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Abstract 

Background  The identification of the complex spatial architecture of immune cell infiltration and its interaction 
mechanisms within tumor ecosystems provides crucial insights into therapeutic responses to neoadjuvant therapy 
in muscle-invasive bladder cancer (MIBC). This study aims to characterize the spatial features of distinct cell-type 
niches within the tumor microenvironment (TME) of patients with varying responses to neoadjuvant therapy.

Methods  We performed spatial transcriptomic profiling on six MIBC specimens obtained from a registered clinical 
trial (ChiCTR2000032359), generating whole-transcriptome spatial atlases to map the TME architecture. High-through-
put analytical frameworks were employed to deconstruct the TME, and key findings were validated through immuno-
histochemistry and mouse model experiments.

Results  Our analysis revealed that tissues from complete responders exhibited greater infiltration of T and B cells, 
with the formation of tertiary lymphoid structure (TLS). Trajectory analysis identified CCL19/CCL21 as the key signaling 
molecules driving TLS formation in MIBC. Mouse experiments demonstrated that recombinant CCL19/CCL21 pro-
tein injections promoted intratumoral TLS formation and enhance the efficacy of immunotherapy. Furthermore, we 
observed significant intrinsic heterogeneity within individual tumors, which may contribute to the lack of therapeutic 
efficacy in MIBC.

Conclusions  This study underscores the critical role of TLS formation in the response to neoadjuvant therapy 
in MIBC. We identified CCL19/CCL21 as key drivers of TLS formation within MIBC tumors and potential immune-sensi-
tizing agents. Additionally, the intrinsic heterogeneity of tumor should be considered a significant factor influencing 
therapeutic efficacy.
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Introduction
Bladder cancer is the ninth most frequently diagnosed 
cancer in the world [1]. Neoadjuvant cisplatin-based 
chemotherapy, administered prior to radical cystectomy, 
has been shown to improve survival in patients with 
muscle-invasive bladder cancer (MIBC). However, only 
30% of patients achieve a pathological complete response 
(pCR) following radical surgery [2]. In recent years, neo-
adjuvant therapy with single-agent immune checkpoint 
inhibitors (ICIs) has demonstrated pCR rates of 30–40% 
in MIBC patients. Given that cisplatin may induce favora-
ble immunomodulatory effects [3], several phase II clini-
cal trials have explored ICI-chemotherapy combination 
regimens, resulting in pCR rates ranging from 40–50% [4, 
5]. Although combination therapies have enhanced the 
sensitivity of immunotherapy, the underlying interaction 
mechanisms within the tumor microenvironment (TME) 
is still unknown.

Advances in single-cell RNA sequencing (scRNA-seq) 
technology have significantly enhanced our understand-
ing of the TME at the individual cell level [6]. However, 
a major limitation to scRNA-seq is the loss of spatial and 
morphological context when tissues are dissociated into 
single cells, which complicates the study of tumor archi-
tecture. While in  situ hybridization (ISH)-based tech-
niques, such as multiple error-robust fluorescence in situ 
hybridization (MERFISH) [7] and sequential fluorescence 
in  situ hybridization (seqFISH) [8], are capable of pro-
viding spatial information, they are limited by the num-
ber of target genes that can be analyzed simultaneously. 
The recently developed and widely adopted spatial tran-
scriptomics (ST) technology offers a promising solution 
to these limitations, enabling the study of spatial gene 
expression at a tissue-wide scale [9].

In this study, we investigated the spatial transcriptomic 
architecture of MIBC to identify TME characteristics 
that contribute to the response to neoadjuvant therapy. 
Our findings indicate that patients who achieved a pCR 
exhibited a high degree of lymphocytic infiltration, 
immune activation, and TLS formation at the naïve stage 
of treatment. Additionally, we identified intrinsic het-
erogeneity within individual tumors, which was found to 
correlate with tumor’s response to neoadjuvant therapy. 
These results provide new insights into the complex eco-
system of MIBC and offer potential strategies for enhanc-
ing the efficacy of precision medicine in treating MIBC.

Materials and methods
Human MIBC samples
This study enrolled eight patients diagnosed with MIBC 
at the Cancer Hospital, Chinese Academy of Medical Sci-
ences and Peking Union Medical College. Pretreatment 
samples were obtained from patients who consented 

to participate in a clinical trial, which is registered at 
https://​www.​chictr.​org.​cn (ChiCTR2000032359) [4]. 
Prior to surgery, all patients were informed about the 
potential use of their pathological specimens for medical 
research and provided written informed consent. After 
diagnostic transurethral resection of bladder tumors 
(TURBT), patients received three cycles of camrelizumab 
in combination with gemcitabine and cisplatin as neoad-
juvant therapy. Each treatment cycle consisted of 200 mg 
camrelizumab administered intravenously (IV) once on 
day 1, 1000 mg/m2 gemcitabine IV once on days 1 and 8, 
and 70 mg/m2 cisplatin IV once on day 2, administered 
every 3  weeks. Radical cystectomy (RC) was performed 
3–4 weeks after the completion of neoadjuvant therapy.

Among the 8 patients enrolled, the patients were clas-
sified into two groups based on their tumor response to 
neoadjuvant therapy: 5 patients with complete response 
(CR) and 3 patients with non-CR. Additionally, paired 
treatment-naïve and treatment-experienced formalin-
fixed paraffin-embedded (FFPE) sections from 3 patients 
were included for further analysis, with the following 
classifications: progressive disease (PD) (n = 1), stable 
disease (SD) (n = 1), and CR (n = 1).

ST sequencing
The RNA quality of FFPE tissue blocks was evaluated 
by calculating the DV200 of RNA extracted from FFPE 
tissue sections, following the protocol provided by the 
Qiagen RNeasy FFPE Kit. Five-micron-thick tissue sec-
tions were mounted on a Sigma-Aldrich Poly Prep 
Slide in accordance with the Visium CytAssist Spatial 
Gene Expression Protocols for FFPE-Tissue Prepara-
tion Guide (10 × Genomics, CG000518 Rev C). After 
drying overnight, the slides were incubated at 60  °C for 
2  h. Deparaffinization was then performed following 
the Visium CytAssist Spatial Gene Expression for FFPE 
Samples-Deparaffinization, Decrosslinking, Immunoflu-
orescence Staining & Imaging Protocol (10 × Genomics, 
CG000519 Rev B). The tissue sections were stained with 
haematoxylin and eosin (H&E) and imaged at 20 × mag-
nification via brightfield imaging using a Leica Aperio 
Versa8 whole-slide scanner. Decrosslinking was then 
performed immediately on H&E-stained sections. Next, 
human whole-transcriptome probe panels were added 
to the tissue. After these probe pairs hybridized to their 
target genes and were ligated to one another, the slides 
were placed on a Visium CytAssist instrument for RNase 
treatment and permeabilization. The ligated probes were 
then hybridized to the spatially barcoded oligonucleo-
tides in the capture area. Spatial transcriptomics librar-
ies were generated from the probes and sequenced on 
the Illumina NovaSeq 6000 system (performed by Bei-
jing Novogene Technology Co., Ltd.). After cDNA library 

https://www.chictr.org.cn
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construction and sequencing, we used an in-house script 
to perform a basic statistical analysis of the raw data and 
to evaluate the data quality and GC content throughout 
the sequencing cycles. Raw FASTQ files and histology 
images were processed via the short-read probe align-
ment algorithm for the FFPE ‘count’ method in Space 
Ranger (v1.3.0) from 10 × Genomics to align probe reads 
to the human reference genome (GRCh38/mm10). The 
filtered count matrix and the fiducial-aligned low-resolu-
tion image were used for downstream data analyses using 
the R package Seurat (v.4.0.4).

H&E and immunohistochemistry
FFPE sections of MIBC were obtained from the clinical 
trial ChiCTR2000032359. A representative slide from 
each patient was stained with H&E. For immunohisto-
chemistry (IHC), the MIBC tissue sections were stained 
with the following primary antibodies: anti-CD3 (Abcam, 
ab16669), anti-CD20 (Abcam, ab78237), anti-PNAd (BD 
Biosciences, 553863), anti-GATA3 (Abcam, ab199428), 
anti-ACTA2 (Thermo Fisher, 14–9760-82), anti-PEG10 
(Novus, NBP2-13749), anti-FGFR3 (Thermo Fisher, 
66954-1-IG) and anti-CK5/6 (NSJ Bioreagents, V8493-
20UG). For the murine samples, sections were stained 
with anti-CD3 (Abcam, ab16669) and anti-CD19 (CST, 
90176 T) antibodies.

TLS identification and quantification
We used the following criteria for the identification of 
TLSs: (1). Aggregations of large numbers of T cells and B 
cells; (2) Exhibits distinct T cell zone and B cell zones; (3) 
Presence of high endothelial venules (HEVs) in the sur-
rounding of T cell zone and B cell zone. We performed 
quantitative analysis based on the TLS area and the TLS 
number per 1  mm2 of tumor tissue. The “ratio of TLS/
mm2” was calculated as the total area of all TLS in each 
tumor section divided by the area of the tumor tissue. 
The “number of TLS/mm2” was calculated as the total 
number of TLS in each tumor section divided by the area 
of the tumor tissue.

ST data preprocessing
The ST data were processed using the R programming 
language. Quality control for each of the six samples was 
performed individually using the default Seurat pipe-
line. We identified 3000 high variable features (HVFs) 
according to their expression means and variances and 
finally obtained common HVFs among the six samples 
from 3 patients (one PD, one SD and one CR patients 
respectively) for further analysis. The data from all six 
samples were then merged, followed by normalization, 
scaling, and principal component analysis (PCA). Inte-
gration and batch correction were performed using the 

harmony method with default parameters. Unsupervised 
clustering based on shared nearest neighbour (SNN) was 
applied to the spots, and the clustering results were visu-
alized using (t-distributed stochastic neighbor embed-
ding) t-SNE. Finally, these clusters were annotated based 
on canonical cell type markers.

Statistical analysis
The TLS quantification and mouse experiments data 
were presented as the mean ± SEM and analyzed using 
GraphPad Prism 10 software. Differences between 
groups were determined by Student’s t-tests. For down-
stream analysis of ST data, the differential expression 
analysis among the PD, SD, and CR groups was per-
formed using the FindAllMarkers function of the Seurat 
package. The results were visualized as volcano plots with 
the ggplot2 package. Differentially expressed genes were 
determined by a p-value ≤ 0.05 and a |log2FC|≥ 1. Gene 
Ontology (GO) and gene set variation analysis (GSVA) 
were conducted with the clusterProfiler and GSVA pack-
ages under default parameters. To explore the temporal 
progression of TLS formation, a pseudotime analysis was 
conducted using the Monocle2 tools. Dominant ligand-
receptor pairs in the TLS regions were identified using 
the SpaGene method with the default parameters. The 
downstream analysis of ST data was conducted by R soft-
ware (https://​www.R-​proje​ct.​org/) v4.1.0.

Cell culture, mice and preclinical experiments
The mouse urothelial carcinoma cell line MB49 was pro-
cured from Shanghai Fuheng Biotechnology Company 
(www.​fudan​cell.​com) and cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) supplemented with 10% 
(v/v) fetal bovine serum (FBS) (Shanghai Fuheng Bio-
technology Company, FH1136). 6- to 8  week-old wild-
type C57BL/6  J mice were obtained from SiPeiFu, Inc. 
(https://​www.​spfbi​otech.​com) and maintained under 
specific pathogen-free conditions. To establish a xeno-
graft tumor model, the mice were intraperitoneally 
injected with 4 × 105 MB49 cells. A mixture of 1.5  μg 
of Ccl19 (PeproTech, cat: 250-27B-20UG) and 1.5  μg 
of Ccl21 (PeproTech, cat: 250-13-20UG) was adminis-
tered intraperitoneally on days 3, 5, and 7 after tumors 
were visible on the mice, and 250 μg of anti-mouse PD-1 
(BioXcell, cat: BE0146) or 250  μg of anti-mouse IgG2a 
isotype (BioXcell, cat: BE0089) was administered intra-
peritoneally on days 10, 12, and 14 after tumors were vis-
ible. On day 17, after tumors were visible, the mice were 
sacrificed, and the final tumor weight was measured.

Ethics
This study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki. The use of patient 
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samples was approved by the National Cancer Center/
Cancer Hospital, Chinese Academy of Medical Sciences 
and Peking Union Medical College (approval #20/084–
2280). Informed consent was obtained from all patients 
prior to inclusion in the study. All animal experiments 
were also approved by the Shanxi Province Cancer 
Hospital/Shanxi Hospital Affiliated to Cancer Hospi-
tal, Chinese Academy of Medical Sciences/Cancer Hos-
pital Affiliated to Shanxi Medical University (approval 
#2023KJT33) and were performed in compliance with 
institutional and national guidelines for the care and use 
of laboratory animals.

Role of funders
The study funders had no role in the study design, data 
collection, data analysis, data interpretation, manuscript 
writing, or in the decision to submit the manuscript for 
publication.

Results
TLS are enriched in patients who achieve CR
To examine the lymphocytic context in MIBC prior 
to neoadjuvant therapy, we assessed T-cell and B-cell 
infiltration using IHC on tissue sections obtained via 
electrotomy, including treatment-naïve samples from 
patients enrolled in a clinical trial (ChiCTR2000032359) 
patients with non-CR (n = 3) and CR (n = 5) responses [4] 

(Fig. 1A). Our analysis revealed that the CR group exhib-
ited a higher density of T/B-cell clustered structures, 
alongside numerous co-distributed HEVs, indicative of 
the presence of TLS structures (Fig. 1B, C). Quantitative 
analysis of the IHC maps demonstrated that the density 
of TLSs in tissues from patients who achieved CR was 
significantly higher compared to those from non-CR 
patients (Fig. 1D).

Spatial heterogeneities of the cell‑type niche in the MIBC 
microenvironment
To further explore the spatial heterogeneity of the TME 
in CR and non-CR patients and to analyze the transcrip-
tional characteristics of TLSs, we employed Visium ST 
technology from 10X Genomics. ST was performed on 
paired treatment-naïve and treatment-experienced FFPE 
sections from three patients in our cohort, including 
those with PD (n = 1), SD (n = 1), and CR (n = 1), generat-
ing six spatial expression maps (Fig. 2A). Following qual-
ity control, a total of 20,020 spots from these maps were 
retained for subsequent analysis. To characterize the spa-
tial diversity of cell-type niche (CTN) within the MIBC 
TME, we combined the spots from different tissues and 
performed clustering analysis (Fig.  2B). Eight distinct 
CTNs were identified based on canonical cell-type mark-
ers and signatures. These included T/B cells (Immune/
TB), myeloid cells (Immune/myeloid), immune cell 

Fig. 1  Treatment naïve tumor tissues of CR patients are enriched with TLSs. A Electrotomy tissues of MIBC were collected from patients enrolled 
in clinical trials. B–C TLS was defined by H&E and immunohistochemical staining for CD3, CD20 and PNAd. D Quantitative analysis of TLS. The 
difference between group was analyzed by Student’s t-tests. n = 3 patients for non-CR, n = 5 for CR
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mixtures (Immune/mixed), vascular vessels (Endovascu-
lar), lymphatic vessels (Endolymphatic), and fibroblast, 
epithelial and muscle cell-enriched niches (Fig.  2C, Fig. 
S1). All types of CTNs can be observed in the individual 
maps (Fig. 2D, Fig. S2), and the identification of specific 
markers of CNTs further validated the accuracy of the 
clustering analysis (Fig.  2E). Notably, the tumor purity 
signal was highly enriched in the epithelial and muscle 
cell niches, which is consistent with the pathological phe-
notype of MIBC (Fig. 2F).

Patients in the CR group present increased lymphocyte 
infiltration and activation
To further explore the neoadjuvant therapy-associ-
ated immune niches, we compared the abundance of 
CTNs between treatment-naïve tissues from patients 
who achieved a CR and those who did not, using the 
odds ratio test (Fig.  3A). We found that immune-
related CTNs, such as Immune/TB, Immune/mixed, 

and endothelial- associated niches, were significantly 
enriched in the tissues from CR patients (Fig.  3A, B). 
Enhanced lymphocytic infiltration is known to con-
tribute to better responses to immunotherapy, while 
an increased density of blood vessels aids in the effi-
cient delivery of chemotherapy agents. We then com-
pared the Immune/TB and Immune/mixed niches 
between CR and non-CR tissues through differential 
gene expression analysis (Fig. 3C). The CR group exhib-
ited higher expression of several B-cell-related genes, 
including MS4A1, CD79A, BANK1, BLK, and FCRL1 
(Fig.  3C). GO analysis revealed that the differentially 
expressed genes (DEGs) from both the Immune/TB 
and Immune/mixed niches were primarily involved in 
adaptive immune-related biological processes, par-
ticularly those associated with B-cell function (Fig. 3D, 
E). Moreover, we observed an increased expression 
of genes related to B-cell activation in CR tissues, 

Fig. 2  Characterization of cell-type niche diversity in MIBC. A Spatial transcriptome sequencing was conducted with pre- and post-treatment 
tumor section of three patients. The graph was generated by Biorender (https://​biore​nder.​com). B TSNE map of all spots (20,020) in MIBC dataset 
colored by sample names and treatment group. C TSNE map of all spots in MIBC dataset colored by cell-type niches. D Proportion of cell-type 
niches in each sample (B: before treatment, A: after treatment). E Dotplot shows feature genes of cell-type niche. F Heatmap shows signature score 
of cell types in cell-type niches

https://biorender.com
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Fig. 3  The pre-treatment tissues of CR patients exhibit increased lymphocyte infiltration and activation. A Heatmap shows odd ratios of cell-type 
niches in pre-treatment tissues. B Pie-plots shows the proportion of the spots of Immune. TB, Immune. mix, Endo. vascular and Endo. lymphocyte 
origins across difference response tissues. C Volcano plots shows differential expressed genes between indicated groups. D GO analysis identified 
the biological processes that co-significant genes of Immune.TB involved in. E GO analysis identified the biological processes that co-significant 
genes of Immune.mix involved in. F Heatmap shows the expression of genes that involved in B cell activation. G Heatmap shows the expression 
of CD4 T cell subtype markers in CD4 T cell spots. H Heatmap shows the expression of CD8 T cell subtype markers in CD8 T cell spots. I GSVA analysis 
identified the biological processes involved by differential expressed genes in Endo.vascular niche across different response groups. J Violin plots 
show the expression of lymphocyte and adhesion molecular markers across different response groups
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suggesting that B-cell-mediated immunity may play 
a critical role in the response to neoadjuvant therapy 
(Fig. 3F).

T cells undergo functional polarization, which is largely 
influenced by the TME [10, 11]. We hypothesized that 
infiltrating T cells in response to different treatment regi-
mens would exhibit distinct phenotypes and functional 
statuses. To test this hypothesis, we extracted T-cell spots 
(defined as spots expressing both CD3 and either CD4 
or CD8) and assessed T-cell populations in the different 
treatment-response groups based on the expression lev-
els of T-cell subtype and activation-related marker genes. 
As anticipated, regulatory T cells (Tregs) predominantly 
infiltrated tissues from patients with PD, while cyto-
toxic CD8 + T cells were primarily found in tissues from 
patients who achieved SD and CR (Fig. 3G, H). Stem-like 
CD8 + T cells have garnered attention for their capacity 
to maintain long-term T-cell responses due to their stem-
like properties [12]. We found that, compared with tis-
sues from non-CR patients, tissues from CR patients had 
a greater infiltration of stem-like CD8 + T cells (Fig. 3H). 
Furthermore, CD8 + T cells infiltrating CR tissues exhib-
ited increased expression of exhaustion markers, sug-
gesting that these patients may benefit from ICI therapy 
(Fig. 3H).

We also observed that tissues from patients who 
achieved CR contained abundant vascular vessels 
(Fig. 3A, B). The vasculature in the tumor not only con-
tributes to immunotherapy responses by facilitating 
lymphocyte trafficking but also supports chemotherapy 
efficacy by ensuring adequate drug delivery to the tumor 
bed [13]. To further characterize the molecular and func-
tional properties of the endothelial vessels in PD, SD, 
and CR tissues, we performed GSVA of DEGs within 
the Endovascular CTN. The GSVA results revealed that 
the vascular vessels of the CR patients exhibited a more 
mature phenotype and a greater capacity for T/B-cell 
recruitment (Fig. 3I). In contrast, vascular vessels in tis-
sues from PD patients showed lower levels of leukocyte-
endothelial cell adhesion, a key process for lymphocyte 
extravasation. Additionally, we found that the Endovas-
cular CTN of CR tissues displayed increased expression 
of lymphocyte- and adhesion molecule-related genes 
(Fig.  3J). Taken together, our findings suggest that high 
levels of lymphocytes infiltrating blood vessels, B-cell 

activation, and enrichment of pro-immune-type T cells 
can serve as important indicators for predicting the 
response to neoadjuvant therapy.

TLSs are observed in patients who achieve CR
High numbers of tumor-infiltrating T cells and B cells 
are closely associated with the formation of TLSs, and 
the activation of B cells within the TME is dependent 
on the presence of TLSs [14]. In our study, we found 
that the number of tumor-infiltrating T cells was com-
parable acros the different patient groups, while B cells 
were significantly enriched in the tissues from patients 
who achieved CR (Fig.  4A). Moreover, tissues from CR 
patients exhibited elevated expression levels of germi-
nal center (GC) B cells, TLS-associated chemokines, 
adhesion molecules, the dendritic cell (DC) marker 
LAMP3, lymphotoxin signaling molecules, and HEV 
markers (Fig.  4A). As anticipated, signature-based anal-
ysis revealed that tissues from MIBC patients with CR 
showed high levels of lymph node development signals 
and TLS-associated signals, which were strongly colocal-
ized with B-cell activation signals (Fig. 4B). By integrating 
H&E staining maps with gene expression data, we identi-
fied two distinct TLS regions in tissues from CR patients 
(Fig.  4C). Focusing on tissues from CR patients, which 
contain these TLSs, we evaluated the spatial distribution 
of T and B-cell according to the expression of specific 
cell markers (CD3 for T cells and MS4A1 for B cell). We 
observed that the core regions of the TLSs colocalized 
with both T and B cells, rather than with either T or B 
cells alone (Fig. 4C). The differentiation of B cells requires 
interactions with T cells. At the interface between the fol-
licular and T-cell zones in secondary lymphoid organs, B 
cells interact with CD4 + helper T cells [15]. These ongo-
ing interactions between T cells and B cells are critical 
for the maintenance of GCs. Within the GCs, the inter-
action between B cells and T follicular helper (Tfh) cells 
promotes B-cell proliferation, class switch recombina-
tion, and differentiation into antibody-producing plasma 
cells or GC B cells [15]. Recent studies have shown that 
B cells express major histocompatibility complex (MHC) 
class II molecules and possess the necessary machinery 
for antigen uptake, processing, and presentation, classify-
ing them as professional antigen-presenting cells (APCs), 
akin to DCs and macrophages [16, 17]. In addition, B cells 

Fig. 4  CCL19/CCL21 driven TLSs can observed in treatment naïve tissue of CR patient. A Violin plots show the expression of TLS related genes 
across different response groups. B Spatial feature plots show the expression and distribution of TLS related signatures. C TLS regions were identified 
in treatment naïve CR tissue. D immunoregulation signaling were compared in T&B cell spots between inner and outer of TLS. E SpaGene analysis 
identified ligand-receptor pairs that dominantly expressed in TLS regions. F IHC analysis present TLS region in mouse tumor slides. G Tumor weights 
in different treatment groups. The difference between group was analyzed by Student’s t-tests. n = 5 mice for each group

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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also express costimulatory molecules, including CD80 
and CD86, which enhance T-cell activation by interact-
ing with CD28 on T cells [16, 17]. To further explore 
the molecular and functional characteristics of T and B 
cells within TLSs, we compared T and B cell spots within 
and outside the TLS regions. Differential expression 
analysis revealed that chemokines involved in lympho-
cyte recruitment, as well as genes associated with B-cell 
activation and maturation, were more highly expressed 
within the TLS regions (Fig. S3A). GSEA further con-
firmed the increased activity of B-cell activation in T and 
B cell spots within the TLS regions (Fig. S3B). Further-
more, signature-based analysis showed that T cells within 
the TLS regions exhibited a greater cytotoxic potential, 
while B cells within these regions displayed character-
istics consistent with antibody-secreting plasma cells. 
These findings suggest that the colocalization, or interac-
tion, of T and B cells within the TLSs results in a stronger 
synergistic antitumor immune response (Fig. 4D).

Since lymphocyte aggregation is primarily governed by 
chemokine gradients and cell–cell interactions, we inves-
tigated the ligand-receptor pairs (LRPs) contributing to 
lymphocyte aggregation using the R package SpaGene 
(version 0.1.0). This analysis identified nine chemokine-
mediated cell–cell communication patterns within the 
tissue from patients who achieved CR (Fig. S3C). Among 
these, we identified TLS-specific LRPs (pattern 2 in Fig. 
S3C). Notably, the CCL19/CCL21-CCR7, CCL5/CCL14-
ACKR1, and CXCL9-CXCR3 LRP axes were among the 
top five TLS-associated patterns (Fig. S3D). CCL19-
CCR7 and CCL21-CCR7 are well-established canonical 
chemokine axes that promote TLS formation [18]. We 
observed that CCL19/CCL21-CCR7 signaling was pre-
dominantly localized within the TLS regions (Fig.  4E). 
Within TLSs, CCL19 + and/or CCL21 + fibroblastic retic-
ular cells (FRCs) guide the distribution of lymphocytes 
expressing the corresponding CCR7 receptors, thereby 
facilitating the formation of the T-cell zone formation 
[18, 19]. Additionally, CCL19/CCL21 recruit CCR7-
expressing mature DCs, particularly LAMP3 + DCs, into 
the TLS regions to prime naïve T cells [18].

In the TME, CXCL9, expressed by intratumoral con-
ventional DCs, plays a key role in recruiting stem-like 

CD8 + T cells, promoting the replenishment of the effec-
tor T-cell pool [11]. Furthermore, ACKR1, expressed on 
the blood endothelial cells (BECs) of postcapillary ven-
ules, facilitates the abluminal-to-luminal transcytosis 
of chemokines, thereby promoting the extravasation of 
immune cells from the vasculature into the tumor bed 
[20]. We hypothesize that CCL5, retained at BEC junc-
tions by ACKR1, aids immune cell extravasation, facili-
tating their infiltration into the TME.

Subsequently, we explored the potential of the CCL19/
CCL21-CCR7 axis as a therapeutic target for MIBC. The 
MB49 mouse bladder carcinoma cell line was intraperi-
toneally (i.p.) injected into C57BL /B6J mice. Starting on 
day 3, recombinant mouse Ccl19 and Ccl21 were admin-
istered i.p. six times every 2–3  days, and tumors were 
harvested on day 17. IHC analysis revealed that Ccl19/
Ccl21 administration facilitated the formation of intra-
tumoral TLSs (Fig.  4F, Fig. S4). More importantly, we 
observed that the delivery of Ccl19/Ccl21 enhanced the 
therapeutic efficacy of PD-1 inhibition, suggesting that 
these chemokines may serve as effective neoadjuvant 
therapeutic agents for MIBC (Fig. 4G).

In summary, we identified the presence of TLSs in the 
tumors of patients who achieved CR, which was strongly 
associated with high levels of CCL19 and CCL21 enrich-
ment in the TME. Furthermore, both CCL19 and CCL21 
were shown to enhance the therapeutic efficacy of 
immunotherapy.

TLS formation process
To gain deeper insight into TLS formation in MIBC, we 
conducted a detailed analysis of the Immunity/TB CTN 
in tissues from patients who achieved CR. The forma-
tion of TLSs is a multistep process, which involves: (1) 
the aggregation of lymphocytes, (2) the establishment 
of distinct T-cell and B-cell zones, and (3) the formation 
of GC-like structures within the B-cell zone [18]. Inter-
estingly, we identified two primary distribution patterns 
within the Immune/TB and Immune/mixed CTNs. In 
the TLS region, the Immune/TB CTN was surrounded 
by Immune/mixed CTN and formed a follicular structure 
(pattern 1), while in the non-TLS region, the Immune/
TB CTN was distributed around the Immune/mixed 

(See figure on next page.)
Fig. 5  Changes in cellular components and signaling pathways during TLS formation. A Distribution of cell type niche in treatment naïve tissue 
of CR patient. B Heatmap shows the expression level of cell type signatures calculated by deconvolution method. The red star (Sig) represents 
the statistical significancy of difference of immune. TB between two pattern groups. C Pseudotime analysis identifies the trajectory of expression 
changes in TLS-associated cytokine. D Heatmap shows the expression changes of different pattern specific genes during the TLS formation 
process. GO analysis was conducted based on these specific genes. E Schematic diagram of TLS and non-TLS patterns. The graph was generated 
by Biorender (https://​biore​nder.​com). F Spatial feature plots show the expression of nine TLS related genes. G Composition of the TME 
and the expression of nine-gene signature in TCGA-BLCA cohort calculated by the MCP-counter Z-scores

https://biorender.com
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Fig. 5  (See legend on previous page.)
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CTN (pattern 2) (Fig. 5A). We hypothesized whether this 
phenomenon represents a progression in TLS formation, 
i.e., if the non-TLS pattern (pattern 2) eventually transi-
tions into the TLS pattern (pattern 1), or if these patterns 
represent distinct evolutionary paths for lymphocyte 
clusters. To test this hypothesis, we compared the cel-
lular composition and molecular characteristics of the 
Immune/TB CTN between the TLS-pattern and non-
TLS-pattern. Deconvolution analysis using the mono-
cytic cell proportion (MCP)-counter method [21] further 
identified lymphocyte subtypes, as well as other cell types 
that colocalized with lymphocytes (Fig.  5B). In addition 
to the organized T-zone and B-zone, TLSs encompass a 
variety of cellular components, with Tfh cells being the 
most prominent. As anticipated, we observed a signifi-
cant enrichment of Tfh cells within the TLS_TB regions. 
The interaction between B cells and Tfh cells drives 
immunoglobulin class-switching and affinity maturation 
in GCs, resulting in the generation of high-affinity, long-
lived plasma cells [15] (Fig. 5B). We also noted that IgM-
positive naïve B cells were predominantly found in the 
non-TLS region, while IgG-positive B cells and plasma 
cells were significantly enriched in the TLS regions 
(Fig. 5B). Furthermore, we identified that FRCs and follic-
ular dendritic cells (FDCs), collectively termed lymphoid 
tissue organizer (LTo) cells, were significantly enriched 
in the pattern 1_TB (Fig.  5B). These findings align with 
previous reports by Jeremy Goc et al., who demonstrated 
that LAMP3 + DCs (also referred to as DC-LAMP) are 
predominantly localized within the T-cell zone of TLSs 
[22]. Consistently, we found that LAMP3 + DCs were 
significantly enriched in the pattern 1_TB region com-
pared with the pattern 2_TB region. Interestingly, we also 
observed that terminally exhausted CD8 + T cells were 
enriched in the pattern 1_TB region, while macrophages 
and fibroblasts were more abundant in the pattern 2_TB 
region.

To further investigate the relationship between the TLS 
and non-TLS patterns, we performed pseudotime analy-
sis using Monocle2 [23]. This analysis revealed a trajec-
tory that originated at immune spots within the Immune/
mixed CTN and subsequently bifurcated into two dis-
tinct differentiation paths: one leading to the Immune/
TB spots in the pattern 1 region and the other leading to 
Immune/TB spots in the pattern 2 region (Fig.  5C). As 
expected, key TLS-associated molecules were predomi-
nantly enriched along the path leading to the pattern 1 
region spots (Fig. 5C). To identify the characteristic fac-
tors involved in TLS formation, we analyzed the genes 
whose expression changed significantly over the course of 
pseudotime progression. Notably, genes that were highly 
expressed along the TLS trajectory were involved in 
processes related to cell–cell communication, including 

chemokine-mediated signaling, cell adhesion, and acti-
vation, highlighting the dynamic cell–cell interactions 
occuring during TLS formation (Fig. 5D). In contrast, the 
pattern 2 region branch was characterized by the enrich-
ment of extracellular matrix (ECM) remodeling-related 
signaling pathways, which may inhibit lymphocyte 
interactions and, consequently, prevent TLS formation 
(Fig.  5D). Additionally, angiogenesis-related terms were 
significantly enriched in the pattern 2_TB region. The 
angiogenesis-driven immunosuppressive TME is known 
to lead to T-cell dysfunction, which disrupts T-B-cell 
interactions and inhibits TLS formation [13]. Recent 
studies have highlighted the role of tumor-associated 
macrophages (TAMs) and cancer-associated fibroblasts 
(CAFs) in ECM remodeling and angiogenesis [24, 25], 
and we hypothesize that these immunosuppressive pro-
cesses mediated by TAMs and CAFs may inhibit TLS 
formation (Fig. 5E). Moreover, we identified several pre-
viously unreported TLS-related genes that were signifi-
cantly upregulated in TLSs (Fig. 5F). The signature score, 
calculated using these newly identified TLS-associated 
genes in the TCGA-BLCA cohort, was positively corre-
lated with the lymphocyte infiltration levels (Fig. 5G).

In summary, our results indicate that TLS formation 
requires not only the chemokine-mediated recruitment 
and cell–cell interactions of specific cell populations 
(such as LAMP3 + DCs, Tfh cells, FRCs and FDCs) but 
also an immunosupportive TME (Fig.  5E). Additionally, 
we identified novel TLS-associated genes that are signifi-
cantly correlated with immune cell infiltration in MIBC.

MIBC patients exhibit intrinsic heterogeneity 
within the tumor
The neoadjuvant therapies administered in this cohort 
included camrelizumab and gemcitabine and cisplatin. 
The sensitivity to immunotherapy is influenced by the 
immunophenotype of the tumor, whereas the sensitiv-
ity to chemotherapy is more dependent on the intrinsic 
characteristics of the tumor. Therefore, the selection of 
an appropriate therapeutic strategy necessitates a com-
prehensive assessment of both the immune microenvi-
ronment and the tumor characteristics.

To further investigate the tumor characteristics in 
responders, we conducted an analysis of the epithelial 
niches before and after therapy (Fig.  6A). Tumor purity 
scores were calculated at epithelial sites using the ESTI-
MATE package in R [26]. As anticipated, tumor purity 
in tissues from patients who achieved a CR significantly 
decreased following neoadjuvant therapy (Fig.  6B). To 
evaluate the heterogeneity of the tumor regions across 
different response groups, we focused on samples from 
Clusters 3 and 4, which exhibited high tumor purity, for 
further analysis. Recently, MIBC has been classified into 
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six consensus molecular subtypes: the luminal papil-
lary (LumP), luminal nonspecified (LumNS), luminal 
unstable (LumU), stroma-rich, basal/squamous (Ba/Sq), 
and neuroendocrine-like (NE-like), each of which dis-
plays distinct responses to immunotherapy and chemo-
therapy [27]. We applied a signature-based approach to 
calculate consensus class-related pathway scores across 
various tumor sites. This analysis revealed that malig-
nant spots in patients who achieved PD and CR exhib-
ited elevated urothelial differentiation signals (Fig.  6C). 
Furthermore, malignant spots from PD patients dem-
onstrated increased cell cycle activity, while those from 
CR patients showed high expression of a noninvasive 
Ta pathway signature and an FGFR3 coexpressed gene 
signature, suggesting that the PD group primarily cor-
responds to the LumU phenotype, while the CR group 
aligns with the LumP phenotypes (Fig.  6C). Interest-
ingly, we also observed that malignant spots from CR 
patients displayed high levels of basal differentiation and 
elevated cytotoxic lymphocyte infiltration, characteristics 
associated with the Ba/Sq phenotype. This suggests that 
CR patients exhibit a combination of LumP and Ba/Sq 
phenotypes (Fig. 6C). In contrast, malignant spots from 
patients with SD expressed signals indicative of neuroen-
docrine differentiation, cell cycle activity, and myofibro-
blasts, indicating a mixture of NE-like and stromal-rich 
phenotypes in these patients (Fig.  6C). These findings 

were further validated through IHC analysis (Fig. 6D, Fig. 
S5).

In summary, our study revealed distinct molecular 
subtype compositions within individual MIBC patients. 
Specifically, patients with CR in our cohort exhibited 
a combination of LumP and Ba/Sq tumor phenotypes, 
while patients with SD displayed a mixture of NE-like 
and stromal-rich phenotypes. These observations under-
score the importance of considering tumor heterogeneity 
when designing precision therapies.

Discussion
Cisplatin-based neoadjuvant chemotherapy (NAC) prior 
to radical cystectomy remains the standard treatment for 
MIBC. However, a study has shown that only 30–40% 
of patients undergoing NAC achieve ypT0N0 disease 
[28]. Given the promising efficacy of immunotherapy in 
advanced bladder cancer, combining NAC with immuno-
therapy holds potential for improving survival outcomes 
in MIBC patients [4, 29]. Recent studies, however, have 
highlighted that bladder cancer encompasses a variety 
of histological and molecular subtypes, each of which 
exhibits differential sensitivities to current therapeu-
tic modalities [30, 31]. Approximately 40% of urothe-
lial carcinoma cases demonstrate differentiation, which 
can significantly affect treatment responses [30]. A post 
hoc analysis of the VESPER trial revealed that patients 

Fig. 6  Intrinsic heterogeneity of the MIBC tumors. A TSNE map of epithelial niche spots across different response outcomes. B Tumor purity and its 
expression levels before and after treatment. C Heatmap shows the expression level of MIBC subtype signature. D IHC analysis identified intrinsic 
heterogeneity of treatment naïve MIBC tissues
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with ≥ 50% squamous cell differentiation or ≥ 50% micro-
papillary subtype showed reduced progression-free 
survival (PFS) following NAC. In recent years, several 
molecular classifications have been developed to bet-
ter stratify patients based on prognosis and therapeutic 
response [27, 32–34]. For instance, Robertson et al. [35] 
identified five distinct subtypes in the PURE01 trial, char-
acterized by unique genomic profiles, transcriptomic sig-
natures, and distinct TME, which influence differential 
responses to neoadjuvant immunotherapy. Therefore, 
comparing tumor samples with varying responses before 
and after NAC combined with immunotherapy presents 
an opportunity to identify key biological features that 
could inform more effective and personalized treatment 
strategies for bladder cancer patients.

In this study, we analyzed the genome-wide tran-
scriptomic heterogeneity of patients with three distinct 
responses to treatment (PD, SD and CR) using ST meth-
ods. Our analysis revealed that patients with CR exhib-
ited significantly higher levels of lymphocyte infiltration 
and activation. Notably, we observed that the high den-
sity of lymphocytes in CR patients led to the formation 
of specialized structures known as TLS. Recently, various 
studies have shown that the density and maturity of TLS 
are correlated with better responses to immunotherapy, 
especially ICI [18]. The presence of TLSs in tumors is 
often associated with the increasing of immune Infiltra-
tion [36]. Due to their lymph node-like structure and the 
presence of mature DCs, TLSs serve as an ideal site for 
T cell local priming [18]. This also explains why patients 
with TLSs have a better response rate to ICI therapy. In 
addition, the GC structures within TLS can also promote 
the differentiation of B cells into plasma cells. The anti-
bodies secreted by these plasma cells can mediate tumor 
killing through antibody-dependent cellular cytotoxicity 
(ADCC) and antibody-dependent cellular phagocytosis 
(ADCP) [37]. Therefore, inducing the intratumoral TLS 
is highly effective in enhancing the sensitivity of bladder 
cancer to immunotherapy.

By comparing T-cell- and B-cell-dominant spots both 
within and outside the TLS regions, we found that spots 
within the TLS regions exhibited higher levels of anti-
tumor signaling compared to those outside the TLS 
regions. This may be attributed to the closer proxim-
ity of T and B cells within the TLS, which enhances 
their interaction capacity and thereby promotes more 
effective immune functions. To further investigate the 
mechanisms underlying TLS formation, we conducted 
pseudotime analysis, mapping the pathways associ-
ated with changes in cellular components during TLS 
development. Our findings highlighted that the CCL19/
CCL21-CCR7 axis plays a dominant role in this process, 
positioning CCL19 and CCL21 as promising therapeutic 

targets for MIBC. Additionally, we validated the thera-
peutic potential of CCL19/CCL21 in mouse models. 
Chemokine-mediated cancer therapy is increasingly 
gaining attention. Generally, there are two therapeutic 
approaches for harnessing chemokines in cancer therapy: 
one is to inhibit immune-suppressive chemokines, and 
the other is to enhance the enrichment of inflammatory 
chemokines. As important inflammatory chemokines, 
the therapeutic strategy of CCL19/CCL21 is to increase 
the concentration of CCL19 and CCL21 in the tumor 
area through rational drug delivery methods, forming a 
chemokine gradient to promote greater lymphocyte infil-
tration. This can be achieved by delivering recombinant 
proteins, as employed in this study, or by using adeno-
associated virus (AAV). The anti-tumor effects of CCL19 
and CCL21 proteins have been validated in several pre-
clinical mouse models [38, 39]. Therefore, we believe that 
the administration of CCL19/CCL21 recombinant pro-
tein drugs via intravenous, intravesical, and intratumoral 
injection could be effective in the treatment of bladder 
cancer. Moreover, we explored the intrinsic heterogeneity 
of spots of malignant cell spots and observed that a sin-
gle patient could harbor multiple tumor subtypes, pro-
viding an explanation for the variable efficacy of MIBC 
treatments.

Our study has several limitations. The primary con-
straint is the limited sample size, which may intro-
duce bias and affect the generalizability of our findings. 
Additionally, the inherent limitations of ST technol-
ogy complicate the dissection of the TME at the single-
cell resolution level, which in turn poses challenges for 
the analysis and interpretation of the results. To miti-
gate these limitations, we took measures to enhance the 
robustness of our study through deeper analyses and 
experimental validations. Despite these challenges, our 
research provides valuable insights and contributes to a 
broader clinical perspective, advancing our understand-
ing of MIBC.

Conclusions
Our study demonstrates that patients who achieve a pCR 
to neoadjuvant therapy exhibit high levels of lymphocyte 
infiltration, which leads to the formation of TLS. A com-
prehensive analysis of ST data revealed that the CCL19/
CCL21-CCR7 ligand-receptor pair plays a critical role 
in TLS formation. Findings from mouse experiments 
further support the potential of CCL19 and CCL21 as 
therapeutic targets to enhance the ICI response rate in 
patients with MIBC. Moreover, we identified intrinsic 
heterogeneity within tumors from individual patients, 
which may influence the response to ICI therapy.

Following these findings, we have also come up with 
new questions: What are the clinical methods to deliver 
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these chemokines to the tumor? Among intravenous 
injection, intravesical instillation, and intratumoral 
injection, which method is the most effective and the 
most acceptable to patients? In addition to CCL19/
CCL21, what other molecules can promote the forma-
tion of tertiary lymphoid structures in bladder cancer? 
We will conduct more research in the future to try to 
address these questions.
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