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C A N C E R

Caspase-1–dependent pyroptosis converts αSMA+ 
CAFs into collagen-IIIhigh iCAFs to fuel chemoresistant 
cancer stem cells
Hongbo Gao1*, Stephen Q. R. Wong1, Ethan Subel1, Yung Hsing Huang1, Yu-Cheng Lee2,  
Kazukuni Hayashi3, Mark Ellie Alonzo1,4, Mustafa Karabicici5, Xen Ping Hoi1,4, Armine Kasabyan1, 
Qianxing Mo6, Zachary Melchiode1†, Ziad El-Zaatari1, Steven Shen1, Raj Satkunasivam1,  
Fotis Nikolos1, Keith Syson Chan1*

The impact of chemotherapy-induced tumor cell pyroptosis on fibroblasts, a key stromal cell type within the 
tumor microenvironment (TME), remains unexplored. Here, we report morphologically and molecularly distinct 
subtypes of cancer-associated fibroblasts (CAFs) in bladder cancer, including αSMA+IL-6− myofibroblastic CAFs 
(myCAFs), αSMA−IL-6+ inflammatory CAFs (iCAFs), and hybrid i/myCAFs. Caspase-1–dependent tumor pyroptosis 
releases several inflammatory chemokines, converting αSMA+ CAF into iCAFs in a CCR6-dependent manner. This 
is clinically relevant, as a fibroblast gene signature driven by iCAF markers and collagen type III is enriched in pa-
tients with chemoresistant bladder cancer after neoadjuvant chemotherapy. Contrary to the current notion, 
iCAFs, rather than myCAFs, produce collagen III in response to chemotherapy, supporting the expansion of cancer 
stem cells (CSCs). Thus, tumor cell pyroptosis initiates an iCAF-CSC feedforward loop that drives chemoresistance, 
indicating that inflammatory cell death is not universally beneficial to anticancer therapy, depending on the tar-
get cell type.

INTRODUCTION
Canonical pyroptosis, also known as “inflammatory fiery death,” is a 
programmed lytic cell death that depends on active caspase-1 (Casp1) 
to cleave its major substrate, gasdermin D (GSDMD) (1–5). The N 
terminus of GSDMD forms pores on the plasma membrane of py-
roptotic cells for extracellular release of their intracellular contents 
(3, 5, 6). This canonical pyroptotic pathway is extensively investi-
gated in macrophages, and its effects on immune cells in the tumor 
microenvironment (TME) to exert antitumoral activities are well 
documented (7). However, whether cancer cells are prone to canon-
ical pyroptotic cell death, or whether chemotherapy-induced tumor 
pyroptosis influences fibroblasts, a major stromal cell type within the 
TME, remains unexplored.

During wound healing, tissue resident quiescent fibroblasts be-
come activated to repair damaged parenchymal cells and deposit 
collagens to induce wound closure (8). In the cancer context, cancer-
associated fibroblasts (CAFs) reprogrammed by tumor cells retain 
an activated state (9). However, the mechanisms by which CAFs re-
main continuously activated are incompletely understood. CAFs are 
a key component in stromal TME and are increasingly acknowl-
edged as a co-contributor to tumorigenesis (10,  11), chemoresis-
tance (12), and metastasis (13, 14). To date, most functional studies 
predominantly considered CAFs as a homogeneous population of 
myofibroblasts, which are often characterized as α–smooth muscle 

actin high (αSMAhigh) CAFs (15). Recent single-cell RNA sequenc-
ing (scRNA-seq) studies have revealed transcriptionally distinct 
CAF subtypes among many solid cancers (16–20), which were 
not captured by previous functional studies. In pancreatic cancer, 
αSMA+/high fibroblasts, enriched with myofibroblast gene signatures 
and matrix-rich gene expression, were defined as myofibroblastic 
CAFs (myCAFs; αSMA+/high). Alternatively, interleukin-6 high 
(IL-6high) CAFs, which lack ACTA2 (αSMA−), were classified as 
inflammatory CAFs (iCAFs; αSMA−IL-6high) (21, 22). αSMA+/high 
CAFs have also been reported to coexpress IL-6 (αSMAhighIL-6high), 
contributing to chemoresistance (23). These observations suggest 
that additional CAF subtypes may exist beyond the traditionally 
defined pure myCAFs (αSMAhighIL-6−) and pure iCAFs (αSMA−IL-
6high), warranting further investigation. These additional subtypes 
could represent hybrid or intermediate CAF states, although this 
concept has not yet been fully explored. Similarly, scRNA-seq analysis 
in human bladder cancer identified iCAFs expressing IL6, CXC mo-
tif chemokine ligand 12 (CXCL12), and CXCL14, which are distinct 
from myCAFs (24). However, the underlying biology governing the 
conversion between iCAFs and myCAFs and their clinical relevance 
are still at its early stage of investigation.

Cytotoxic chemotherapy remains the standard of care for many 
epithelial tumors. In the past decades, most studies have focused on 
optimizing chemotherapy efficacy by enhancing direct cytotoxic 
effects to increase programmed cell death in epithelial cancer cells. 
However, recent studies have revealed that cell death–associated 
biology plays a broader role beyond tumor cell elimination. These pro-
cesses can influence residual cancer cell repopulation, trigger com-
pensatory proliferation (25), and induce immunosuppression in the TME 
(26, 27), collectively shaping the overall chemotherapy response. De-
spite growing evidence linking CAFs and fibrosis to chemoresistance 
(19), the effects of chemotherapy-induced cell death on fibroblasts—the 
predominant stromal cell type in the TME—remain largely unexplored. 
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Here, we uncovered distinct fibroblast subtypes in patients with 
bladder cancer and patient-derived CAFs. Clinically, patients with 
chemoresistant bladder cancer are enriched for a fibroblast gene sig-
nature driven by inflammatory fibroblast (iCAF) genes, such as IL-6 
and PDGFRβ, while notably lacking ACTA2/αSMA. Bioinformatic 
deconvolution further confirms a significant increase in iCAF pro-
portions in patient tumor tissues postchemotherapy compared to 
matched prechemotherapy samples, implicating iCAFs in chemore-
sistance. Mechanistically, iCAF conversion is not influenced by the 
direct effect of chemotherapy on CAFs, but driven by chemotherapy-
induced, Casp1-dependent tumor cell pyroptosis and its associated 
chemokines. Moreover, iCAF-derived collagen III (Col3) deposi-
tion promotes CD44high chemoresistant cancer stem cells (CSCs). 
Pharmaceutical inhibition of Casp1 activity effectively reduces iCAF 
conversion, fibrosis, and collagen ΙΙI deposition, mitigating che-
moresistance. This study reveals that canonical pyroptosis is indeed 
“inflammatory”; however, promoting an inflammatory fibrotic pro-
cess that enhances chemoresistance.

These findings challenge the prevailing assumption that Casp1-
dependent pyroptosis is universally beneficial to anticancer therapies. 
Chemotherapy-induced tumor cell pyroptosis creates an inflamma-
tory fibrotic microenvironment that promotes chemoresistant CSCs. 
Our study highlights the clinical and biological importance of CAF 
subtypes in chemoresistance. This also raises caution to the current 
notion that pyroptotic cell death is not always beneficial to antican-
cer therapy, depending on the cell type it affects. Hence, this calls for 
thorough evaluation of pyroptosis-modulating drugs as anticancer 
therapies, depending on the treatment context.

RESULTS
Patients with chemoresistant bladder cancer exhibit an 
inflammatory fibroblast signature
Neoadjuvant chemotherapy (NAC) is the current standard of care 
for locally invasive muscle-invasive bladder cancer (MIBC), which 
only provided a modest improvement in survival benefit for patients 
(28). To explore mechanisms contributing to this limited response, 
we analyzed gene expression data from a cohort of patients with 
chemoresistant bladder cancer comparing matched pre- and post-
chemotherapy tissues (29). Gene set enrichment analysis (GSEA) 
(29) identified a fibroblast gene signature that was significantly en-
riched in postchemotherapy tumor tissues [normalized enrichment 
score (NES)  =  2.11, P  <  0.0001;  Fig.  1A], including a significant 
up-regulation of COL3A1 (Fig. 1B). Other key fibroblast genes driv-
ing the enrichment included IL6 and PDGFRB, but not the classical 
myCAF marker ACTA2 (Fig. 1C). IL6 is a cytokine and commonly 
used as an inflammatory marker for iCAFs in other cancer types 
such as pancreatic cancers (21), while PDGFRB+ CAFs remain rela-
tively unexplored in bladder cancer. These clinical findings suggest a 
subtype of fibroblasts, potentially iCAFs, in conferring chemothera-
peutic resistance in human bladder cancer.

To investigate this concept, we use multiplex immunohistochem-
istry (mxIHC) to costain αSMA (red) with PDGFRβ (green), Col3 
(gray), and IL-6 (magenta) in human bladder cancer patient tissue 
sections (Fig. 1D). This allowed us to evaluate their colocaliza-
tion and identify different CAF subtypes labeled by these protein 
markers (Fig.  1, D to F, and fig.  S1, A and B). Region 1 revealed 
αSMA+PDGFRβ+ CAFs (Fig. 1E and fig. S1; red αSMA and green 
PDGFRβ costain), and region 2 revealed αSMA−PDGFRβ+ CAFs 

(Fig. 1F and fig. S1; green PDGFRβ stain only). Notably, most CAFs 
in both regions 1 and 2 also express IL-6, a marker previously thought 
to exclusively identify iCAFs. The existence of these αSMA+IL-6+ 
bladder CAFs in region 1 has been previously reported elsewhere 
in a transgenic mouse model of pancreatic cancer (23). Such an 
observation led us to hypothesize that certain CAFs may exist 
in a “hybrid” state, coexpressing both myCAF (αSMA) and iCAF 
(IL-6) markers.

To generalize these mxIHC observations, we analyzed scRNA-
seq datasets from bladder cancers and unbiasedly subclustered CAFs 
into distinct subtypes (Fig. 1G). These CAF subtypes recapitulated 
our mxIHC observations, which include (i) myCAFs, which are 
ACTA2high and IL6− (Fig. 1, G to I); (ii) iCAFs, which are ACTA2low/− 
and IL6+, analogous to iCAFs described in  Fig.  1F region 2; (iii) 
hybrid i/myCAFs, which are ACTA2+ and IL6+ (Fig. 1, G and H), 
analogous to CAFs described in  Fig.  1E region 1 that are labeled 
with *; and (iv) double-negative CAFs (DNCAFs) with ACTA2low/− 
and IL6low/− (Fig. 1, G and H). To better understand the biological 
features of these CAF subtypes, we illustrated key genes associated 
with their functions in a dot plot (Fig. 1I). Consistent with Fig. 1 (D 
to H), both myCAFs and hybrid i/myCAFs expressed ACTA2 as 
well as MYH11. Notably, hybrid i/myCAFs also coexpress several 
cytokine genes typically characteristic of iCAFs, these include CCL2, 
CCL19, IL6, and CXCL12. DNCAFs displayed expression of PDPN 
and PDGFRA shared with iCAFs and WNT5A with myCAFs; addi-
tionally, DNCAFs seem to be more proliferative with the expression 
of MKI67. Figure S1C denotes the top 20 cluster-defining genes for 
distinguishing CAF clusters (Fig. 1, G to I). To further establish the 
clinical relevance of these CAF subtypes in bladder cancer chemore-
sistance, we performed digital deconvolution (30) using the top 20 
CAF cluster–specific genes to bioinformatically estimate their rela-
tive proportions in a chemoresistant patient cohort. Digitally decon-
voluted iCAFs and hybrid i/myCAFs, but not myCAFs or DNCAFs, 
were significantly increased in chemoresistant patients after treat-
ment (Fig. 1J). This elevation of iCAFs in chemoresistant bladder 
cancers is similar to the recently reported iCAFs in chemoresistant 
pancreatic cancers (31). Together, these findings support the notion 
that distinct CAF subtypes exist in human bladder cancer patients 
and highlight the clinical relevance of iCAFs and iCAF-related genes 
(i.e., IL6) in association with chemoresistance.

COL1A1, COL1A2, and COL3A1 are highly expressed in myCAFs, 
iCAFs, and DNCAFs but not hybrid i/myCAFs (fig.  S1C). These 
collagen levels were significantly higher than that in other structural 
stromal cells, such as endothelial cells. This aligns with the previous 
reports on bladder CAFs regarding collagen type I (24) and III 
expressions (32). Given that pericytes also express COL1A1 and 
COL3A1 (33), we distinguished and excluded pericytes from stromal 
fibroblasts by their high coexpression of MCAM and RGS5 (34). This 
pericyte exclusion strategy was supported by a pericyte gene signature 
(35), illustrating that it was most specific to the MCAMhighRGS5high 
pericyte cluster (fig. S2A). Hybrid i/myCAFs intermediately expressed 
pericyte markers, such as melanoma cell adhesion molecule (MCAM) 
and CSPG4. To further characterize the expressions of these markers, 
we performed mxIHC for MCAM (CD146) and neuron-glial anti-
gen (NG2, CSPG4) in bladder cancer samples (fig. S2B).

Consistent with gene signatures, MCAM was highly expressed 
in vascular structures, identifying pericytes (fig. S2B). MCAM can 
also be observed in hybrid i/myCAFs and myCAFs (fig. S2B, * and 
# respectively), as well as tumor cell regions, although at lower levels 
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Fig. 1. Patients with chemoresistant bladder cancer exhibit an inflammatory fibroblast signature. (A) GSEA revealing a fibroblast gene signature enrichment in 
patients with chemoresistant bladder cancer (NES = 2.11, P < 0.0001). (B and C) Heatmaps display relative expression of COL1A1, COL1A2, and *COL3A1 (B) and key fibro-
blast markers, e.g., ACTA2, FAP, THY1, PDGFRA, *PDGFRB, and *IL6 (C) within the fibroblast signature, * denotes statistical significance. (D) mxIHC reveals CAF heterogene-
ity, showing differential PDGFRβ, αSMA, Col3, and IL-6 expression in tumor tissue sections from patients with MIBC. (E) Region 1 highlights hybrid i/myCAFs (*) 
coexpressing αSMA (a myofibroblastic myCAF marker), PDGFRβ, and IL-6 (an inflammatory iCAF marker), with few iCAFs (^) lacking αSMA but expressing PDGFRβ/IL-6. 
Both hybrid i/myCAFs and iCAFs colocalize Col3. (F) Region 2 shows a prevalence of iCAFs (^) with low/no expression of αSMA and high expression of PDGFRβ, IL-6, and 
Col3. (G) t-Distributed stochastic neighbor embedding (tSNE) plot illustrating various CAF subclusters from human bladder cancer clinical cohorts, designated as myCAFs, 
hybrid i/myCAFs, iCAFs, and double-negative CAFs (DNCAFs). (H) Dot plot compares ACTA2 and IL6 expression among myCAFs, hybrid i/myCAFs, iCAFs, and DNCAFs. 
(I) Dot plot illustrating the normalized expression of fibroblast marker genes among CAF subclusters. Color scheme represents z score distribution from −1 (red) to 
1 (blue). (J) EPIC deconvolution analysis of chemoresistant bulk RNA-seq data to assess CAF subpopulations’ alterations upon NAC. ns, not significant; **P < 0.01.
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than in pericytes. Similarly, NG2 showed intermediate expression in 
the intratumoral areas, colocalizing with αSMA+PDGFRβ+ hybrid 
i/myCAFs (fig.  S2C), while stronger NG2 staining was observed 
around tumors (fig. S2C, left). This is consistent with observations 
from Bartoschek et al. (36), reporting CSPG4med CAFs after filtering 
out NG2+ pericytes via flow cytometry. Collectively, these findings 
revealed that hybrid i/myCAFs express intermediate expression of 
pericyte markers. iCAF expansion is associated with patients with 
chemoresistant bladder cancer (Fig. 1J).

Morphologically distinct myCAFs, iCAFs, and hybrid  
i/myCAFs coexist ex vivo
To investigate the role of CAFs or iCAFs in regulating chemothera-
py response, we isolated human CAFs from patients with MIBC for 
phenotypic, molecular, and functional investigations (fig. S3A). We 
found that bladder CAFs uniformly express vimentin (fig. S3B) that 
is in line with CAFs from prostate cancer and other cancer types 
(37). Most in  vitro functional studies in the past decade denote 
CAFs as αSMAhigh/+ myofibroblasts or myCAFs (21). Most of these 
fibroblasts exhibit a typical myofibroblastic cellular morphology as 
large stellate-shaped mesenchymal cells with positive or high αSMA 
staining fibers in two-dimensional cultures (Fig. 2A, i). Other mor-
phologically distinct CAF subpopulations lacking αSMA staining can 
be characterized as spindle-shaped (Fig. 2A, ii) and a small round-
shaped morphology (Fig. 2A, iii). The identity of these αSMA− CAFs 
is unknown and warrants further investigation.

To characterize αSMA− CAFs, we performed immunofluores-
cence (IF) costaining using markers αSMA and IL-6 on CAFs 
cultured short-term (~16 hours). Notably, IF costaining revealed a 
distinct αSMA− IL-6+ subpopulation (Fig. 2B, red, *) smaller than 
neighboring αSMA+ IL-6− myCAFs (Fig.  2B, green). These two 
CAF subtypes accounted for 37 and 28%, respectively (Fig. 2C, pie 
chart). We independently performed IF costaining using αSMA and 
PDGFRβ to further characterize CAFs. PDGFRβ preferentially 
stained small and round-shaped CAFs without αSMA expression, 
accounting for ~25% of CAFs (Fig. 2D, red, *). These data suggest 
that smaller CAFs likely coexpress the typical iCAF marker IL-6 and 
PDGFRβ at the protein level.

IL-6+ CAFs compose of iCAFs and hybrid i/myCAFs
To characterize the smaller-sized CAFs described in Fig. 2 (A to E), 
we designed a multicolor spectral flow cytometry staining panel 
(table S1) to define the heterogeneity of bladder CAFs using previ-
ously reported markers (13, 38), including αSMA, CD90, fibroblast 
activation protein (FAP), PDGFRα, PDGFRβ, IL-6, and major his-
tocompatibility complex class II (16). To this end, we were able to 
classify monolayer cultured CAFs into 15 distinct cell clusters using 
the Flow Self-organizing Maps (FlowSOM) algorithm, based on 
their similarities in a Minimum Spanning Tree (Fig. 2, F and G). We 
identified two major branches of CAFs, i.e., αSMAlow/− (Fig. 2F, red) 
and αSMAhigh/+ (Fig.  2F, green). Eight clusters characterized as 
αSMAhigh/+ CAFs (pops 0 to 4, 10, 11, and 13) formed the right 
branch, accounting for ~64% of cells, while seven αSMAlow/− CAF 
subgroups (pops 5 to 9, 12, and 14) formed the left branch, compris-
ing ~36% (Fig. 2F and fig. S3, C and D). Three αSMAhigh/+ subpopu-
lations (pops 0, 1, and 2; total 10%) displayed typical αSMAhigh/+ 
IL-6low/− pure myCAF characteristics (Fig. 2F and fig. S3, C and D). 
We identified and described five αSMAhigh/+ subsets (pops 3, 4, 
10, 11, and 13) coexpressing IL-6 as hybrid i/myCAFs that made up 

about 54% of all CAFs (Fig. 2F and fig. S3, C and D), confirming 
mxIHC costain in Fig. 1 (D and E) and scRNA-seq findings we re-
ported in Fig. 1 (G to I) (blue cluster: hybrid i/myCAFs).

Next, we examined the relationship between IL-6 and PDGFRβ 
to determine whether they label the same CAFs at the protein level 
and to reveal additional quantitative information to Fig. 2 (A to E). 
uniform manifold approximation and projection (UMAP) cluster-
ing showed a positive correlation between IL-6+ and PDGFRβ+ CAF 
clusters, specifically pops 4, 10, 11, 13, and 14 (Fig. 2H and fig. S3, 
C and D). IL-6high CAFs consistently coexpressed PDGFRβ over 
8 days of monolayer culturing (Fig. 2I). Long-term monolayer cul-
turing on hard plastic surface primed CAFs into αSMAhigh/+ CAFs 
(fig. S3E). After 8 days, most CAFs (~85%) became αSMAhigh/+ CAF 
and coexpressed IL-6 as the αSMAhigh/+ IL-6+ hybrid i/myCAF phe-
notype, while the remaining (~14.7%) were αSMAhigh/+ IL-6− pure 
myCAFs (fig. S3F). Thus, PDGFRβ expression is closely associated 
with IL-6 expression at the protein level in bladder CAFs, posing 
PDGFRβ as a surrogate cell surface marker for IL-6+ CAFs in vitro. 
Bladder CAFs in monolayered culture are predominantly hybrid  
i/myCAFs rather than pure myCAFs as previously thought, repre-
senting another insight revealed by multicolor flow cytometry.

Chemotherapy-induced tumor cell pyroptosis converts 
αSMAhigh/+ CAFs into iCAFs
To evaluate how CAFs respond to chemotherapy, we first compared 
the responses of CAFs and T24 bladder cancer cells to a dose esca-
lation of gemcitabine treatment. In vitro gemcitabine treatment re-
vealed that CAFs were remarkably resistant to gemcitabine [median 
inhibitory concentration (IC50) >  900 μM] (Fig. 2J, red squares), 
consistent with previous reports in breast cancers (22). In contrast, 
T24 bladder cancer cells were much more sensitive (IC50 = ~0.5 μM) 
(Fig. 2J, blue dots). We also observed a dose-dependent decrease in 
ACTA2 (Fig.  2K, blue line) and corresponding increase in IL6 
expression (Fig. 2K, red line). Since ACTA2 and IL6 are surrogate 
markers for myCAFs and iCAFs, respectively, these initial findings 
support clinical findings from Fig. 1 (A to C) that iCAFs might be 
functionally relevant to chemoresistance, prompting us to further 
evaluate CAF subtype changes in response to chemotherapy.

To determine whether chemotherapy-treated cancer cells affect 
CAF subtypes, we exposed bladder CAFs to conditioned medium 
(CM) collected from T24 bladder cancer cells treated with or 
without gemcitabine (0.5 μM, 48  hours) (schematic  Fig.  3A). 
CM from gemcitabine-treated cancer cells (Gem) significantly in-
creased αSMAlow/− CAFs from ~2 to 28.5% (Fig. 3, B to D; CM-Gem 
versus CM-Veh). The CM from vehicle T24 (Veh) maintained CAF 
subpopulations similar to basic medium [2% fetal bovine serum 
(FBS) Dulbecco’s modified Eagle’s medium (DMEM)] (Fig.  3, B 
and D). αSMAlow/− CAFs treated with CM-Gem primarily com-
posed of PDGFRβ+ CAFs (Fig.  3B, green box) which coex-
pressed high levels of IL-6 and, therefore, designated as iCAFs 
(αSMAlow/−PDGFRβ+IL-6+) hereafter (Fig. 3, D and E). These re-
sults suggest that certain chemokines or cytokines released from 
gemcitabine-treated bladder cancer cells are likely playing a role in 
converting αSMAhigh/+ CAFs into iCAFs.

Others and our previous studies have revealed that chemother-
apy effectively induces programmed cell death in differentiated 
bladder cancer cells (25). We previously discovered that dying can-
cer cells release mitogens and chemokines extracellularly, affecting 
neighboring cells in a paracrine manner (25–27). Although CAFs 
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Fig. 2. Phenotypically distinct myCAFs, iCAFs, and hybrid i/myCAFs coexist ex vivo. (A) Bright-field images showing morphologically distinct fibroblasts within hu-
man bladder cancer patient–derived CAFs, these include (i) large stellate-shaped CAFs with stress fibers, (ii) spindle-shaped CAFs, and (iii) small, round-shaped CAFs. IF 
costain illustrating the myofibroblastic marker αSMA (green) and collagen I (red) expression across CAF subtypes. (B) IF costain showing the colocalization of αSMA––a 
myofibroblastic marker (green), and IL-6––an inflammatory marker (red) in CAFs. (C) A pie chart qualifies CAF subtypes based on αSMA and IL-6 costaining. (D) IF costained 
αSMA (green) and PDGFRβ (red) in CAFs. (E) A pie chart quantifies CAF subtypes marked by αSMA and PDGFRβ. (F) Cytek multiplex flow cytometry analysis of CAFs using 
a panel of fibroblast markers, visualized using Minimum Spanning Tree into 14 CAF subpopulations that are assigned into multidimensional nodes based on their simi-
larities. Briefly, these CAFs are subdivided into two major sub-branches: αSMAhigh/+ (green) and αSMAlow/− (red). (G) UMAP plot generated using FlowSOM to visualize the 
heterogeneity of CAFs, including myCAFs, iCAFs, and hybrid i/myCAFs. (H) UMAP illustrating αSMA, IL-6, and PDGFRβ expression in CAFs. (I) Flow cytometry analysis 
evaluating the expression dynamics of PDGFRβ in IL-6+ (blue) and IL-6− (red) CAFs over an 8-day monolayer culture, confirming that IL-6+ CAFs are also PDGFRβ+. (J) Treat-
ment of T24 bladder cancer cells (blue line) and CAFs (red line) with dose escalation of gemcitabine chemotherapy for 48 hours in vitro. (K) Quantitative polymerase chain 
reaction (qPCR) analysis quantifying ACTA2 (gene name for αSMA, blue line) and IL6 (red line) expression in CAFs treated with increasing dosage of gemcitabine.
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Fig. 3. Chemotherapy-induced tumor pyroptosis converts αSMAhigh/+ CAFs into iCAFs. (A) Schematic of CM from chemotherapy-treated cancer cells for subsequent 
treatment on CAFs in vitro. (B) Flow cytometry evaluating CM effects on αSMAhigh/+ CAFs and αSMA−PDGFRβ+ iCAF conversion, in response to (i) base medium (2% FBS 
DMEM), (ii) CM from untreated T24 (CM-Veh), and (iii) CM from gemcitabine-treated T24 (CM-Gem). (C and D) Bar graphs quantifying αSMAhigh/+ CAFs (C) and αSMA−PDGFβ+ 
iCAFs (D) upon treatment with CM-Veh and CM-Gem. (E) Flow cytometry histogram illustrating higher IL-6 expression in αSMA−PDGFRβ+ iCAFs (blue) and αSMA+PDGFRβ+ 
hybrid i/my CAFs (red) than other CAFs (green and yellow). (F to H) Western blot analysis of Casp1-dependent pyroptosis and apoptosis in gemcitabine-treated T24 cells 
by immunoblotting (IB): (F) Casp1 full-length (FL) protein, (G) Casp1 p20 and p10 cleavage (Cl) products indicating enzymatic activity, and (H) Caspase-3 (Casp3) FL, 
Cl-Casp3, and DNA repair protein poly(ADP-ribose) polymerase 1 (PARP1) FL and Cl PARP1 (Cl-PARP1), as apoptosis markers. (I) Flow cytometry of DAPI and annexin V 
costaining in WT and Casp1 knockout (Casp1 KO) T24 cells upon gemcitabine treatment. (J) Bar graph quantifying fractions in (I), showing reduced lytic cell death (DAPI+/
annexin V−; red) in Casp1 KO cells (*P = 0.0265). (K) Flow cytometry analyzing CM from gemcitabine-treated WT or Casp1 knockout (Casp1 KO) T24 cells in the conversion 
between αSMAhigh/+ CAFs and αSMA−PDGFβ+ iCAFs. (L) Corresponding IF costaining illustrating PDGFRβ (red) and αSMA (green) in CAFs exposed to CM-Gem from T24 WT 
and Casp1 KO cells. (M) Bar graph quantifying PDGFRβ+ iCAFs, showing significant reduction after exposure to CM-Gem from Casp1 KO versus WT cells.
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are a predominant stromal cell type localized adjacent to tumor cell 
clusters in patient tissues, the cross-talk between chemotherapy-
induced cancer cell death and CAFs remains to be elucidated. Here, 
we found that gemcitabine induced various types of programmed 
cell death, including the classical caspase-3 (Casp3)–dependent 
apoptosis and a Casp1-dependent pyroptosis (Fig.  3, F to H). 
Chemotherapy-induced canonical pyroptosis in bladder cancer cells 
is illustrated by cleaved (Cl)–Casp1 (p20 and p10) (Fig.  3F). Cl-
Casp1, increased at 24 and 48 hours (Fig. 3F), which preceded apop-
totic Cl-Casp3 and poly(ADP-ribose) polymerase 1 (PARP-1; a 
DNA repair protein and substrate of Casp3) cleavage, peaking at 
48 hours postchemotherapy (Fig. 3, G and H).

To evaluate whether Casp1-driven tumor pyroptosis affects CAF 
subtypes, we used CRISPR-Cas9 technology to genetically knockout 
Casp1 (Casp1 KO) in T24 cancer cells. In response to gemcitabine 
treatment, Casp1 KO cancer cells conserved Cl-Casp3 (i.e., apopto-
sis) at 48 hours (fig. S4A). Furthermore, genetic depletion of Casp1 
significantly diminished lytic cell death and pyroptosis induced by 
the canonical pyroptosis inducers—lipopolysaccharide and nigeri-
cin [fig. S4B; 4′,6-diamidino-2-phenylindole (DAPI)+ annexin V− 
subset], validating that Casp1 is important for driving pyroptosis in 
bladder cancer cells. In response to gemcitabine, Casp1 KO T24 
cells significantly reduced lytic cell death and pyroptosis (DAPI+ 
annexin V− subset) compared with wild-type (WT) T24 cells 
(Fig. 3, I and J, red; P = 0.03), supporting that gemcitabine-induced 
pyroptosis is also Casp1 dependent. We then exposed CAFs to CM 
from gemcitabine-treated Casp1 KO versus WT T24 cells. We ob-
served a significant reduction in PDGFRβ+ iCAFs, illustrated by 
flow cytometry (Fig. 3K; 25.5 to 9.26%) and IF staining (Fig. 3, 
L and M; 20 to 10%), indicating that gemcitabine-mediated 
PDGFRβ+ iCAF conversion depends on epithelial Casp1 func-
tion. In summary, gemcitabine-induced Casp1-dependent pyrop-
tosis contributes to the conversion of αSMAhigh/+ CAFs into an 
αSMAlow/−PDGFRβ+ iCAF subset.

Tumor cell pyroptosis skews CAFs toward iCAFs in a 
CCR6-dependent mechanism
To identify cytokines or chemokines released by Casp1-mediated 
pyroptotic cancer cells that drive PDGFRβ+ iCAF conversion, we 
used a cytokine/chemokine array to compare the CM collected from 
gemcitabine-treatment WT and Casp1 KO T24 cells (Fig. 4A). Sev-
eral cytokine/chemokines, including CXCL5, CXCL10, and CCL20, 
were significantly reduced in CM from gemcitabine-treated Casp1 
KO cells (Fig. 4, A and B). Consistently, enzyme-linked immunosor-
bent assay (ELISA) assay confirmed the reduction in these proteins 
(Fig. 4C). Thus, this prompted us to evaluate their functional role in 
regulating PDGFRβ+ iCAF conversion. We treated CAFs using CM 
as previously described, in combination with neutralizing antibod-
ies (Abs) and a pharmaceutical inhibitor against the corresponding 
cytokine receptors, including anti-CXCR2, anti-CXCL10, anti-CCL20 
Abs, and CCR6 inhibitor (CCR6i). To this end, we found that inhi-
bition of CCR6 significantly suppressed iCAF conversion (Fig. 4, D 
and E), while the effects of anti-CXCR2, anti-CXCL10, or anti-CCL20 
were not observed.

Gemcitabine-induced iCAFs reactively express Col3
To recapitulate the effects of tumor-to-CAF cross-talk in affecting 
CAF heterogeneity, we cocultured T24 cancer cells with CAFs and 
performed flow cytometry to examine IL-6, αSMA, and PDGFRβ 

expression in CAFs after coculture (Fig. 5A). After 4 days of cocul-
ture, ~35% of CAFs shifted to an αSMAlow/− population, and 11.7% 
of CAFs exhibited iCAF phenotype as αSMAlow/−IL-6+ subpopula-
tion (Fig. 5A, red box and curve); whereas 38.6% CAFs preserved 
αSMA and IL-6 expression as hybrid i/myCAFs (Fig. 5A, blue box 
and curve). PDGFRβ is shown to be a surrogate cell surface marker 
for IL-6+ CAFs, since PDGFRβ expression is high in αSMAlow/−IL-6+ 
iCAFs (Fig. 5A, red curve), intermediate in αSMAhighIL-6high CAFs 
(blue curve), low in αSMAhighIL-6low myCAFs (yellow curve), and 
absent in αSMAlow/−IL-6− CAFs (green box and curve). IF costain-
ing confirmed that PDGFRβ was highly expressed in αSMAlow/− 
iCAFs and undetectable in αSMAhigh myCAFs (Fig. 5B).

We next evaluate the effects of gemcitabine in this cancer-CAF 
coculture system as an ex  vivo model. Cocultured cells were ex-
posed to gemcitabine for 48  hours followed by a resting phase of 
96 hours by replacing the culture with fresh medium (fig. S5A), such 
treatment scheme is designed to recapitulate the clinical cyclical 
chemotherapy regimen. Eight days of cancer-CAF coculture further 
reduced αSMA+ CAF subtype to 20%, compared with 90% αSMA+ 
CAFs when CAFs are maintained in monolayer culture [fig. S5 (B 
and C) versus fig.  S3 (D and E)], and the cellular morphology of 
CAFs in coculture was converted into smaller-sized αSMAlow/− 
CAFs (fig. S5D, top: Veh coculture). Despite reduced αSMA ex-
pression, CAFs retained PDGFRβ expression in cancer-CAF 
coculture, and PDGFRβ+ iCAFs accounted for 28.3% of total 
CAFs (fig.  S5, B and C). IF costaining revealed that PDGFRβ+ 
iCAFs were sparsely distributed among confluent cancer cells 
(fig. S5D, top: Veh coculture, * denoted for iCAFs, and # denoted 
for hybrid i/myCAFs).

In response to one gemcitabine treatment cycle, the proportion 
of iCAFs in this coculture system accounted for 35.1% (fig. S5B, red 
box), reproducing the effects of CM-Gem from Fig. 3B. iCAFs are 
scattered with low αSMA expression (fig. S5D, middle, ^ labeled) 
which locate adjacent to hybrid CAF clusters coexpressing αSMA 
and PDGFRβ (fig. S5C, middle, labeled by *). After 1 cycle of gem-
citabine treatment, the residual surviving bladder cancer cells (∆) 
are distributed closely adjacent to CAFs (fig.  S5C, middle). Our 
findings here implicate that the direct cancer cell-CAF contact re-
stricted the expansion of CAFs during treatment-naïve scenario. 
During chemotherapy, induction of cancer cell death and pyroptosis 
removed this physical contact inhibition, thus allowing CAF expan-
sion which serves as a niche for surviving cancer cells.

Next, we investigate the mechanism by which iCAFs influence 
residual surviving cancer cells and their repopulation. Connecting 
to clinical findings from Fig. 1 (A to C and J) revealing that patients 
with chemoresistant bladder cancer exhibit a correlative increase of 
iCAF markers (IL6 and PDGFRB) and COL3A1, we hypothesized 
that ex vivo expanded PDGFRβ+ iCAFs in response to chemother-
apy might produce Col3 to exert relevant biologic functions. To 
prospectively isolate iCAFs and other CAF subtypes for evaluating 
their corresponding collagen gene expressions, we use FAP as a 
surrogate cell surface marker for αSMA (since αSMA is an intra-
cellular protein found to positively associate with FAP expression) 
(Fig.  5C) (22). PDGFRβ+FAP− CAFs correspond to iCAFs, ex-
pressing IL-6 with low αSMA expression (Fig. 5C, blue color). In 
addition, PDGFRβ+FAP+ CAFs correspond to hybrid i/myCAFs, 
coexpressing IL-6 and αSMA (Fig. 5C, red color).

By integrating fluorescence-activated cell sorting (FACS) to isolate 
distinct CAF subtypes, followed by flow cytometry and quantitative 
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polymerase chain reaction (qPCR) analyses, these approaches allow 
us to evaluate the relative protein and gene expression of IL6, 
COL3A1, and COL1A1 in corresponding CAF subtypes, respectively 
(Fig. 5, C and D, and fig. S6, A to C). In response to chemotherapy 
treatment regimen outline in fig. S5A, we found that the elevation 
of IL6 expression was contributed by PDGFRβ+FAP− iCAFs and 
PDGFRβ+FAP+ hybrid i/myCAFs (Fig. 5D, black versus white bars), 
consistent with previous findings in  Fig.  2I showing a high IL-6 
expression by PDGFRβ+ CAFs. These two sorted PDGFRβ+ CAF 
subsets exhibited an increased COL3A1 expression upon chemo-
therapy treatment, with the highest expression in PDGFRβ+FAP− 
iCAFs (Fig. 5D, black versus white bars). Conversely, COL1A1 and 
COL1A2 up-regulation was not limited to PDGFRβ+ CAFs but 
other CAFs such as PDGFRβ−FAP+ CAFs (fig. S6C, black versus 
white bars).

These functional studies are consistent with the clinical observa-
tions in Fig. 1 (A to C and J), supporting that PDGFRβ+IL-6+ iCAFs 
up-regulate Col3 in response to chemotherapy treatment. These 
findings also challenge the previous notion that αSMAhigh/+ CAFs are 

the major contributor to collagen or extracellular matrix deposition 
(39), revealing that iCAFs can reactively express collagens upon 
chemotherapy-induced stress and/or cell death.

To further consolidate the in  vivo contribution of iCAFs in 
Col3 deposition, we evaluated Col3 costaining with αSMAlow/− 

PDGFRβ+ and αSMAhigh/+PDGFRβ+ CAFs, as well as cancer cells 
(αSMAlow/−PDGFRβ−) in bladder cancer xenografts. First, we showed 
that both PDGFRβ+ and αSMAhigh/+ CAF regions corresponded to 
trichrome staining—a conventional blue stain that marks most 
collagen fibers—within the stromal area (fig. S6C, serial tissue sec-
tions), with αSMA−PDGFRβ− regions outlining cancer cells inter-
calated by CAFs and collagen fibers in bladder cancer xenografts. 
On the other hand, Col3 staining seems to be more restrictive than 
trichrome collagen stain (Fig.  5, E and F); we use QuPath image 
analysis (40) to quantitatively summarize the stroma dynamics in 
bladder cancer xenografts that are treated with 2 cycles of vehicle 
(Veh) or gemcitabine-cisplatin (GC) chemotherapy (Fig. 5, E and F). 
In Veh-treated xenografts, cancer cells constitute most of the tumor 
mass, intercalated within stromal areas with less Col3+ staining 

Fig. 4. Tumor cell pyroptosis skews CAFs toward iCAFs in a CCR6-dependent mechanism. (A) Representative image illustrating a cytokine protein array (i.e., Proteome 
Profiler Human XL Cytokine Array Kit, R&D Systems) probed with the supernatant collected from WT and Casp1 KO T24 cancer cells after 48 hours of gemcitabine treat-
ment. Red, blue, and green boxes highlighting the individual cytokines or chemokines with the most differential expression (i.e., reduction) in Casp1 KO versus WT Gem-
treated supernatant. (B) Bar graph quantifying the intensity of three cytokines differentially released in WT and Casp1 KO supernatant, i.e., CXCL5, CXCL10, and 
CCL20. (C) ELISA quantification of CXCL5, CXCL10, and CCL20 protein concentration in the supernatants collected from gemcitabine-treated WT and Casp1 KO T24 blad-
der cancer cells. (D) Flow cytometry assessing the percentage of αSMAhigh/+ CAFs and αSMA−PDGFβ+ iCAFs treated with CM from Gem-treated T24 cells with anti-CXCR2 
neutralizing Ab, (anti-CXCR2 Ab, blocking receptor downstream to CXCL5), anti-CXCL10 neutralizing Ab, anti-CCL20 neutralizing ab, and CCR6i (blocking receptor down-
stream to CCL20). (E) Violin dot plot quantifying the relative changes in the percentage of αSMA−PDGFβ+ iCAFs upon CM-Gem ± chemokine or chemokine receptor 
neutralizing Ab treatments.
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Fig. 5. Gemcitabine-induced emergence of PDGFRβ+ iCAFs reactively express Col3. (A) Multicolor flow cytometry analyzing CAF subtypes denoted by the relative 
coexpression of IL-6 and αSMA (left), as well as PDGFRβ (right) in CAFs cocultured with T24 cancer cells. Flow cytometry confirms the existence of (i) αSMAlow/−IL-6+ iCAFs 
(red box), (ii) αSMA+IL-6+ hybrid i/my CAFs (blue box), (iii) pure αSMA+IL-6− myCAFs (yellow box), and (iv) αSMA−IL-6− CAFs (green box). Right illustrates that PDGFRβ 
protein expression is highly expressed in IL-6+ CAFs (i.e., iCAFs and hybrid i/myCAFs) when compared with other CAF subtypes. (B) Corresponding IF costaining highlight-
ing the smaller-shaped αSMAlow/−PDGFRβ+ iCAFs (green) and stretched stellate-shaped αSMA+ CAFs in coculture with T24 bladder cancer cells. (C) Flow cytometry evalu-
ating the relative IL-6 and αSMA protein expression in PDGFRβ−FAP− CAFs, PDGFRβ−FAP+ myCAFs, PDGFRβ+FAP+ hybrid i/myCAFs, and PDGFRβ+FAP− iCAFs, illustrating 
that FAP is positively associated with αSMA expression, thus enabling fluorescence-activated cell sorting (FACS) in (D). (D) qPCR analysis comparing the relative IL6 and 
COL3A1 mRNA expression in FACS-purified CAF subsets upon gemcitabine treatment. In particular, PDGFRβ+FAP− iCAFs and PDGFRβ+FAP+ hybrid i/myCAFs reactively 
up-regulate IL6 and COL3A1 mRNA expression upon chemotherapy treatment. (E and F) mxIHC costaining displaying the relative distribution of Col3 associated with 
PDGFRβ+ iCAFs and αSMA+ CAFs in vehicle-treated xenografts (Veh, E) and two cycles of gemcitabine-cisplatin (GC) chemotherapy (F). (G) Bar graph illustrates an expan-
sion of stromal fibroblasts after chemotherapy, which composes of αSMAlow/−PDGFRβ+ iCAFs and αSMA+PDGFRβ+ hybrid i/myCAFs (yellow) predominately associating 
with Col3 deposition. (H) Bar graphs quantifying the changes in CAF subclusters within bladder cancer xenografts after 2 cycles of GC chemotherapy treatment compared 
with Veh-treated control. The increase in αSMAlow/−PDGFRβ+ iCAFs upon chemotherapy treatment is most notable.
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(Fig.  5, E and G). Similar to in  vitro coculture that are treated 
with Veh as a control, αSMAlow/−PDGFRβ+ iCAFs represent the 
main CAFs in xenograft stroma colocalizing with the Col3+ area, 
with less αSMAhigh/+ PDGFRβ+ hybrid i/myCAFs or αSMAhigh/+ 
PDGFRβ− myCAFs associating with the Col3+ area in vivo (Fig. 5, 
E and G).

In GC chemotherapy–treated T24 xenografts, the stromal regions 
were significantly expanded, evident by broader regions of tri-
chrome staining (fig. S6D) and significantly higher density of Col3, 
PDGFRβ, and αSMA staining (Fig. 5F; white, green, and red, respec-
tively). The stromal regions marked by αSMAlow/−PDGFRβ+ iCAFs 
(green) and αSMAhigh/+PDGFRβ+ hybrid i/myCAFs (yellow) both 
expanded significantly upon chemotherapy (Fig. 5, E to G). On 
the other hand, fiber-like Col3+ staining primarily aligned with 
αSMAlow/−PDGFRβ+ iCAF regions as well as αSMAhigh/+PDGFRβ+ 
hybrid i/myCAFs but are relatively scarce in αSMA+ myCAF regions 
upon chemotherapy (Fig. 5, F and G). Together, these findings sup-
port the notion that PDGFRβ+ iCAFs associate with Col3 deposi-
tion in response to chemotherapy.

Pharmaceutical inhibition of Caspase 1 improves 
chemotherapy response
To further validate the enrichment of iCAFs in chemoresistant blad-
der cancer, we conducted mxIHC to detect PDGFRβ, αSMA, Col3, 
CD44, and pan-keratin in matched pre- and postneoadjuvant blad-
der cancer samples. Consistent with deconvolution analysis of bulk 
RNA-seq (Fig. 1, A to C and J), αSMAlow/− PDGFRβ+ iCAFs expanded 
in rigorously resistant bladder cancer samples (Fig. 6, A and B), 
confirming findings from in vitro primary CAF studies (Fig. 3) and 
xenografts (Fig. 5). In addition, Col3 and CD44 were up-regulated 
in postneoadjuvant samples (Fig. 6, A and B), while pan-keratin stain-
ing remained unaffected by chemotherapy (fig. S7A).

The bioinformatic deconvolution analysis of a second indepen-
dent chemoresistant bladder cancer cohort displayed the similar 
enhancement of iCAF and hybrid i/myCAF clusters (Fig. 6C ver-
sus Fig. 1J), with no impact on myCAFs or DNCAFs. Furthermore, 
patients with estimated higher proportions of iCAFs and hybrid i/
myCAFs exhibited worse clinical outcomes (Fig.  6D), while pa-
tients with high components of hybrid i/myCAFs and DNCAFs 
were not associated with the overall survival (fig.  S7, B and C). 
Thus, chemoresistant bladder cancer is characterized by an iCAF-
predominant microenvironment, which is associated with poorer 
survival outcomes.

Since iCAFs colocalized with a Col3 high region, we investi-
gated the relationship of Col3 with CSCs, and we found that Col3 
gene (i.e., COL3A1) expression positively correlated with CD44 
(P = 0.0012)—an established marker for chemoresistant CSCs (Fig. 6E) 
(41)—in the cohorts of patients with chemoresistant bladder cancer 
[shown in Fig. 6 (C and D)]. Further mxIHC imaging of bladder 
cancer xenografts confirmed that stromal regions with fibrillar 
Col3-rich staining (Fig. 6F, white color) colocalized with clusters 
of CD44high epithelial cancer cells (Fig. 6F, yellow color, region 1), 
where CD44low cancer cells localized farther away from these regions 
(Fig. 6F, region 2). These findings were quantified in Fig. 6G. Since 
CD44high cancer cells are extensively established as CSCs with en-
riched tumor-initiating (42) and chemoresistant properties (43), we 
further explored whether functional interaction with Col3 can pro-
mote CD44high CSCs. Along with CD44, CD49f (ITGA6) is also 
another common marker used for identification of CSCs (44). To 

this end, we found that in  vitro cotreatment of gemcitabine with 
Col3 (25 μg/ml) significantly increased CD44highCD49fhigh pheno-
typic CSC subpopulation (Fig. 6, H and I). In contrast, treatment 
with Col1 was incapable of increasing this population (Fig. 6, H 
and I), highlighting a Col3-dependent phenotype in fueling pheno-
typic CSCs.

We next evaluated whether pharmaceutical inhibition of Casp1-
mediated pyroptosis might affect chemotherapy response through a 
Col3 axis to expand CD44+ CSCs in vivo by using a Casp1-selective 
inhibitor, VX-765. Combined treatment of VX-765 with GC che-
motherapy led to a significant reduction in bladder xenograft tu-
mor volume (Fig. 6J, teal) and tumor weight (Fig. 6K), compared 
with GC chemotherapy treatment alone. Notably, we observed a 
decrease in fibrillar Col3 staining in the stroma and number of 
CD44high cancer cells in xenografts cotreated with VX-765 (Fig. 6, L 
and M). The VX-765 only arm did not significantly affect CD44high 
cancer cells compared to the Veh group (fig. S7D). The combination 
of VX-765 with GC chemotherapy significantly suppressed iCAFs 
and hybrid i/myCAFs in the xenografts (fig. S7, E and F). Together, 
these findings establish that Casp1-mediated pyroptosis in response 
to chemotherapy modulates a fibrillar Col3-rich niche, favoring 
CD44high CSCs.

DISCUSSION
Most studies investigating chemotherapeutic response focus on op-
timizing the direct cytotoxic effects of chemotherapy to induce 
programmed cell death in cancer cells (45). Emerging studies re-
vealed that cell death might not be the ultimate therapeutic end-
point, since certain types of lytic cell death are thought to be 
inflammatory and exert antitumoral properties via stimulating im-
mune cell activities. Recently, a form of lytic cell death known as 
ferroptosis and its role in mediating antitumor or protumor func-
tion are under heavy scrutiny (46, 47). However, another form of 
lytic cell death—i.e., canonical Casp1-dependent pyroptosis—and 
its roles in cancer biology and therapy response are less studied. 
Canonical pyroptosis is thought to be inflammatory and primarily 
studied in relation to pathogenic infections in innate immune cells 
such as macrophages (48). Although some suggest that drug-
induced pyroptosis functions as an immunogenic cell death with 
antitumor effects, these claims primarily focus on its effects on im-
mune cells within the TME, often neglecting fibroblasts, which are 
a predominant cell type in the TME. In the current study, we show 
that chemotherapy induces Casp1-dependent pyroptosis in cancer 
cells, which promotes the release of several inflammatory chemo-
kines, e.g., CCL20. This cell death modality facilitates the conver-
sion of αSMA+ CAFs into iCAFs in a CCR6-dependent manner. 
This is clinically relevant because a fibroblast gene signature driven 
by iCAF markers and collagen type III is associated with chemore-
sistance in bladder cancer. Contrary to current beliefs, iCAFs, rath-
er than myCAFs, were found to produce collagen in the context of 
chemotherapy, thereby supporting the expansion of CSCs. In sum-
mary, these findings are noteworthy to challenge the prevailing no-
tion that lytic or pyroptotic cell death is universally beneficial 
for anticancer therapy. Instead, our findings confirm that Casp1-
dependent pyroptosis is inflammatory but engages inflammatory 
iCAFs to initiate a pyroptosis-iCAF-CSCs feedforward loop that 
drives chemoresistance in bladder cancer. Pharmaceutical inhibi-
tion of Casp1 sensitizes bladder cancer xenografts synergistically 
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Fig. 6. Pharmaceutical inhibition of Caspase 1 improves chemotherapy response. (A and B) mxIHC staining demonstrating iCAFs (αSMA−PDGFRβ+ CAFs) and CSCs 
(CD44+) in chemoresistant bladder cancer and association of Col3 with CD44+ CSCs. (C) Bar graphs showing a significant elevation of digitally deconvoluted iCAFs and 
hybrid i/myCAFs in chemoresistant cohorts (GSE87304 and GSE124305) (****P < 0.0001; **P < 0.01; *P < 0.05). (D) Kaplan-Meier analysis indicating worse survival in 
patients with high iCAFs or hybrid i/myCAFs (red) versus low expression (blue). (E) Scatterplot illustrating a positive correlation of COL3A1 with CD44 in patients with 
chemoresistant bladder cancer (P = 1.22 × 10−3). (F) mxIHC staining characterizing colocalization of PDGFRβ (green), αSMA (red), Col3 (white), and CD44 (yellow) in blad-
der cancer xenografts, illustrating CD44high bladder cancer cells near Col3-rich stroma (region 1), and CD44medium or CD44low bladder cancer cells farther from Col3 area 
(region 2). (G) Bar graph quantifying the distribution of CD44high/med/low bladder cancer cells and their proximity to stromal Col3 staining, illustrating that CD44high and 
CD44med cancer cells are in a significantly higher percentage that is closely proximal to Col3-rich stromal areas. ROI, region of interest. (H and I) Flow cytometry assessing 
the effects of exogenous Col3 or collagen I (Col1) with gemcitabine on CD44+CD49f+ CSCs and CD44−CD49f− differentiated cancer subpopulations. (J and K) Tumor size 
(J) and weight (K) of WT T24 xenografts upon GC chemotherapy in the presence or absence of Casp1 inhibitor VX-765, showing that VX-765 significantly improves chemo-
sensitivity. (L and M) mxIHC staining and quantification of Col3 and CD44 in GC versus VX-765 + GC xenografts. * denoted that the cells were CD44− cancer cells in VX-
765 + GC xenografts. VX-765 with GC reduces Col3 regions and CD44high cancer cells.
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with chemotherapy, posing an attractive therapeutic strategy to be 
further evaluated (Fig. 7).

Cisplatin-based neoadjuvant chemotherapy (NAC) is the stan-
dard of care for locally invasive bladder cancer before radical cystec-
tomy; however, meta-analysis of >3000 patients from 11 trials 
revealed that cisplatin-based chemotherapy provided a limited clin-
ical benefit in improving ~5% of overall survival (28,  49). Tumor 
cell–intrinsic mechanisms, including DNA damage response and 
repair genes, e.g., ATM and ERCC2, are shown to associate with 
good response to chemotherapy (50–52). However, tumor cell–
extrinsic mechanisms and the contribution of the bladder TME, 
such as stromal fibroblasts, to chemoresistance remain underex-
plored (13). Recently, analysis of patients with bladder cancer using 
scRNA-seq had revealed that CAF heterogeneity exists in bladder 
cancer, namely, myCAFs and iCAFs (24), as well as interferon-
regulated CAFs (irCAFs) (19). However, how these CAF subtypes 
are regulated during a chemotherapy treatment context remains a 
research gap. Our findings revealed that patients with bladder cancer 
showing the enrichment of iCAF markers such as IL-6 and PDGFRB 
could only gain limited benefit from NAC. Further, studies are only 
beginning to investigate the underlying mechanisms regulating 
CAF subtype conversion. Therefore, isolation of MIBC patient–
derived primary CAFs provided a unique opportunity to micro-
scopically observe and perform functional studies on these CAFs 
and their cross-talk with cancer cells, using clinical regimens of che-
motherapy treatment.

Most functional studies assume that human CAFs are homoge-
neous αSMA+/high cell populations in monolayer culture in  vitro; 
our current study revealed that a high heterogeneity of bladder 
CAF subtypes exists under distinct culture conditions (e.g., mono-
layer or coculture) and that these CAF subtype content changes 
rapidly in coculture with cancer cells and in chemotherapy treatment 

conditions, which recapitulate the clinical scenario. Using multi-
color flow cytometry and FlowSOM analysis, we identified 15 clus-
ters of human bladder CAF subtypes, although such heterogeneity 
of CAFs was gradually lost during longer-term monolayer culture 
on a plastic surface, as the majority become αSMA+ fibroblasts. 
Moreover, most of these αSMA+ CAFs are considered as αSMA+IL-
6+PDGFRβ+ hybrid i/myCAFs rather than the pure αSMA+IL-
6−PDGFRβ− myCAFs as previously assumed, and there remain a 
small αSMAlow/− CAF subpopulation when analyzed and tracked by 
multicolor flow cytometry. When CAFs are cocultured with cancer 
cells in the chemotherapy context, there is a notable reduction in 
αSMA+ CAFs, which is accompanied by an increase in αSMA−/lowIL-
6+PDGFRβ+ iCAFs—recapitulating the clinical scenario. During 
coculture, these iCAFs and hybrid CAFs respond to chemotherapy 
insult by producing Col3, initiating a vicious iCAF-to-CSC feedfor-
ward loop that likely contributes to the development of chemoresis-
tance. The heterogeneity and dynamic changes in CAFs in response 
to chemotherapy and coculture would have been overlooked with-
out the routine use of multicolor flow cytometry and/or multiplex 
IF staining in our study. Furthermore, this assay also enabled us 
to identify the αSMA−/lowIL-6+PDGFRβ+ iCAFs and αSMA+IL-
6+PDGFRβ+ hybrid i/myCAF, confirming that IL-6 can be ex-
pressed in iCAFs (21) as well as αSMA+ CAFs (23), as previously 
observed but thought to be a contradictory finding by many in the 
field. Therefore, we propose that this multicolor flow cytometry is 
not only useful in providing new information to resolve existing 
controversy in the CAF field but should also be considered as a gold 
standard for assessing CAF heterogeneity in future research.

Another intriguing finding in the current study is the mechanis-
tic connection between the emergence of inflammatory iCAFs 
and Casp1-mediated tumor cell pyroptosis, a type of inflamma-
tory cell death (3). In an effort to uncover a potential effector from 

Fig. 7. Schematic summarizing the overall conceptual advance. Casp1-dependent tumor cell pyroptosis converts αSMAhigh/+ myCAFs and αSMAhigh/+PDGFRβ+ hybrid 
i/my CAFs into αSMAlow/−PDGFRβ+collagen-IIIhigh iCAFs, which facilitates a feedforward loop fueling CSC expansion in patients with chemoresistant bladder cancer.
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pyroptotic cancer cells that promotes iCAF expansion during 
chemotherapy, we identified a previously undescribed gemcitabine-
induced, Casp1-dependent secretome. This secretome revealed a panel 
of paracrine molecules beyond the canonical Casp1 substrates, which 
may play a role in regulating CAF heterogeneity and influencing 
other cell types within the local TME. CCR6 inhibition was able to 
reduce iCAF population, alluding to a potential role of a CCR6-
dependent signaling axis in expanding iCAFs that negatively affect 
chemotherapy treatment outcomes.

During pathogenic infections, pyroptosis acts as a natural in-
flammatory response and is a critical host defense mechanism (7). 
However, in the context of chemotherapy-induced tumor pyropto-
sis, its role remains uncharacterized (2). Although pyroptosis is 
widely accepted to exert antitumoral activities in treatment-naïve 
condition, most studies highlight the antitumoral roles of caspase-1 
independent pyroptosis, particularly through the cleavage and acti-
vation of gasdermin family proteins (53). Therefore, it remains to be 
further investigated how pyroptotic-inducing or pyroptotic inhibi-
tory agents might synergize with chemotherapy or other conven-
tional therapies across various cancer types, and how noncanonical 
pyroptosis pathway might affect cancer biology in a broader context 
representing an exciting research area of ongoing development.

MATERIALS AND METHODS
Cell culture
Cell culture was conducted under standard conditions (i.e., 5% CO2, 
37°C). The human bladder cancer cell line T24 was obtained 
from American Type Culture Collection (ATCC) and maintained in 
DMEM high-glucose medium supplemented with 10% FBS (Gen-
Depot, F0900-050, v/v) as previously described (26, 27, 54). Casp1 
KO T24 cells were generated using CRISPR-Cas9 gene editing 
via electroporation, and guide RNA sequence was TATCCTTT-
GAGCTTCTTCTA. CAFs were cultured in DMEM/F12 medium 
(Thermo Fisher Scientific, 11320082) supplemented with 20% FBS 
(v/v), detached by TrypLE (Gibco, 12605-028) and centrifuged at 
100g for 10 min. Low passages of CAFs (four to eight passages) were 
used for experiments. All media were supplemented with strepto-
mycin (100 μg/ml) and penicillin (100 U/ml; Thermo Fisher Scien-
tific, 15140163). Cell culture is routinely monitored for mycoplasma 
using the MycoAlert Detection Kit (Lonza, LT07-318).

Primary CAFs were isolated from muscle-invasive bladder car-
cinoma samples, which were obtained during cyst section. The sheared 
tissues (~1 mm3) were digested with collagenase II (Thermo 
Fisher Scientific, 17101015) and deoxyribonuclease I (Sigma-
Aldrich, 11284932001) in DMEM with 10% FBS and penicillin-
streptomycin at 37°C for 30 to 45 min. The cells were collected by 
centrifugation at 380g for 5 min and filtered through 40-μm cell 
strainers. The cells were implanted in Matrigel for organoid expan-
sion, and the fibroblasts were attached to a plastic surface. The at-
tached fibroblasts were expanded in the dish with DMEM-F12 with 
20% FBS and penicillin-streptomycin after the removal of organoid 
Matrigel domes. The expanded CAFs were validated by FACS 
with similar expression levels of EpCAM, CD31, and CD45 as 
normal bladder fibroblasts purchased from ATCC (PCS-420-013).

In vitro drug treatment
Cells were treated with gemcitabine [Chemical Abstracts Service 
Registry Number (CAS)# 122111-03-9, TCI America] in 2% FBS 

DMEM medium for 48 hours, and postchemotherapy cells were 
replenished with fresh 2% FBS DMEM medium for 4 days of re-
population phase. The IC50 of gemcitabine for T24 and CAFs was 
determined by quantifying DAPI+ cells via flow cytometry. CM 
was collected from vehicle or 0.5 μM gemcitabine-treated T24 cells 
at 48 hours.

The subpopulations of CAFs were analyzed after 8 days of 
exposure to CM. Cytokine/chemokine inhibitors were prepared 
according to the manufacturer’s instructions and dissolved in CM 
from 48  hours of gemcitabine-treated WT T24 cells, CXCR2 Ab 
(MAB331-100, R&D) at 2 μg/μl, CXCL10 Ab (MAB266-100, R&D) 
at 2 μg/μl, CCL20 Ab (ab9829, Abcam) at 10 μg/μl, and CCR6i (HY-
112701, MedChemExpress) at 10 μg/μl. CM with/without inhibitors 
was replenished every 2 days.

Cytokine Ab arrays
The Human XL Cytokine Array Kit (ARY022B, R&D) was used ac-
cording to the manufacturer’s protocol. Briefly, 1.5 ml of a mixture 
of culture medium and assay buffer was incubated with the mem-
brane on a rocking platform overnight at 4°C, followed by 1-hour 
incubation with the detection Ab cocktail. The signal was detected 
with chemiluminescence using Bio-Rad Chemidoc. The data were 
analyzed using Image Lab Software.

Enzyme-linked immunosorbent assay
The concentrations of CXCL5, CXCL10, and CCL20 from 
gemcitabine-treated T24 cells were measured using ELISA kits and 
were conducted according to the manufacturer’s protocols: human 
CXCL5 DuoSet ELISA (DY254-05, R&D), human CXCL10/IP-10 
DuoSet ELISA (DY266-05, R&D), human CCL20/MIP-3 alpha Du-
oSet ELISA (DY360-05, R&D).

Flow cytometry
The analysis of CAF heterogeneity in  vitro was conducted using 
multiplex staining and flow cytometry. Briefly, cells at the end of the 
designed time point were washed with phosphate-buffered saline 
(PBS) and trypsinized using TrypLE for 10 min. The suspended cells 
were washed by 10% FBS DMEM and prechilled 2% FBS PBS. The 
cells were stained with Fixable Violet dye for 10 min in PBS followed 
by surface marker staining diluted in the brilliant buffer (566349, 
BD Biosciences) for 30 min on ice. After washed with 2% FBS PBS 
two times and spanned down at 600g for 5 min, cells were fixed in 
200 μl of fixation buffer (BDB554722) on ice for 20 min and subse-
quently permeabilized by 1× permeabilization buffer (Invitrogen, 
00-8333-56) for 10 min. Intracellular Abs were diluted in a 1× per-
meabilization buffer, and cells were stained for 30 min on ice. The 
samples were suspended in flow cytometry (FACS) buffer, 2% (w/v) 
bovine serum albumin, 2 mM EDTA, and 25 mM Hepes and sub-
jected to a Cytek analyzer. Data analysis was performed in FlowJo 
software (BD Biosciences).

For apoptosis assay, the suspended cells were stained with CD13–
phycoerythrin (PE)/Cyanine7 (Cy7), CD44–fluorescein isothiocya-
nate (FITC), and CD49f-PerCP/Cy5.5 in 2% FBS PBS for 30 min 
and washed with 2% FBS PBS buffer for one time. The cells were 
washed in 1× binding buffer (556454, BD Biosciences) for one time 
and stained with annexin V–APC (1:100; 550474, BD Biosciences) 
in 1× binding buffer for 15 min. The samples were suspended in a 
DAPI-contained (0.1 mg/liter) 1× binding buffer and analyzed in a 
Cytek analyzer or BD Fortessa.
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For cell sorting, the samples were stained with CD13-PE/Cy7, 
PDGFRβ-PE, and FAP-FITC in 2% FBS for 30 min and followed by 
two times of washing. The cells were suspended in DAPI (0.5 mg/
liter) FACS buffer and sorted in BD FACAria. Unstained and single 
stained compensation beads (Thermo Fisher Scientific, 50-112-9040) 
were used for compensation.

Multispectral imaging of multiplex-stained tissue sections
The mxIHC procedures followed the protocol published before (27). 
Briefly, paraffin-embedded T24 xenografts were sectioned at 5 μm. 
Sections were incubated at 65°C for 1 hour and then treated with 
xylene (2 × 5 min), 100% ethanol (2 × 50 dips), 95% ethanol (2 × 50 
dips), 70% ethanol (2 × 50 dips), and H2O for 50 dips. Sections were 
incubated in 10% formalin for 20 min and washed with TBST. Antigen 
retrieval was performed by steaming in 1× antigen retrieval buffer 
(pH 9) (ab93684, Abcam) for 25 min. After the sections cooling 
down, sections were blocked with 1× animal-free buffer [15019L, 
Cell Signaling Technology (CST)] for 10 min and incubated with 
the Abs diluted in the optimized concentration (table S2). The sec-
tions were washed three times in TBST and incubated in the 
matched secondary Abs (table  S3) for 30 min followed by three 
times of TBST wash. Sections were blocked with Opal fluorophores 
(table S4) diluted in amplification buffer (FP1498, Akoya) for 10 min, 
and washed three times in TBST. Antigen retrieval in 1× citrate buffer 
(C9999-1000ML, Sigma-Aldrich) was applied to wash off the previous 
Abs between each round of staining. After the last marker staining, 
the sections were incubated with DAPI in TBST (2 μg/ml) for 5 min, 
followed by three times of washing, and mounted with ProLong 
Gold Antifade Reagent with DAPI (P36935, Invitrogen).

Slides were scanned by Phenocycler Fusion (Akoya Biosciences), 
spectral unmixing was applied in PhenoChart and inForm, and cell 
segmentation was performed in QuPath. Each section was scanned 
in its entirety by using ×20 or ×40 magnification.

Reverse transcription PCR
Isolation of mRNA from cells was performed using the RNAqueous 
Micro Kit (Invitrogen, AM1931), followed by reverse transcription 
with the iScript cDNA Synthesis Kit (Bio-Rad, 170-8891). Quantita-
tive real-time reverse transcription PCR was conducted using iTaq 
Universal SYBR Green Supermix (Bio-Rad, 172-5121) and a Roche 
Light Cycler 96 machine. Primers used are listed in table S5.

SDS–polyacrylamide gel electrophoresis and 
Western blotting
T24 bladder cancer cells were seeded at a density of 3 × 104 cells/
cm2. For in  vitro analysis of chemotherapy treatment, cells were 
treated the next day at either IC50 dosage of gemcitabine or control 
in DMEM high glucose supplemented with 2% (v/v) FBS. Following 
the time point as described in Results, the supernatant was collected 
and centrifuged at 1200g × 5 min at 4°C, while the cells were lysed 
in ice-cold radioimmunoprecipitation assay buffer (Thermo Fisher 
Scientific) supplemented with 1× protease and phosphatase inhibi-
tors (Roche). Cell lysates were then combined with the pellet from 
their corresponding supernatant to include dying cell fractions. Fol-
lowing lysis on ice, samples were cleared at >12,000 rpm for 20 min 
at 4°C. Protein concentrations were quantified using the BCA assay 
(Thermo Fisher Scientific). SDS–polyacrylamide gel electrophoresis 
was run loading equal mass into various percentage polyacrylamide 
gels and transferred onto 0.45- or 0.2-μm polyvinylidene difluoride 

(Sigma-Aldrich). After blocking, the membranes were incubated 
in the following primary Abs overnight: Casp1 (1:1000; CST, 
#2423S), Casp3 (1:1000; CST, #9662), PARP (1:1000; CST, #9542), 
β-actin (1:2000; Santa Cruz, sc-47778), and glyceraldehyde phos-
phate dehydrogenase (1:2000; CST, #2118). Membranes were sub-
sequently probed with respective the host-conjugated horseradish 
peroxidase (HRP) secondary Ab (1:10,000) and imaged on Chemi-
Doc (Bio-Rad).

Xenograft tumor growth
Animal work was performed according to ethical regulations 
approved by Houston Methodist Research Institute IACUC 
#IS00007158. Four-week-old male C;129S4-Rag2tm1.1Flv Il2rgtm1.1Flv/J 
mice were purchased from the Jackson Laboratory and were housed 
in the individually ventilated cages in Houston Methodist Research 
Institute, comparative medicine facility. Room lighting was set to a 
12-hour light-dark cycle. Water and regular chow diet were provided 
to animals, ad libitum.

For xenograft studies, 1 million T24 WT or Casp1 KO cells mixed 
with Matrigel were innoculated in the left and right flanks subcuta-
neously. When the tumor size reached to a palpable size, mice 
were randomized into different experimental groups: vehicle con-
trol, chemotherapy treatment group, and with or without VX-765 
(Belnacasan) cotreatment. For systemic administration of GC treat-
ment, mice were sequentially intraperitoneally injected with gem-
citabine (60 mg/kg; CAS# 122111-03-9, TCI America) and cisplatin 
(6 mg/kg; CAS# 15663-27-1, Sigma-Aldrich) at day 1, followed by 
gemcitabine single treatment at day 8 to complete 1 cycle of treat-
ment. Mice were given 1 week of drug holiday before administering 
the second cycle of treatment. For VX-765 (50 mg/kg; Belnacasan, 
CAS# 273404-37-8, MedChemExpress) treatment, mice were dosed 
twice a week upon the start of the first cycle of chemotherapy until 
the scientific endpoint of experiment.

The bladder scRNA-seq datasets and fibroblast identification
The scRNA-seq datasets for bladder cancer presented here were 
downloaded from the National Center for Biotechnology Infor-
mation Gene Expression Omnibus (GSE146137, GSE192575, and 
GSE130001), which included a total of six patient datasets. The fol-
lowing study was downloaded from the Mendeley database (Men-
deley at DOI 10.17632/7yb7s9769c.1) also included six patient 
datasets. In addition to these, data from 25 patients were downloaded 
from Gene Expression Omnibus database (GSE169379) in h5ad 
format and were converted to h5seurat format using Seuratdisk pack-
age (version 0.0.0.9021). All these datasets were processed, filtered, 
and clustered separately. For filtering, the following parameters 
were applied: nUMI ≥ 400, nGene ≥ 250, log10GenesPerUMI > 0.8, 
and mitoRatio <0.2. Data were then normalized with Normalize-
Data function, and the 2000 most variable features were then identi-
fied to find variable features. Data were scaled before SCTransform, 
and principal components analysis was performed. To normalize 
the batch effect, the Harmony package (version 0.1.1) was used be-
fore clustering. The dimensionality of the dataset was assessed using 
the t-distributed stochastic neighbor embedding (tSNE) method. 
Clusters were calculated, and data dimensions were reduced using 
the UMAP method. Cell types within each cluster defined by pre-
defined gene expressions such as “KRT5,” “EPCAM,” and “CDH1” 
are used for epithelial cells; “FAP,” “PDPN,” “ACTA2,” and “COL1A1” 
are for fibroblast (CAFs); “CD3E,” “CD4”, “CD8A,” and “FOXP3” are 

http://dx.doi.org/10.17632/7yb7s9769c.1
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for T cells; and “S100A9,” “S100A8,” “CD74,” “MRC1,” “CX3CR1,” 
“LYZ,” “CSF1R,” “ITGAM,” and “ITGAX” for myeloid lineage. In ad-
dition to this, the top differentially expressed genes were examined 
for each cluster relative to all other clusters using the Seurat FindAll-
Markers function (test used: Wilcox or MAST). Predefined fibro-
blast (CAF) clusters were subsetted using Seurat:subset function, 
and previous steps including SCTransform and Harmony normal-
ization were applied. Clusters that contained gene markers that are 
associated with endothelial cells (PLVAP+PECEM1+), pericytes 
(RGS5+MCAM+) or uncharacterized/noncoding transcripts were re-
moved, and the remaining clusters were reclustered and categorized 
into four CAF types based on their mean ACTA2 and IL6 expression 
(myCAF, hybrid, iCAF, and DNCAF).

CAF type deconvolution analysis
Public patient datasets (GSE87304 and GSE124305) with survival 
and gene expression data were subject to digital deconvolution us-
ing Estimating the Proportions of Immune and Cancer cells (EPIC) 
R package. Briefly, the reference matrix was prepared using the 
fibroblast Seurat object rendered from the bladder cancer patient 
samples. The matrix used the top 20 marker genes from the myCAF, 
hybrid, iCAF, and DNCAF clusters. The cellFractions part of the 
EPIC output was used to compare the proportions of different CAFs 
in each patient sample. The statistical significance of CAF propor-
tion and survival difference between different patient groups were 
determined using Wilcoxon’s test and log-rank test, respectively, with 
an α of 0.05. The output graphs were plotted using ggplot2, ggsurvplot, 
ggsignif, and survminer packages.

Transcriptomic dataset analyses
Gene expression profiles from bulk RNA-seq of 113 patients, along 
with clinical and survival data, pre- (GSE87304) and postneoadju-
vant (GSE124305) cisplatin-based chemotherapy were retrieved from 
Gene Expression Omnibus. The expression levels of CAF markers 
(ACTA2, IL6, PDGFRB, and COL3A1) were normalized and scaled 
for heatmap plotting. Clustering was performed using the Euclidean 
distance method. Significant differences between the overall survival 
of patients in the two major clusters were assessed using the log-
rank test with an α = 0.05. The expression differences of CASP1 and 
ACTA2 between pre-/posttreatment and clusters were assessed by 
pairwise Student’s t test, with P values adjusted using the Bonferroni 
method (α = 0.05). The linear correlation between the expression of 
CD44 and COL3A1 under various conditions was tested using a t test 
(α = 0.05) and Pearson’s correlation coefficient.

Statistics
All experiments were performed in at least three biological replicates. 
Data for descriptive statistics are expressed as SEM, unless otherwise 
specified. Statistical analysis and graphs were performed using 
GraphPad Prism (v.10). Analysis of variance (ANOVA) was applied 
to identify variation between groups, followed by multiple comparisons 
among groups (two-tailed t tests, Sidak assay, multiple Mann-Whitney 
tests, etc.). P < 0.05 was considered to be statistically significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Tables S1 to S5
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