 and 5 expressed
uroplakins and keratin genes, except for the basal-specific
keratin gene KRT5, indicating that these were intermedi-
ate urothelial cells (C4_Epi_Inter 1 and C5_Epi_Inter 2).
Subclusters 6 and 7 showed relatively higher KRT5
expression but lower levels of uroplakin genes and were
assigned as basal urothelial cells (C6_Epi_Basal 1 and
C7_Epi_Basal 2). Based on the well-known canonical
umbrella and basal biomarkers, we calculated the
umbrella-like and basal-like scores of the single cells in
each cell subcluster and found a stepwise increment of
basal gene signature score and a reduction in umbrella
gene signature score across the umbrella, intermediate,
and basal cell subclusters (C3–C7; Figure 2C).

As presented in Figure 2D and Supplementary Figure 3D
and 3E [http://links.lww.com/CM9/B414], the average
proportion of C1_Epi_pro was higher in tumor tissues
than in normal tissues, indicating the high proliferation
potential of tumor cells. We noted a reduction in
C4_Epi_Inter 1 and an increase in C5_Epi_Inter 2 cell
subcluster in tumors compared with normal urothelial
tissues. The mean proportion of C6_Epi_Basal 1 was
comparable between normal and tumor tissues; however,
theC7_Epi_Basal 2 cell subclusterwas significantly reduced
in tumor tissues [Supplementary Figure 3E, http://links.
lww.com/CM9/B414]. Non-malignant and malignant cells
were identified in UC tumor tissues by inferring a larger
scale CNV score, and C2_Epi_ERBB2 cells had the highest
CNVscore [Figure 2EandSupplementary Figure 4A, http://
links.lww.com/CM9/B414].According to scRNA-seqdata,
malignant cells could be derived from basal, intermediate,
and umbrella cells but show significant heterogeneity
betweenpatients.[19]C3_Epi_Umbcellswere predominant-
ly identified in SC295 and SRR12603785 [Supplementary
Figure 3D, http://links.lww.com/CM9/B414], which were
consistent with the high protein expression level of the
umbrella biomarker KRT20 in SC295 but rarely noticed in
other patients [Supplementary Figure 4B, http://links.lww.
com/CM9/B414]. C2_Epi_ERBB2 was exclusively identi-
fied in two tumor samples, SC340 and SC298 (C2_Epi_-
ERBB2), indicating that these cells exhibit ERBB2 genomic
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Figure 1: Landscape profiling of single cells in tumor and normal urothelial tissues. (A) Overview of experimental design and data integration. (B) t-SNE projection identified ten main cell
types (N= 158,867 cells). Dots represent single cells, and colors indicate cell types. (C) Dot plot indicating mean expression of canonical marker genes for the ten main identified cell types
in tumor and normal urothelial tissues. (D) The total identified cell number (left) and the average cellular proportions (right) between the tumor (N= 15) and normal (N= 12) urothelial
tissues colored by the cell types. t-SNE: t-Stochastic neighbor embedding.
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amplification [Supplementary Figure 3D, http://links.lww.
com/CM9/B414]. The other patients were positive for
KRT5/6, with a rarely positive umbrella gene, KRT20,
indicating that they originated from basal or intermediate
cells [Supplementary Figure 4B, http://links.lww.com/
CM9/B414].
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Basal signature enriched tumors were associated with
poorer prognosis due to loss of immunogenicity activities

When comparing the DEGs between the cell subgroups,
we noted that C4_Epi_Inter 1 cells expressed higher levels
of histocompatibility complex class II (MHC-II) genes
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Figure 2: Heterogeneity of urothelial cells in urothelial tissues. (A) UMAP plot of urothelial cell subgroups, colored by assigned cell type (N= 52,785 cells). (B) Heatmap of top five DEGs
among urothelial cell subclusters. (C) Box plots showing umbrella (upper panel) and basal gene signature (lower panel) scores in the seven urothelial cell subgroups.

∗
P< 0.001, two-sided

unpaired Wilcoxon-rank test. Groups were color labeled in dots as in (A). (D) Total urothelial cell number (upper panel) and average cell proportion (lower panel) in tumor (N= 15) and

(Continued)
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(Continued)
normal (N= 12) urothelial tissues. (E) Stratified feature plots of CNV scores of single urothelial cells determined as normal and nonmalignant (left) or malignant (right) urothelial cells by the
infer CNV algorithm. (F) Feature plots of selected MHC-II molecules in normal urothelial cells. (G) Heatmap showing enrichment of 50 hallmark gene sets (rows) in MSigDB database
between malignant urothelial cell subgroups (columns). (H) Representative immunofluorescence staining image of basal marker KRT5, umbrella marker UPK2, and MHC-II molecules in
normal (upper panel) and tumor (lower panel) urothelial tissues. (I) Bar plots showing comparison of KEGG pathways corresponding to DEGs between malignant and normal urothelial cell
subgroups. (J) Kaplan-Meier curves of OS in TCGA-BLCA patients (n= 401) with higher or lower basal vs. umbrella gene set scores. P value was calculated using two-sided log-rank test.
CNV: Copy number variation; DEGs: Differentially expressed genes; KEGG: Kyoto Encyclopedia of Genes and Genomes; OS: Overall survival; UMAP: Uniform manifold approximation and
projection; MigDB: Molecular Signatures Database; MHC-II: Histocompatibility complex class II; TCGA-BLCA: The Cancer Genome Atlas-Bladder Endothelial Carcinoma.
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[Figure 2F]. GSEA revealed that C4_Epi_Inter 1 cells had
relatively higher complement, interleukin (IL)-6/JAK/
STAT3, and inflammatory response activities
[Figure 2G], suggesting that C4_Epi_Inter 1 cells mediate
immune surveillance in urothelial tissues. Multiplex
immunofluorescence staining showed that normal um-
brella (UPK2+/KRT5�) and intermediate (UPK2+/KRT5+)
urothelial cells were positive for MHC-II molecules, and
basal cells (UPK2�/KRT5+) showed minimal MHC-II
expression [Figure 2H], indicating cell-specific expression
of MHC-II molecules in normal urothelial tissues;
however, minimal or weak MHC-II expression was
observed in UPK2+/KRT5+ intermediate cells in the tumor
tissues [Figure 2H and Supplementary Figure 4C, http://
links.lww.com/CM9/B414]. When comparing the DEGs
between all normal and tumor single epithelial cells,
KEGG enrichment analysis suggested that oncogenic
signaling pathways were significantly enhanced as well
as the loss of inflammatory signaling pathways in
malignant tumor cells [Figure 2I]. In the TCGA-BLCA
cohort, patients with relatively higher level of basal vs.
umbrella cell-specific gene set score showed poorer OS
[Figure 2J]. Using the deconvolution methods, patients
with higher proportions of C1_Epi_Pro, C2_Epi_ERBB2,
and C5_Epi_inter 2 cells were associated with poorer OS,
whereas patients with a higher proportion of C3_Epi_-
Umb, C4_Epi_Inter 1, and C7_Epi_Basal 2 cells were
associated with better OS [Supplementary Figure 4D,
http://links.lww.com/CM9/B414]. These results suggest
that the loss of immunogenicity in urothelial cells is
involved in UC development, which may influence the
prognosis of patients with UC.

Characteristics of tumor-infiltrated lymphocytes in TME of
UC tissues

Graph-based unsupervised t-SNE analysis of 37,077 T/
NK cells identified 12 subclusters, including 6 types of
CD4+ T cells, 4 subtypes of CD8+ T cells, and 2 subtypes of
NK cells [Figure 3A]. Regarding CD4+ T cells, there were
naive (CD4_C1_IL7R and CD4_C2_CD40LG; CCR7+/
SELL+/LEF1+) cells, memory cells (CD4_C3_NR4A1;
ANXA1+), Th17 cells (CD4_C4_IL17A; IL17A+/
CXCR6+/CD40LG+), exhausted T follicular helper
(CD4_C5_CXCL13; CXCL13+/BTLA+/PDCD1+), and
regulatory T cells (Tregs; CD4_C6_FOXP3; FOXP3+/
IL2RA+/IL4R+) [Figure 3B and Supplementary Figure 5A,
http://links.lww.com/CM9/B414]. CD4_C2_CD40LG
and CD4_C5_CXCL13 cells showed the highest naive
score compared with the other T cell subclusters
[Figure 3C]. Interestingly, CD4_C6_FOXP3 Tregs
showed relatively higher expression levels of immune
checkpoint biomarkers including CTLA4 and TIGIT,
while exhausted CD4_C5_CXCL13 follicular helper cells
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had higher expression of checkpoint inhibitors BTLA and
PDCD1, suggesting that these two cell subclusters received
immunosuppressive signals through distinct pathways
[Figure 3B]. The proportion of CD4_C6_FOXP3 regula-
tory cells in CD4+ T cells was significantly higher in tumor
tissues compared to normal tissues but not for the other
cell types [Figure 3D and 3E and Supplementary
Figure 5B, http://links.lww.com/CM9/B414]. UC patients
in the TCGA-BLCA cohort with higher CD4_C3_NR4A1
cell proportion were significantly associated with poorer
OS while with higher CD4_C6_FOXP3 proportion were
associated with better OS [Figure 3E].

Regarding CD8+ T cells, CD8_C1_GZMK represented
pre-effector T cells. CD8_C2_ANXA1 represents effector
memory T cells [Figure 3B]. CD8_C3_CXCL13 was
assigned as terminally exhausted CD8+ cytotoxic T cells
because they showed the highest cytotoxic and exhaustion
activity [Figure 3C]. CD8_C4_TOP2A cells showed
proliferating properties among CD8+ T cells, which
showed the lowest cytotoxicity among CD8+ T cells.
The proportion of CD8_C4_TOP2A cells was significant-
ly higher in tumor tissues and associated with poorer OS
[Supplementary Figure 5B, http://links.lww.com/CM9/
B414 and Figure 3F]. In total, CD8+ T cells in tumor
tissues showed increased cytotoxicity and exhaustion
activities compared to those in normal urothelial tissues
[Figure 3G], indicating that CD8+ T cells became
exhausted after the initial activation phase in UC tissues.
In TCGA-BLCA cohort, UC patients with a higher
CD8_C1_GZMK cellular proportion had better OS
[Figure 3F], and no significant association with OS was
noticed for the other CD8+ T cells.

We identified twoNCAM1 (also known as CD56) positive
NK cell subpopulations, including NK_C1_FCGR3A,
with higher expression of FCGR3A (also known as CD16)
and CX3CR1, and NK_C2_FCER1G with higher
NCAM1, XCL1, and XCL2 [Figure 3A,B].
NK_C1_FCGR3A cells showed the highest cytotoxic
score for lymphocytes [Figure 3C]. KEGG analysis
revealed that NK-mediated tumor immunity signaling
pathways were enriched in NK_C1_FCGR3A compared
to NK_C2_FCER1G [Figure 3H]. The proportions of NK
cell subclusters were comparable between normal and
tumor urothelial tissues for all T/NK cells [Figure 3D and
Supplementary Figure 5B, http://links.lww.com/CM9/
B414]. However, higher proportions of NK_C1_FCGR3A
in tumor tissues were associated with better OS [Supple-
mentary Figure 5C, http://links.lww.com/CM9/B414].
The existence of two NK cell populations in urothelial
tumor tissues was confirmed by flow cytometry [Supple-
mentary Figure 6A, http://links.lww.com/CM9/B414].
Consistent with the scRNA-seq data, CD16 higher NK

http://links.lww.com/CM9/B414
http://links.lww.com/CM9/B414
http://links.lww.com/CM9/B414
http://links.lww.com/CM9/B414
http://links.lww.com/CM9/B414
http://links.lww.com/CM9/B414
http://links.lww.com/CM9/B414
http://links.lww.com/CM9/B414
http://links.lww.com/CM9/B414
http://links.lww.com/CM9/B414
http://links.lww.com/CM9/B414
http://www.cmj.org


Figure 3: T/NK and B cell-mediated tumor suppressive activities in urothelial tissues. (A) t-SNE projection of T and NK cells (N= 37,077 cells), colored according to cell clusters. (B)
Heatmap of mean expression of functional gene sets in indicated cell clusters. (C) Cumulative distribution function showing distributions of naive, cytotoxic, and exhaustion scores for
single T and NK cells. (D) Average proportions of T and NK cell subclusters in tumor (N= 15) and normal (N= 12) urothelial tissues, colored according to cell types. (E) Kaplan-Meier curves
for OS among TCGA-BLCA patients (n= 401) with higher or lower CD4_C3_NR4A1 or CD4_C6_FOXP3 cellular proportion. P values from two-sided log-rank test were provided. (F) Kaplan-
Meier curves for OS among TCGA-BLCA patients with higher or lower CD8_C4_TOP2A or CD8_C1_GZMK cellular proportion. P values from two-sided log-rank test were provided. (G)
Cumulative distribution of cytotoxic and exhaustion scores for CD8+ T cells in normal and tumor urothelial tissues. P value was calculated using two-sided Wilcoxon rank-sum test. (H)
Enriched KEGG pathways related to genes with increased expression levels in NK-C1-FCGR3A cells compared to NK-C2-FCER1G cells. (I) t-SNE projections of B cells, colored according to
cell cluster. (J) Heatmap showing top 15 differentially expressed genes (DEGs, in row) among the three B cell clusters. (K) Bar plots showing enriched KEGG pathways related to DEGs
among B cell types. DEGs: Differentially expressed genes; KEGG: Kyoto Encyclopedia of Genes and Genomes; OS: Overall survival; t-SNE: t-Stochastic neighbor embedding; TCGA-BLCA:
The Cancer Genome Atlas-Bladder Endothelial Carcinoma.
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cells showed lower NCAM1 expression levels than CD16
lower NK cells [Supplementary Figure 6B, http://links.
lww.com/CM9/B414].

Three types of B cells were identified, including follicular B
cells (MHC-II genes+), GZMB-secreting B cells (MHC-II
genes+/GZMB+), and plasma B cells (immunoglobulins+)
[Figure 3I, J and Supplementary Figure 7A, http://links.
lww.com/CM9/B414]. KEGG analysis [Figure 3K] con-
firmed that follicular B cells were enriched in antigen
processing, presentation, and IgA production. In addition
to antigen processing and presentation, GZMB+ B cells
have been reported to inhibit CD4+ T lymphocyte
proliferation in contact- and GZMB-dependent man-
ner.[20] No difference in B cell subcluster infiltration was
detected between normal and tumor tissues [Supplemen-
tary Figure 7B, http://links.lww.com/CM9/B414]. Plasma
cells showed biological activities of immunoglobulin
synthesis and secretion activities, and UC patients with
higher plasma cells were associated with better OS
according to decomposition analysis in TCGA-BLCA
cohort, but not in follicular B and GZMB_B cells
[Supplementary Figure 7C, http://links.lww.com/CM9/
B414].

Immunosuppressive microenvironment modulated by
myeloid cells

Seven myeloid cell subtypes were identified: neutrophils
(FCGR3B+/CXCR2+/CSF3R+), monocytes (S100A8+/
VCAN+/IL1B+), macrophages (C1QA+/C1QC+), prolifer-
ating myeloid cells (TOP2A+/C1QA), and three DC types
(CD1c+ DC, LAMP3+ DC, and CLEC9A+ DC)
[Figure 4A–4C and Supplementary Figure 8A, http://
links.lww.com/CM9/B414]. Interestingly, neutrophils
were predominantly detected in our BD RhapsodyTM

platform, with few neutrophils detected in the 10�Ge-
nomics platform reported by Chen et al[6] and Yu et al[7],
further demonstrating that the 10�Genomics platform
rarely identifies neutrophils.[21] Tumor-infiltrated neutro-
phils were validated by flow cytometry according to the
expression of CD45, CD11b, and CD66b on immune cells
in UC tissues [Supplementary Figure 8B, http://links.lww.
com/CM9/B414]. We noted a non-significant reduction in
neutrophils in UC vs. normal urothelial tissues in the BD
RhapsodyTM platform-based dataset [Figure 4D and
Supplementary Figure 8C, http://links.lww.com/CM9/
B414]; however, the neutrophils in tumor tissues showed
enhanced activities of chemokines, B and T cell receptors,
and vascular endothelial-derived growth factor (VEGF)-
related signaling pathways, natural killer cell-mediated
cytotoxicity activities, and neutrophil extracellular trap
formation activities [Figure 4E], suggesting that neutro-
phils recruited in tumor tissues were reprogrammed with
tumor-associated neutrophil-like properties.[22] Macro-
phages in tumors showed extensive expression of anti-
inflammatory biomarkers (C1QA, C1QC, APOE, MRC1,
and CD163; Supplementary Figure 8A, http://links.lww.
com/CM9/B414] and relatively lower levels of proin-
flammatory genes (such as IL1B and CXCL8), suggesting
that they were mainly M2-type tumor-associated macro-
phages (TAMs). Cellular proportion of macrophages was
significantly increased in tumor tissues compared to
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normal tissues [Supplementary Figure 8C, http://links.
lww.com/CM9/B414].

Three DC subclusters were identified [Figure 4A–4C and
Supplementary Figure 8A, http://links.lww.com/CM9/
B414]. CD1C_DCs were type 2 conventional DCs
(CD1C+/CLEC10A+/FCER1A+; cDC2s), LAMP3_DCs
were mature DCs (LAMP3+/CCR7+), and CLEC9A_DCs
were type 1 conventional DCs (CD141+/CLEC9A+/
XCR1+; cDC1s). The proportion of LAMP3_DCs was
significantly higher in the tumor tissues than in the normal
tissues [Figure 4D and Supplementary Figure 8C, http://
links.lww.com/CM9/B414]. We found that LAMP3_DCs
showed the highest maturation, activation, and migration
properties among DC subclusters [Figure 4F].
LAMP3_DCs showed lower antigen-presentation activi-
ties; however, the apoptosis and differentiation gene
signatures were higher [Figure 4G], and they also showed
higher expression levels of immunosuppressive genes
[Figure 4F]. KEGG analyses suggested that LAMP3_DCs
were associated with increased cytokine–cytokine recep-
tor interaction and TNF-a, NF-kB, and Th17 cell
differentiation signaling pathways [Figure 4H].
LAMP3_DCs also expressed higher levels of CCL17,
CCL19, and CCL22 [Supplementary Figure 9A, http://
links.lww.com/CM9/B414], which were known to recruit
Tregs and T helper cells.[23] LAMP3_DCs gene signatures
were highly correlated with CD4_C6_FOXP3 and
CD4_C5_CXCL13 cell signatures in the tumor tissues
of the TCGA-BLCA cohort [Figure 4I]. The SCENIC
algorithm suggested that activation of the POLR2A,
RELB, NF-B, BCL3, and IRF4motifs was correlated with
upregulated immunosuppressive activity in LAMP3_DCs
[Supplementary Figure 9B, http://links.lww.com/CM9/
B414]. TCGA-BLCA patients with higher LAMP3_DCs
showed poorer OS [Supplementary Figure 9C, http://links.
lww.com/CM9/B414], and no significant association was
observed for the other two cell subclusters. Overall,
neutrophils, macrophages, and LAMP3+ DCs create an
immunosuppressivemicroenvironment inUCtissues,which
may serve as novel immunotherapy targets for UC in future.

Enhanced angiogenesis and immunosurveillance deficiency
caused by endothelial cells (ECs) in urothelial tumors

t-SNE analysis subclustered ECs into KDR+ (also known
as VEGFR-2) ECs, proliferating ECs (TOP2A+ EC),
ICAM1high/ACKR1+ ECs, ICAM1low/ACKR1+ ECs, and
LYVE+ lymphatic ECs [Figure 5A–C]. The proportion of
KDR+ and TOP2A+ ECs was significantly higher in the UC
tissues [Figure 5D]. The KDR+ EC cluster highly expressed
receptors of the VEGF signaling pathways including KDR
and FLT1 [Figure 5B and 5C], and its proportion was
significantly increased in UC tissues [Figure 5D], indicat-
ing the enhanced angiogenesis in UC tissues. KEGG
enrichment analysis suggested that KDR+ EC cluster was
enriched in leukocyte transendothelial migration, focal
adhesion, platelet activation, and vascular smooth
muscle contraction, demonstrating the neovascularization
roles of the KDR+ ECs in UC tissues [Figure 5E].
ICAM1low/ACKR1+ ECs showed higher levels of MHC-
II molecules [Figure 5C] and were enriched with antigen
processing and presentation and Th17/Th1/Th2 cell
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Figure 4: Diversity of myeloid cells in urothelial tissues. (A) t-SNE projection of myeloid cells (N= 10,973 cells) identified in urothelial tissues, colored by cellular cluster. (B) Violin plots
showing expression levels of canonical biomarker genes in each cell subcluster. (C) Heatmap showed the top 50 differentially expressed genes (DEGs, in row) among myeloid cell clusters
(columns as indicated). (D) Cell number (upper panel) and average cellular proportion (lower panel) of myeloid cells in tumor (N= 15) and normal (N= 12) urothelial tissues. (E) Bar plot
showing enrichment of KEGG pathways of over-expressed genes in neutrophils from tumor tissues compared with normal urothelial tissues. (F) Heatmap showed the normalized mean
expression of genes related to DCs maturation, activation, migration and immune modulation activities. Filled color from blue to red indicated low to high expression level. (G) Boxplot
showing differentiation, apoptosis, antigen presentation, and immune modulation scores of DC cell subclusters.

∗
P< 0.001 from two-sided unpaired Wilcoxon rank-sum test. (H) Bar plot

showing enrichment of KEGG pathways of over-expressed genes in each DC cluster. (I) Correlation of cell subcluster-specific score of LAMP3_DC cells and CD4_C6_FOXP3 T-regs or
CD4_C5_CXCL13 T cells in TCGA-BLCA patients (N= 401). Coefficient calculated with Pearson correlation analysis. DC: Dendritic cell; DEGs: Differentially expressed genes; KEGG: Kyoto
Encyclopedia of Genes and Genomes; t-SNE: t-Stochastic neighbor embedding; TCGA-BLCA: The Cancer Genome Atlas-Bladder Endothelial Carcinoma.
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Figure 5: ECs enhance angiogenesis and mediated immunosurveillance in UC tissues. (A) t-SNE plot of the identified ECs (N= 13,287 cells), colored by cell subset. (B) Violin plots showing
expression levels of selected canonical biomarker genes in each EC subcluster. (C) Heatmap showing top 50 differentially expressed genes (DEGs, in row) among the five EC clusters
(columns as indicated). (D) Box plot showing proportion of ECs in normal and tumor urothelial tissues. P value was derived from two-sided unpaired Wilcoxon rank-sum test. (E) Bar plot
showing enrichment of KEGG pathways of over-expressed genes in each DC cluster, colored by cell subclusters. (F) Bar plot showing enriched KEGG pathways of over-expressed genes in
ICAM1high/ACKR1+ EC or ICAM1low/ACKR1+ EC subclusters as color indication. (G) Correlation between ICAM1high/ACKR1+ EC specific gene signature score and macrophage cell signature
score in TCGA-BLCA patients (N= 401). Coefficient calculated with Pearson’s correlation analysis. (H) Kaplan-Meier OS curves of TCGA-BLCA patients (n= 401) with higher or lower KDR+

EC or ICAM1low/ACKR1+ EC cellular proportion. P value was calculated using two-sided log-rank test. DEGs: Differentially expressed genes; ECs: Endothelial cells; KEGG: Kyoto
Encyclopedia of Genes and Genomes; OS: Overall survival; t-SNE: t-Stochastic neighbor embedding; IL-17: Interleukin 17; TNF: Tumor necrosis factor; HIF-1: Hypoxia-inducible factor-1;
ECM: Extracellular matrix; UC: Urothelial carcinoma; TCGA-BLCA: The Cancer Genome Atlas-Bladder Endothelial Carcinoma.
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differentiation activities [Figure 5E], indicating tumor
immunosurveillance and CD4+ T cell activation activities
of ICAM1low/ACKR1+ ECs.[24] KEGG analysis suggested
that ICAM1low/ACKR1+ECs were enriched in cell adhe-
sion molecules, leukocyte transendothelial migration,
and antigen processing and presentation activities,
whereas ICAM1high/ACKR1+ ECs were enriched in
IL-17/TNF/NF-kB inflammatory signaling pathways
[Figure 5F]. Ferroptosis and HIF-1a signaling pathways
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were also increased in ICAM1high/ACKR1+ ECs, further
confirming their tumor-stimulatory roles in urothelial
tumors [Figure 5F]. The proportion of ICAM1low/
ACKR1+ ECs was significantly reduced in the tumor
tissues [Figure 5D]. ICAM1high/ACKR1+ cells highly
express CCL2, CXCL2, CXCL3, and CCL23
[Figure 5C], which may be involved in the recruitment
and activation of myeloid cells in UC tissues.[24] We noted
a significant positive correlation between ICAM1high/
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ACKR1+ ECs and the macrophage gene signature in the
TCGA-BLCA cohort, which further suggests the potential
chemotaxis of ICAM1high/ACKR1+ ECs on macrophages
[Figure 5G]. Decomposition analysis suggested that
TCGA-BLCA patients with higher KDR+ ECs were
associated with poorer OS, while patients with higher
ICAM1low/ACKR1+ EC were associated with better OS
[Figure 5H]. These results suggest that targeting KDR+

and ICAM1high/ACKR1+ ECs may inhibit angiogenesis
and reverse the immunosuppressive microenvironment in
UC tissues.

Distinct stromal cell subpopulations in UC and normal
urothelial tissues

Fibroblasts and pericytes constitute the main COL1A1+

stromal cells in the urothelial tissues. A previous study
proposed two different fibroblast subtypes: PDGFRA1+

and RGS5+ fibroblasts.[6] In our study, four stromal cell
subtypes were identified, including IGF1+/PDGFRA+,
ACTA2+/PDGFRA+, RGS5+/PDGFRB+, and DES+ cell
clusters [Figure 6A–6C]. IGF1+/PDGFRA+

fibroblasts
showed high levels of IGF1 and pro-inflammatory
cytokines (IL-6 and CXCL1) [Supplementary
Figure 10A, http://links.lww.com/CM9/B414], indicating
that they were inflammatory fibroblasts. These cells also
express SFRP1, which inhibits fibroblast proliferation and
collagen synthesis, promotes fibroblast apoptosis, and
inhibits myofibroblasts transformation.[25] These results
suggested that IGF1+/PDGFRA+

fibroblasts were normal
urothelial tissue fibroblasts. ACTA2+/PDGFRA+

fibro-
blasts showed higher ACTA2 and MYH11 expression
levels than cluster 1 [Figure 6B and 6C and Supplementary
Figure 10A, http://links.lww.com/CM9/B414], and they
were enriched in Wnt, PI3K-Akt, growth hormone synthe-
sis, TGF-b, and ErbB signaling pathways [Figure 6D],
indicating that these fibroblasts were cancer-associated
myofibroblasts. ACTA2+/PDGFRA+ myofibroblasts were
one of the major sources of bone morphogenetic protein
(BMP) andWnt signaling pathway factors [Supplementary
Figure 10A, http://links.lww.com/CM9/B414], which may
induce the M2 polarization of TAMs and regulate T cell
differentiation.[26] RGS5+/PDGFRB+ stromal cells
expressed angiopoietin ANGPT2 [Figure 6B] and were
enriched in leukocyte transendothelial migration, tight
junction, and fluid shear stress signaling pathways
[Figure 6D], indicating that they were pericytes in bladder
tissues. Cluster 4 cells were positive for DES but negative
for PDGFRA and PDGFRB, suggesting that these were
smooth muscle cells [Figure 6B].

We compared the relative stromal cellular proportions
between normal and tumor urothelial tissues [Figure 6E
and Supplementary Figure 10B, http://links.lww.com/
CM9/B414], the ratio of ACTA2+/PDGFRA+ vs. IGF1+/
PDGFRA+ cells was significantly increased in tumor
tissues. Besides, the proportion of RGS5+/PDGFRB+

pericytes was also significantly increased in the tumor
tissues [Figure 6E]. In the TCGA-BLCA cohort, we
identified a significant correlation between ACTA2+/
PDGFRA+ myofibroblasts and macrophage or Treg-
specific gene signature scores, suggesting that ACTA2+/
PDGFRA+ myofibroblasts may stimulate UC progression
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by regulating immune cell activity [Figure 6F]. Using
decomposition analysis, we found that UC patients with
the higher proportion of any stromal cell subgroups were
associated with poorer OS among TCGA-BLCA patients
[Figure 6G]. These results demonstrate the tumor-support-
ing activities of stromal cells in the progression of UC.
Decomposition analysis of the cellular subtypes that
associated with immunotherapy responses

To evaluate whether the cellular subtypes may influence
the response to immunotherapy in urothelial cancer
patients, we applied decomposition analysis in the patient
cohort of IMvigor210, which consisted of 298 metastatic
urothelial cancer patients treated with atezolizumab (a
PD-L1 inhibitor).[14] We found that patients sensitive to
atezolizumab (CR or PR) had higher proportions of
C4_Epi_Inter 1, CD4_C6_FOXP3, CD8_C1_GZMK,
CD8_C3_CXCL13, NK_C1_FCGR3A, and plasma cells,
whereas those resistant to atezolizumab (SD and PD) had
higher proportions of CD1c_DC, RGS5+/PDGFRB+

pericytes, and IGF1+/PDGFRA+
fibroblasts [Figure 7A].

Patients with higher proportion of C6_Epi_Basal 1,
C7_Epi_Basal 2, CD4_C2_CD40LG, CD4_C3_NR4A1,
CD8_C2_GZMB, CD8_C4_TOP2A, CD1C_DC, CLE-
C9A_DC, ICAM1high/ACKR1+ EC, LYVE1+ lymphatic
EC, IGF1+/PDGFRA+

fibroblasts, and RGS5+PDGFRB+

pericytes were associated with poorer OS in IMvigor210
cohort, whereas patients with higher proportion of
C4_Epi_Inter 1, CD4_C5_CXCL13, CD4_C6_FOXP3,
CD8_C1_GZMK,CD8_C3_CXCL13,NK_C1_FCGR3A,
NK_C2_FCER1G,monocytes, plasma cells,mast cells, and
ICAM1low/ACKR1+ EC were associated with better OS
[Figure 7B and Supplementary Figure 11, http://links.lww.
com/CM9/B414].

Intercellular interactions between cell subclusters in UC and
normal urothelial tissues

We constructed tissue-specific cellular communication
networks using the CellChat algorithm.[17] A total of
16,702 and 17,572 significant intercellular interactions
were detected in the tumor and normal urothelial tissues,
respectively, and the sum of intercellular strength was
reduced in the tumor tissues [Supplementary Figure 12A,
http://links.lww.com/CM9/B414]. The number of inter-
actions and interaction strengths between CD4+ T cells,
CD8+ T cells, and myeloid cells decreased, while
interactions between RGS5+/PDGFRB+ pericytes and
ECs were enhanced [Supplementary Figure 12B, http://
links.lww.com/CM9/B414]. The total incoming and out-
coming L–R interactions by cellular subgroups were
shown in Supplementary Figures 13 and 14, http://links.
lww.com/CM9/B414. We observed novel cell subgroup
incoming L–R interactions mediated by the leukemia
inhibitory factor receptor (LIFR), LIGHT, CD137, a
proliferation-inducing ligand (APRIL), PERIOSTIN,
CD80, T cell immunoreceptor with Ig and ITIM domains
(TIGIT), and PD-L1 signaling pathways in tumor tissues
compared to normal tissues [Supplementary Figure 13,
http://links.lww.com/CM9/B414]. Outgoing signaling
pathways, including the angiopoietin-like protein
(ANGPTL), NECTIN, VEGF, and insulin-like growth
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Figure 6: Distinct cell types of stromal cells in urothelial tissues. (A) t-SNE projection of stromal cells in (n= 20,315) urothelial tissues, colored by cellular cluster. (B) Violin plots showing
expression levels of selected canonical biomarker genes in each stromal cell subcluster. (C) Heatmap showing top differentially expressed genes (DEGs, in row) among the four stromal cell
clusters (columns as indicated). (D) Bar plot showing enrichment of KEGG pathways of over-expressed genes in each DC cluster, colored by cell subcluster. (E) Box plot showing ratio of
ACTA2+/PDGFRA+ vs. IGF1+/PDGFRA+ fibroblasts number (upper panel) and total proportion of pericytes (RGS5+/PDGFRB+ cells) in normal (n= 9) and tumor (n= 15) urothelial tissues
(lower panel). P value was derived from two-sided unpaired Wilcoxon rank-sum test. (F) Correlation between ACTA2+/PDGFRA+ specific gene signature score and CD4+ T-reg cell
signature score or microphage cell signature score in TCGA-BLCA patients (N= 401). Coefficient calculated with Pearson’s correlation analysis. (G). Kaplan-Meier survival curves of TCGA-
BLCA patients (n= 401) with higher or lower of stromal cellular subcluster proportion as indicated. P values were calculated using two-sided log-rank tests. DEGs: Differentially expressed
genes; KEGG: Kyoto Encyclopedia of Genes and Genomes; t-SNE: t-Stochastic neighbor embedding; TCGA-BLCA: The Cancer Genome Atlas-Bladder Endothelial Carcinoma.
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Figure 7: Cellular subcluster proportions in bladder cancer tumors were associated with sensitivity of anti-PD-L1 treatment in mUC patients. (A). Boxplot showed the cellular proportion of
subtype cells in patients sensitive (CR or PR) or resistant (SD or PD) to anti-PD-L1 treatment as indicated.

∗
P< 0.05;

∗∗
P< 0.01;

∗∗∗
P< 0.001 for two-tailed Wilcoxon rank-sum test.

Sample size in each group was given above the boxplot. (B). Forest plot of the estimates in univariate Cox regression analysis that assessed the association between relative cell
abundance and mUC patients survival treated with atezolizumab in IMvigor210 (https://github.com/SiYangming/IMvigor210CoreBiologies) cohort (N= 298). CR: Complete response; PD:
Progressive disease; PR: Partial response; SD: Stable disease; DC: Dendritic cell; mUC: metastatic urothelial carcinoma.
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factor (IGF) pathways mediated by urothelial cells, and
the heparan sulfate proteoglycan (HSPG) and AGRN
pathways mediated by ECs were also enhanced in tumor
tissues [Supplementary Figure 14, http://links.lww.com/
CM9/B414]. Network centrality analysis revealed that
IGF and pro-epidermal growth factor (EGF) ligands were
predominantly produced by urothelial cells and ECs and
that their receivers were urothelial cells [Supplementary
Figure 12C, http://links.lww.com/CM9/B414]. VEGF
factors were predominantly derived from urothelial and
stromal cells and act on ECs to stimulate angiogenesis in
UC tissues. Platelet-derived growth factors (PDGFs) were
produced by fibroblasts and ECs and act on stromal cells.
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C-C motif chemokine (CCL) and C-X-C motif chemokine
(CXCL) chemokines were widely produced in urothelial,
immune, and stromal cells and recruit and regulate
myeloid cells and ECs by interacting with CCRs, C-X-C
chemokine receptors (CXCRs), and atypical chemokine
receptors (ACKRs) [Supplementary Figure 12C, http://
links.lww.com/CM9/B414].
Discussion

Here, we delineated the transcriptomic landscape and
heterogeneity of tumor, immune, and stromal cells, as well
as the intercellular interactions among cell subclusters in
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UC and normal urothelial tissues. Compared with normal
urothelial cells, tumor urothelial cells showed a signifi-
cantly higher genomic CNV and enhanced activation of
multiple oncogenic signaling pathways associated with a
loss of antigen processing and presentation activities. M2-
type TAMs, LAMP3+ DCs, and exhausted tumor-
infiltrated lymphocytes create an immunosuppressive
microenvironment in UC tissues. Infiltrated KDR+ ECs
stimulated angiogenesis, whereas ICAM1high/ACKR1+

ECs modulated immune cell homing and activation in
tumor tissues. In addition, remodeling of stromal cells in
the urothelial TME, especially ACTA2+/PDGFRA+ myo-
fibroblasts and pericytes, enhanced tumor cell growth and
angiogenesis in UCs. These results reveal multiple hall-
marks of UC development and progression, which may
provide potential novel therapeutic targets.

The UC subtypes are associated with distinct prognoses
and clinical therapeutic outcomes. Sjodahl et al[27]

clustered five subtypes and found that higher expression
of the umbrella cell biomarker KRT20 was associated
with better OS. Choi et al[28] classified muscle-invasive UC
into basal, luminal, and p53-like types, and the basal
group was associated with increased aggressiveness and
shorter disease-free survival and OS. According to the
current study, each UC tissue sample included various
types of urothelial epithelial cells, but with different
cellular proportions, indicating intra-tumoral heterogene-
ity of UCs. TCGA-BLCA patients with higher umbrella
cell-specific scores had better OS. These results were in
accordance with genetic lineage studies showing that
urothelial intermediate-origin tumors were usually low-
grade, non-invasive papillary lesions, whereas a KRT5
basal cell origin was associated with muscle-invasive or
squamous cell carcinoma.[19] According to scRNA-seq
data, KRT5+ cells showed MHC-II molecules deficiency,
while umbrella and intermediate cells showed MHC-II
molecule expression and relatively higher immune sur-
veillance activities. These cellular properties may underlie
the different prognoses of basal and luminal tumors.
Moreover, intra-tumoral heterogeneity of tumor cells may
lead to drug resistance and tumor progression under
mono-targeting drug treatments; thus, combination
therapies may be warranted in patients with UC.

The biological activities of myeloid cells depend on their
cellular state and the TME. Neutrophils have demonstrat-
ed multifactorial roles in tumorigenesis and progression
and have been associated with detrimental outcomes in
several solid tumors.[29] Previous scRNA studies based on
the droplet 10× Genomics platform rarely detected
neutrophils in UC and normal urothelial tissues.[6,7]

However, using the BD Rhapsody platform, we noted
significant neutrophil infiltration in the urothelial TME
and increased tumor-supportive activities, suggesting that
normal neutrophils had switched to tumor-associated
neutrophil properties in UC.[29] In addition, macrophages
in UC tissues were mostly M2-like TAMs, which have
been shown to promote angiogenesis and distant
metastasis of UCs.[30] The macrophages expressed high
levels of immunosuppressive ligands, including CD274,
LGALS9, and PDCD1LG2, suggesting that they may
contribute to T-cell immunosuppressive activities in the
704
TME of UC. CCL2 secreted by malignant urothelial cells
and myofibroblasts may recruit monocytes and stimulate
their reprogramming into macrophages by interacting
with CCR2.[31] ANGPTL2 also binds to TLR4, which
may stimulate an M1- to M2-type macrophage transition
in the TME.[32] DC_C3_LAMP3 cells were also signifi-
cantly enriched myeloid cell clusters, showing relatively
higher expression levels of multiple immunosuppressive
genes, and were considered as regulatory and tolerogenic
DCs.[12,33] The DC_C3_LAMP3 subset also showed
strong potential interactions with multiple T-cells,
contributing to T cell dysfunction. Overall, these results
indicated that myeloid cells created an immunosuppres-
sive environment in UCs, and targeting these cells may
help to reverse immunosurveillance in UC patients.

Clinical studies have revealed that some patients were
sensitive to immune checkpoint inhibitor-based thera-
py.[34] We noted a subset of CD4+ and CD8+ T cells in the
urothelial TME that highly expressed CXCL13, a key
regulator of B cell migration and lymphoid tissue
architecture, through interaction with CXCR5.[35,36]

The recruited B cells may contribute to antitumor
immunity by directly damaging cancer cells,[37] generating
tumor-specific antibodies,[38] and promoting tumor anti-
gen uptake by DCs.[39] Moreover,CXCL13 can improve
immune cell tumor infiltration.[40] In bladder tissues,
CD4_C5_CXCL13 cells showed higher BTLA and
PDCD1 expression, and CD8_C3_CXCL13 cells showed
higher levels of HAVCR2, LAG3, and PDCD1,whichmay
serve as novel therapeutic targets. Compared to other T
cells, CXCL13+/CD8+ T cells showed the highest
cytotoxicity and exhaustion score. Deconvolution analysis
identified that metastatic urothelial carcinoma (mUC)
patients with higher CD8_C3_CXCL13 levels were more
sensitive to atezolizumab treatment and associated with
better prognosis, which was consistent with a study
reporting that tissues with higher CXCL13 levels were
more sensitive to anti-PD-1 immunotherapy and associat-
ed with better OS in patients with metastatic UC.[41]

However, CXCL13 has dual effects on tumor promotion
and immunity.CXCL13induces IL-10productionbyBcells
and T cells, allowing the tumor to escape host immune
surveillance.[42,43] CXCL13 also recruits immunosuppres-
sive myeloid-derived suppressor cells and Tregs.[44,45]

Further studies are needed to elucidate the roles ofCXCL13
in UC progression and the immune response.

Normal fibroblasts can transform into cancer-associated
fibroblasts in malignant tissues, which may, in turn,
stimulate tumor proliferation, metastasis, and drug
resistance.[46] In the current study, ACTA2+/PDGFRA+

fibroblasts were enriched in UC tissues as cancer-
associated fibroblasts. Compared with IGF1+/PDGFRA+

cells, ACTA2+/PDGFRA+ cells showed enhanced activa-
tion of genes such as WNT5A and BMP4. WNT5A was
associated with arsenic-associated malignant transforma-
tion and invasion[47] and was associated with advanced
clinical stage in patients.[48] BMP4 induces M2-type TAM
polarization and stimulates epithelial–mesenchymal tran-
sition of urinary epithelial carcinoma cells.[49] These
results suggest that ACTA2+/PDGFRA+ stromal cells
may promote UC progression by directly modulating
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malignant urothelial cells and TME in UC. Chen et al[6]

identified an RGS5+/PDGFRA�
fibroblast subcluster with

myofibroblast properties; however, there was significant
heterogeneity among PDGFRA� stromal cells. In the
current study, a subgroup of RGS5+/PDGFRA� stromal
cells showed high expression of PDGFRB, MYH11,
MCAM, and angiopoietin ANGPT2, suggesting that these
stromal cells were pericytes in urothelial tissues.[50] These
results highlight the heterogeneous nature of stromal cells
and their tumor-supportive roles in the urothelial TME,
which may serve as potential therapeutic targets in UC.

The current study has several limitations. We integrated
publicly available scRNA-seq datasets with our in-house
dataset, which significantly increased the statistical power
of the analysis and provided a more comprehensive profile
of single cells in normal and tumor urothelial tissues.
However, these datasets were generated by different
research groups using different platforms. Although we
integrated the datasets using the Harmony algorithm and
normalized them, batch effects caused by differences in
patient recruitment, sample preparation, library prepara-
tion, and bioinformatics analysis cannot be fully ruled out.
Spatial information for single cells, which may influence
patientprognosisandtreatmentoutcomes, is largely lacking
in current scRNA-seq data. Therefore, more studies with
larger sample sizes are warranted to clarify the heteroge-
neous nature of urothelial cells and TME in UC tissues.

In conclusion, the current study provides a comprehensive
transcriptomic atlas for single cells, which highlights the
heterogeneity of the multicellular ecosystem and intercel-
lular interactions occurring in normal and tumoral
urothelial tissues. These results may pave the way for
the development of novel methods for prognosis predic-
tion and treatment of UC.
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