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Abstract 42 

Immune checkpoint inhibitors (ICIs) improve overall survival in patients with metastatic 43 

urothelial cancer (mUC). To identify predictive markers of response, whole-genome 44 

DNA (n=70) and RNA-sequencing (n=41) were performed using fresh metastatic 45 

biopsies prior to treatment with pembrolizumab. PD-L1 combined positivity score 46 

failed, while tumor mutational burden and APOBEC mutagenesis modestly predicted 47 

response. Using gene expression analysis, we defined the T cell-to-stroma enrichment 48 

(TSE) score, a signature-based metric that captures the relative abundance of T cells 49 

and stromal cells. Patients with a positive and negative TSE score show progression 50 

free survival rate at 6 months of 67% and 0%, respectively. The significant predictive 51 

value of the TSE score was validated in two independent ICI treated cohorts of patients 52 

with mUC (IMvigor210) and muscle-invasive UC (ABACUS). The TSE score 53 

represents a clinically applicable marker that may select patients with metastatic and 54 

primary UC who do not benefit from ICI treatment. 55 

  56 
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Introduction 57 

Immune checkpoint inhibitors (ICIs) directed against programmed cell death protein 58 

(PD-1) or its ligand (PD-L1) have significantly improved clinical outcomes of patients 59 

with metastatic urothelial cancer (mUC). In patients with mUC with progressive disease 60 

after platinum-based chemotherapy, treatment with pembrolizumab (anti-PD-1) 61 

showed superior survival outcomes as compared to second-line chemotherapy in a 62 

phase 3 trial1,2. A small subset of these patients had a durable response for years3. 63 

Furthermore, first-line treatment with pembrolizumab and atezolizumab (anti-PD-L1) 64 

showed efficacy in single-arm trials4,5. Several clinical trials are currently investigating 65 

the efficacy of ICIs for patients with muscle-invasive bladder cancer (MIBC)6. Notably, 66 

the overall response rate is still limited in patients with mUC having the disadvantage 67 

of exposing all patients to potential (severe) toxicities and expensive therapies.  68 

To date, the only biomarker available to select patients with mUC for ICIs is PD-L1 69 

protein staining in tumor tissue. However, the predictive value of PD-L1 expression 70 

heavily depends on the population of patients studied1,4,5,7-9. Furthermore, an important 71 

limitation of evaluation of PD-L1 protein expression is its dependence on a specific 72 

staining platform, and use of archival tumor tissue10,11. 73 

Another biomarker that is associated with response to ICIs is tumor mutational burden 74 

(TMB)12,13. Recently, high TMB (g10 mutations per mega base-pair) was approved by 75 

the U.S. Food and Drug Administration as a pan-cancer metric to select patients with 76 

previously treated advanced solid tumors for treatment with pembrolizumab14,15. 77 

Furthermore, immune cell infiltration16-18, expression of immune genes such as IFNG,  78 

CXCL9 and CXCL1016,19, TGF-b signaling20, composition of the tumor 79 

microenvironment21, alterations in DNA damage repair (DDR) genes22, abundance of 80 

circulating tumor DNA23,24 and the diversity of the T cell receptor (TCR) repertoire16,25,26 81 
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have all been associated with response and resistance to ICIs. Other studies suggest 82 

that the combination of multiple biomarkers improves response prediction for patients 83 

with mUC when compared to single biomarkers27,28. Collectively, there is still a lack of 84 

evidence and validation of above-mentioned biomarkers in patients with mUC. 85 

Along this line, we have performed whole-genome DNA-sequencing (WGS) and RNA-86 

sequencing (RNA-seq) and applied an integrative approach towards the discovery of 87 

new predictors for response to ICIs in patients with mUC. We identified the T cell-to-88 

stroma enrichment (TSE) score, a transcriptomic measure comparing the expression 89 

scores of T cell and stromal cell related gene expression signatures as a robust and 90 

easy to implement metric to predict response to anti-PD-1 in mUC. The predictive value 91 

of this score was confirmed in two independent cohorts of patients with primary and 92 

metastatic UC treated with anti-PD-L1. 93 

  94 
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Results 95 

Patient cohort and clinical characteristics 96 

Between March 1st 2013 and March 31st 2020, 288 patients with advanced or mUC 97 

were included in the Center for Personalized Cancer Treatment (CPCT-02) biopsy 98 

protocol (NCT01855477; Fig. 1). Fresh-frozen metastatic tumor biopsies and matched 99 

normal blood samples were collected for WGS and RNA-seq as described 100 

previously29. Seventy patients received pembrolizumab monotherapy and were 101 

included in this analysis. Matched RNA-seq was available for 41 patients. PD-L1 102 

combined positivity score (CPS) was assessed in biopsies of 40 patients. 103 

One-third (n = 24) of patients who received pembrolizumab were responders according 104 

to response evaluation criteria in solid tumors (RECIST) v1.1. The PD-L1 CPS was 105 

positive (g10) in 21% of responders and 24% of non-responders. Most patients (90%) 106 

received pembrolizumab as second-line therapy, but responders more frequently 107 

received pembrolizumab as first-line therapy compared to non-responders (25% vs 108 

2%; Fisher9s exact test p = 0.005; chemotherapy-naïve patients were selected for a 109 

positive PD-L1 CPS). At data cut-off, 27% of patients were alive. The median overall 110 

survival (OS) was 8.9 months, and the median progression-free survival (PFS) was 2.9 111 

months. Patient characteristics are summarized in Supplementary Table 1. 112 

 113 
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 114 

Fig. 1: Study design and biopsy sites of patients with metastatic urothelial cancer 115 

treated with pembrolizumab. 116 

(a) Flowchart of patient inclusion. Patients with advanced or metastatic urothelial cancer who 117 

were scheduled for systemic palliative treatment were selected from the prospective Center 118 

for Personalized Cancer Treatment (CPCT-02) patient cohort (n = 288). Patients were 119 

excluded if no tumor biopsy was obtained, the biopsy was non-evaluable (tumor cell 120 

percentage <20%), or in case patients were not treated with pembrolizumab monotherapy after 121 

biopsy. As a result, 70 patients were included for analysis. Whole-genome DNA sequencing 122 

(WGS) data were available for all 70 patients. Matched RNA-sequencing data were available 123 

for 41 of these patients. (b) Overview of the number of biopsies per metastatic site included in 124 

this study. Primary tumor samples were obtained from patients with locally advanced disease 125 

with synchronous distant metastases that were not safely accessible for a biopsy. *Other 126 

biopsy sites included adrenal gland (n = 2), peritoneum (n = 2), and local recurrence of the 127 

primary tumor (n = 1). Created with BioRender.com. 128 
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 129 

TMB and APOBEC mutagenesis only modestly predict response to 130 

pembrolizumab 131 

The majority of patients (54%) in our cohort had a high TMB (Fig. 2). Of patients with 132 

high TMB, 47% were responders, whereas only 19% of patients with low TMB were 133 

responders (Fisher9s exact test p = 0.022; Supplementary Fig. 1). Previously, five 134 

genomic subtypes (GenS) of mUC were identified according to COSMIC v3.1 135 

mutational signatures30. GenS1, which is related to APOBEC mutagenesis, was 136 

identified in 61% of samples. Overall, genomic subtypes were not associated with 137 

treatment response. Of patients with high APOBEC mutagenesis (n = 29), 48% 138 

responded to pembrolizumab, whereas 24% of patients with non-high APOBEC 139 

mutagenesis (n = 41) responded to pembrolizumab (Fisher9s exact test p = 0.045; 140 

Supplementary Fig. 1). One responder had no evidence of APOBEC mutagenesis 141 

but had a high TMB as a result of defective DNA mismatch repair. We did not observe 142 

differences between responders and non-responders with respect to HR deficiency nor 143 

presence of chromothripsis. 144 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 31, 2022. ; https://doi.org/10.1101/2022.05.30.493997doi: bioRxiv preprint 

https://doi.org/10.1101/2022.05.30.493997
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

 145 

Fig. 2: The genomic landscape of patients with metastatic urothelial carcinoma treated 146 

with pembrolizumab. 147 

Whole-genome sequencing data from biopsy samples of patients with metastatic urothelial 148 

carcinoma (n = 70) are displayed according to treatment response at 6 months of therapy 149 

(responder: ongoing complete or partial response, or stable disease, n = 24; non-responder: 150 

progressive disease, n = 46). Genomic and clinical features are listed from top to bottom as 151 

follows: genome-wide tumor mutational burden (TMB), and classification into high and low; 152 

total number of missense mutations; clonal fraction of mutations; APOBEC enrichment 153 

analysis showing tumors with no-, low-, medium- and high-APOBEC mutagenesis; genomic 154 

subtypes according to mutational signatures30; single base substitution (SBS) mutational 155 

signatures according to COSMIC v3.1; genome-wide mean ploidy; tumor purity; homologous 156 

recombination (HR) status; tumors with at least one chromothripsis event; PD-L1 combined 157 

positivity score (CPS) according to the companion diagnostic assay of pembrolizumab 158 
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(positive: CPS g 10, negative: CPS < 10, or not available (NA)); female patients; age at time 159 

of biopsy; metastatic site from which a biopsy was obtained; primary tumor location (bladder 160 

or upper tract urothelial carcinoma, UTUC); and patients who received systemic treatment prior 161 

to start of anti-PD-1 therapy. 162 

 163 

Furthermore, when evaluating driver gene alterations, we did not observe statistically 164 

significant differences between responders and non-responders (Supplementary Fig. 165 

2). Alterations in canonical signaling pathways were most frequently observed in the 166 

p53, cell cycle, and RTK-RAS pathways (Supplementary Fig. 3a), yet not significant 167 

difference between the two patient groups. Also, the frequency of alterations in DDR 168 

genes and signaling pathways was not statistically different between responders and 169 

non-responders (Supplementary Fig. 3b). Activity of the p53 pathway was reduced in 170 

those patients (responders and non-responders alike) with genomic alterations in this 171 

pathway (Supplementary Fig. 3c). Collectively, the genomic analyses revealed only 172 

modest predictive value of TMB and APOBEC mutagenesis for response to anti-PD-1. 173 

 174 

Expression of genes representing immune cells and stromal cells distinguishes 175 

responders from non-responders to pembrolizumab 176 

Differential gene expression analysis of matched RNA-seq data (n = 41) revealed that 177 

up-regulated genes in responders vs non-responders were part of the chemokine 178 

pathway, and a pathway related to interactions between lymphoid and non-lymphoid 179 

cells (Fig. 3). Down-regulated genes in responders (up-regulated in non-responders) 180 

were related to extracellular matrix organization and collagen formation, generally 181 

linked to the activity of stromal cells. 182 
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 183 

Fig. 3: Differential expression of genes and pathways related to immune cell and stromal 184 

cell activity for responders and non-responders to pembrolizumab. 185 

(a) Volcano plot showing genes with up-regulated or down-regulated expression in responders 186 

(n = 13) vs non-responders (n = 28). Genes of which differential expression analysis showed 187 

adjusted p-value < 0.01 and absolute log2 fold change >1 are labelled in red (up-regulated) 188 

and blue (down-regulated). (b) Bar diagram specify the pathways of differentially expressed 189 

genes (adjusted p-value < 0.1 and absolute log2 fold change >1) according to ReactomePA 190 

v1.34.031. Enriched pathways with adjusted p-value < 0.05, indicated by the vertical dashed 191 

line, were considered significant. All significantly up-regulated pathways, and the top ten down-192 

regulated pathways are displayed.  193 

 194 

Patient stratification according to T cell-to-stroma enrichment score coincides 195 

with response to pembrolizumab 196 

Following up on the pathway analysis displayed in Fig. 3, we interrogated the 197 

transcriptomic landscape of our cohort for expression of a broad list of gene signatures 198 

related to T cells, other (non-T cell) immune cells, and stromal cells and their products 199 

(see Supplementary Table 2 for a detailed overview of all gene signatures). Some of 200 

these signatures have been reported as predictors of response and resistance to 201 

ICIs18,20.  Hierarchical clustering according to all the signatures revealed three distinct 202 

patient clusters (Fig. 4). In cluster one (n = 18), 61% of patients showed a response to 203 
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pembrolizumab. These patients predominantly had high signature scores for T cells 204 

and other immune cells. In cluster two (n = 10), 20% of patients showed a response to 205 

pembrolizumab. These patients generally had a similar score for all signatures. In 206 

cluster three (n = 13), none of the patients showed a response to pembrolizumab. 207 

These patients predominantly had high signature scores for stromal cells and their 208 

products. The above clustering suggested that signature expression scores for 209 

immune cells and stromal cells and their products were related to response to 210 

pembrolizumab. To select those signatures with the most predictive value, ROC curves 211 

were constructed per signature, which demonstrated areas under the curve (AUC) that 212 

ranged from 0.54 to 0.77 (median = 0.68; Supplementary Table 3). The highest AUCs 213 

(> 0.7) were observed for T cells and stromal cells and their products, and all (non-T 214 

cell) immune cells had an AUC below the median. Sets of signatures that showed the 215 

highest AUCs and highest discriminatory power were selected and combined into a 216 

global T cell and a global stromal signature (Supplementary Fig. 4). Notably, logistic 217 

regression analyses showed that the global T cell signature was an independent 218 

predictor of response (Coefficient = 3.03, p = 0.005), while the global stromal signature 219 

was an independent predictor of non-response (Coefficient = -2.40, p = 0.010) to 220 

pembrolizumab. Next, we combined these two global signatures into a single metric 221 

that we termed the T cell-to-stroma enrichment (TSE) score that reflects the 222 

abundance of T cells relative to that of stromal cells and their products. This TSE score 223 

revealed a significantly higher predictive value (AUC = 0.88) for treatment response 224 

than either global or individual signatures alone (Supplementary Table 3). Stratifying 225 

patients by their TSE score resembled the patient groups obtained by hierarchical 226 

clustering and revealed almost identical response rates (67%, 21% and 0% for patients 227 

with a positive, neutral or negative TSE score). 228 
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 229 

Fig. 4: Hierarchical clustering of gene signatures representing T cells, immune cells and 230 

stromal cells and their products distinguishes responders from non-responders to 231 

pembrolizumab. 232 

Transcriptomic profile of 41 out of 70 patients with metastatic urothelial carcinoma (mUC), 233 

clustered using ConsensusClusterPlus v1.54.032 according to gene signature scores. 234 

Transcriptomic and clinical features are listed from top to bottom as follows: response to 235 
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treatment at 6 months of therapy (responder: ongoing complete or partial response, or stable 236 

disease, n = 13; non-responder: progressive disease, n = 28); tumor mutational burden (TMB); 237 

APOBEC enrichment analysis showing tumors with no-, low-, medium- and high-APOBEC 238 

mutagenesis; transcriptomic subtypes of mUC30; biopsy site; primary tumor location (bladder 239 

or upper tract urothelial carcinoma, UTUC); tumor purity; patients who received systemic 240 

treatment prior to start of anti-PD-1 therapy; PD-L1 combined positivity score (CPS; positive: 241 

CPS g 10, negative: CPS < 10, or not available (NA)); CD274 (PD-L1) and PDCD1 (PD-1) 242 

gene expression; expression score for reported gene signatures related to T cells, immune 243 

cells (non-T cells), and stromal cells and their products; T cell to stroma enrichment (TSE) 244 

score; categories of the TSE score (negative, neutral or positive); and T cell receptor (TCR) 245 

diversity index estimated with tcR v2.3.233. 246 

 247 

It is noteworthy that patients with a positive TSE score were enriched for biopsies from 248 

lymph nodes (Fisher9s exact test p < 0.001), whereas patients with a neutral TSE score 249 

were enriched for females (Fisher9s exact test p = 0.004). The vast majority of tumors 250 

with a negative TSE score (92%) were classified as stroma-rich or basal/squamous 251 

according to transcriptomic subtypes of mUC30. TMB and APOBEC mutagenesis were 252 

not different between the three TSE score groups (Fig. 4). Likewise, the distribution of 253 

driver gene alterations, hotspot mutations and gene fusions were similar across TSE 254 

score groups (Supplementary Fig. 5). Also, PD-L1 CPS was similar across the TSE 255 

score groups (Fig. 4), whereas CD274 (PD-L1) and PDCD1 (PD-1) gene expressions 256 

were higher for patients with a positive vs negative TSE score (Supplementary Fig. 257 

6). When assessing the relative abundance of immune cell populations, we observed 258 

that the fraction of myeloid dendritic cells was high in patients with a positive TSE score 259 

(Supplementary Fig. 7-8). Furthermore, the TCR diversity was higher and the number 260 
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of hyperexpanded clones was lower in patients with a positive vs negative TSE score 261 

(Fig. 4, Supplementary Fig. 7, Supplementary Fig. 9). 262 

 263 

The TSE score is a superior predictor for response and survival compared to 264 

genomic metrics 265 

To evaluate the TSE score, TMB, APOBEC mutagenesis and their combinations as 266 

predictors of response to pembrolizumab, ROC curves were analyzed (Fig. 5a). The 267 

TSE score was superior to TMB and APOBEC mutagenesis to identify responders from 268 

non-responders (Fig. 5a; DeLong9s test p = 0.006 and p = 0.003 for AUC of TSE score 269 

vs TMB and APOBEC mutagenesis, respectively). The AUC of the TSE score did not 270 

improve when combined with TMB and/or APOBEC mutagenesis. Furthermore, 271 

patients with a positive TSE score had a longer overall survival (OS) and progression-272 

free survival (PFS) when compared to other patients (Fig. 5b). Multivariate cox 273 

regression analysis, using continuous values, showed that the TSE score had a 274 

superior predictive value for OS (TSE score p < 0.001; TMB p = 0.21; APOBEC p = 275 

0.25) and PFS (TSE score p = 0.002; TMB p = 0.32; APOBEC p = 0.27) than TMB and 276 

APOBEC mutagenesis (Fig. 5b-d). 277 
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 278 

Fig. 5: Association of the TSE score, TMB and APOBEC mutagenesis with response to 279 

pembrolizumab and overall and progression-free survival. 280 

(a) Bar graphs display the relative proportion of responders and non-responders in patients 281 

with a positive, neutral, or negative TSE score. P-value of TSE score positive vs negative was 282 

determined using the Fisher9s exact test. Receiver operating characteristic (ROC) curves of 283 

TSE score, TMB, APOBEC mutagenesis (enrichment for APOBEC-associated mutations), and 284 

their combinations were constructed using continuous variables. The area under the curve 285 

(AUC) is displayed per condition, and p-values reflect DeLong9s test of AUC9s. (b) Overall 286 

survival (OS) and progression-free survival (PFS) probability in patients with a positive, neutral 287 

or negative TSE score (n = 41); (c) in patients with high or low TMB (n = 70); and (d) in patients 288 

with high or non-high APOBEC mutagenesis (n = 70). Log-rank test was applied to survival 289 

curves. For TSE score, hazard ratio (HR) was calculated for positive vs negative. CI = 290 

confidence interval.    291 

 292 

 293 
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The TSE score as a predictor for response to pembrolizumab was validated in 294 

independent cohorts of patients with urothelial cancer 295 

The predictive value of the TSE score for response to ICIs was validated in two 296 

independent cohorts of UC patients from the IMvigor21020 (n = 348) and ABACUS18 (n 297 

= 84) trials. First, the IMvigor210 trial evaluated the efficacy of atezolizumab (anti-PD-298 

L1) in patients with platinum-refractory locally advanced or mUC. The TSE score was 299 

predictive for response (based on best overall response according to RECIST v1.1) to 300 

anti-PD-L1 in this cohort. It is noteworthy that the AUC of the TSE score (AUC = 0.65) 301 

was similar to the AUC of TMB (AUC = 0.71). Patients with a positive TSE score had 302 

a higher response rate (36%) than patients with a neutral (18%) or negative (13%) TSE 303 

score. A longer OS was observed in patients with a positive TSE score than other 304 

patients (p < 0.001) (Fig. 6a). In the second validation cohort from the ABACUS trial, 305 

the TSE score was also predictive for response (defined as a pathological complete 306 

response (pCR) at cystectomy) to neoadjuvant treatment with atezolizumab in patients 307 

with MIBC. In this cohort, TMB failed to predict response to neoadjuvant treatment18, 308 

and the AUC for the TSE score (AUC = 0.74) was higher than the AUC of TMB (AUC 309 

= 0.51). The pCR rate was 44% for patients with a positive TSE score and was higher 310 

compared to patients with a negative TSE score (9%, p = 0.009). In addition, patients 311 

with a positive TSE score experienced a longer recurrence-free survival (Fig. 6b). 312 

Together, these results suggest that contrary to TMB or ABOPEC mutagenesis, the 313 

TSE score is a robust marker that predicts response to anti-PD-1 as well as anti-PD-314 

L1 in both metastatic and primary UC. 315 
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 316 

Fig. 6: Predictive value of the TSE score for response to ICIs in two independent cohorts 317 

of patients with urothelial carcinoma. 318 

Validation of the T cell-to-stroma enrichment (TSE) score in the (a) IMvigor210 cohort (n = 319 

348) and the (b) ABACUS trial (n = 84). Left graphs: Receiver operating characteristic curves 320 

of the TSE score, tumor mutational burden (TMB) and their combination. P-values reflect 321 

DeLong9s test of AUC generated for the TSE score vs TMB (NS = not significant). Middle 322 

graphs: The bar graphs display the relative proportion of responders and non-responders in 323 

patients with a positive, neutral, or negative TSE score. In the IMvigor210 cohort (n = 298 324 

response to treatment available), responders were defined as those patients with a complete 325 

response (CR) or partial response (PR), and non-responders as those with stable disease (SD) 326 

or progressive disease (PD) as best overall response according to RECIST v1.1. In the 327 

ABACUS trial, responders were patients with a pathological complete response (pCR) at 328 
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cystectomy. Fisher9s exact test was applied on the proportion of responders in patients with a 329 

positive vs negative TSE score. Right graphs: Overall survival (OS) probability was available 330 

for all patients in the IMvigor210 cohort and recurrence-free survival (RFS) was available for 331 

40 patients in the ABACUS cohort. Log-rank test was applied to survival curves. Hazard ratios 332 

(HR) were calculated for patients with a positive vs negative TSE score. CI = confidence 333 

interval. 334 

 335 

  336 
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Discussion 337 

In this study, we aimed to identify a marker that predicts response to pembrolizumab 338 

by analyzing the genomic and transcriptomic profiles of metastatic lesions from 339 

patients with mUC prior to treatment. We observed that gene expression signatures of 340 

T cells or stromal cells and their products associated with either response or resistance 341 

to pembrolizumab. We translated these findings into the TSE score, a single metric 342 

that reflects the abundance of T cells relative to that of stromal cells and their products. 343 

This TSE score acted as a predictor for response and correlated with survival in our 344 

patient cohort. The predictive value of the TSE score was validated using two 345 

independent cohorts of patients with primary and metastatic urothelial cancer treated 346 

with atezolizumab. 347 

In line with previous studies in patients with mUC13,16,25,26, high TMB and high APOBEC 348 

mutagenesis were associated with response to pembrolizumab in our cohort. However, 349 

the predictive value of both genomic scores was limited since approximately 20% of 350 

patients with low TMB or non-high APOBEC mutagenesis still had benefit from 351 

treatment. PD-L1 CPS failed to predict outcome in our cohort. The TSE score, derived 352 

from transcriptomics related to T cells and stromal cells and their products, resulted in 353 

a better predictive value when compared to TMB, APOBEC or single gene signatures. 354 

In fact, the large majority of patients with a positive TSE score responded to 355 

pembrolizumab and patients had superior OS and PFS when compared to other 356 

patients. In contrast, none of the patients with a negative TSE score had a response 357 

to treatment. At transcriptomic level, tumors of these patients were characterized by 358 

signatures related to TGF-³ signaling and epithelial-to-mesenchymal transition (EMT), 359 

most of these tumors were of the stroma-rich or basal-squamous mUC subtype. 360 

Potentially, a negative TSE score reflects an immune-evasive mechanism limiting T 361 
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cell influx and migration caused by an overly active stromal compartment. Indeed, 362 

TGF-³ signaling has previously been associated with an immune excluded phenotype, 363 

and a fibroblast and collagen-rich tumor stroma in anti-PD-L1 resistant mUC20. In 364 

addition, in patients with mUC treated with anti-PD-1, EMT-like gene expression by 365 

stromal cells was related to treatment resistance, even in the presence of T cell 366 

infiltration34. The association between a fibrotic subtype of the tumor micro-367 

environment and both non-response and poor survival has been observed in patients 368 

with mUC and other cancers21.  369 

The predictive value of the TSE score has been validated in two independent patient 370 

cohorts, namely patients with mUC treated with atezolizumab (IMvigor210 trial) and 371 

patients with MIBC treated with neo-adjuvant atezolizumab (ABACUS trial). The TSE 372 

score was able to predict response to atezolizumab in both cohorts, and was 373 

associated with improved OS in the IMvigor210 cohort, although its predictive value 374 

appeared less strong compared to our cohort. Possibly this can be explained by 375 

differences with respect to timing of tumor tissue collection relative to treatment 376 

initiation (immediately prior vs <2 years prior to treatment). In the ABACUS cohort, and 377 

in line with the current cohort, tissue samples were obtained directly prior to therapy 378 

initiation and may therefore better reflect the transcriptomic state of the tumor, 379 

suggesting that fresh biopsies may improve the predictive power of the TSE score. 380 

Importantly, based on the findings from the ABACUS cohort, the TSE score seems to 381 

be applicable beyond the metastatic setting, confirming the robustness of the TSE 382 

score as a predictor for response to ICIs in patients with urothelial cancer.  383 

A limitation of this study is the relatively small cohort size, which reduced our statistical 384 

power to further improve the stratification of patients within the TSE score groups. More 385 

specifically, the group of patients with a neutral TSE score showed a response rate of 386 
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approximately 20% in all three independent cohorts. Identifying responders within this 387 

group using genomics, transcriptomics and other molecular markers, would be 388 

necessary to improve the selection of these patients for ICIs. 389 

In conclusion, analysis of the transcriptome identified the TSE score as a clinically 390 

relevant marker to select patients with UC for PD-(L)1-targeting ICIs, both in the 391 

primary and metastatic setting. Since a negative TSE score identifies patients who will 392 

not derive benefit from treatment with PD-(L)1-targeting ICIs, future studies are 393 

warranted to adapt treatment for these patients in order to improve outcomes. 394 

 395 

  396 
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Methods 397 

Patient cohort and study design 398 

Between March 1st 2013 and March 31st 2020, patients with advanced or mUC from 399 

31 Dutch hospitals were included in the nationwide Center for Personalized Cancer 400 

Treatment (CPCT-02) biopsy protocol (NCT01855477). The study protocol was 401 

approved by the medical ethics review board of the University Medical Center Utrecht, 402 

the Netherlands. Written informed consent was obtained from all participants prior to 403 

inclusion in the trial. The study population consisted of 288 patients who were 404 

scheduled for 1st or 2nd line palliative systemic treatment. Fresh-frozen metastatic 405 

tumor biopsies and matched normal blood samples were collected from 256 patients 406 

as described previously29. WGS was successfully performed for 184 patients. Seventy 407 

patients started a new line of pembrolizumab monotherapy and were included in the 408 

current analysis. Matched RNA-seq was available for 41 patients.  WGS, RNA-seq and 409 

clinical data are available through the Hartwig Medical Foundation at 410 

https://www.hartwigmedicalfoundation.nl, under request number DR-176. 411 

A summary of all genomic and transcriptomic results as well as clinical data and 412 

response to treatment are available in Supplementary Table 4. 413 

 414 

Treatment and assessment of response 415 

Patients were treated with pembrolizumab, 200 mg intravenously every three weeks, 416 

or 400 mg every six weeks. Tumor response evaluation was performed using 417 

computed tomography every 12 weeks. Treatment response was measured according 418 

to response evaluation criteria in solid tumors (RECIST) v1.1. Data cut-off was set at 419 

July 1st, 2020, resulting in a minimal follow-up of 6 months for all patients with a 420 

response to treatment. Response was assessed at six months of therapy and patients 421 
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were classified as responder when they showed ongoing complete or partial response, 422 

or stable disease. Patients were classified as non-responder when they had 423 

progressive disease within six months after treatment initiation. Patients treated 424 

beyond initial radiological disease progression were classified according to the date of 425 

their first radiological progression event.  426 

 427 

PD-L1 immunohistochemistry and scoring 428 

PD-L1 expression was assessed on metastatic tumor biopsies (paraffin embedded) 429 

that were freshly obtained prior to start of pembrolizumab (n = 32) using the companion 430 

diagnostic assay of pembrolizumab (PD-L1 IHC 22C3 pharmDx, Agilent Technologies, 431 

Carpinteria, CA, USA). When no fresh tumor biopsy was available, archival tumor 432 

tissue (primary tumor or metastasis) was used (n = 8). All tissues were assessed for 433 

the PD-L1 combined positivity score (CPS) by an expert genitourinary pathologist  434 

 435 

Whole-genome sequencing and analysis 436 

Alignment and pre-processing of WGS data, and subsequent detection of driver genes, 437 

mutational signatures, genomic subtypes, homologous recombination (HR) deficiency, 438 

structural variants, chromothripsis events and apolipoprotein B mRNA-editing enzyme, 439 

catalytic polypeptide-like (APOBEC) mutagenesis have been previously 440 

described29,30,35. APOBEC enriched tumors were classified as high when enrichment 441 

(E) for APOBEC-related mutations was E g 3, medium when 2 f E < 3 and low when 442 

E < 2. The transcriptomic subtype of each sample was identified when the mean 443 

(normalized) expression of all genes associated with a specific subtype30 was the 444 

highest across all subtypes. The clonal fraction of mutations was estimated as 445 
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previously described36. In this study, mutations were considered clonal when the 446 

variant copy number was >0.75. 447 

 448 

RNA-sequencing 449 

Alignment and pre-processing of RNA-seq data, transcript normalization, and 450 

subsequent analysis of pathway activity, and immune cell abundance have been 451 

previously described30. 452 

 453 

Gene signatures and the T cell-to-stroma enrichment score 454 

A list of 37 gene signatures representing immune and stromal cells and their products 455 

was built from previously published resources (Supplementary Table 2 and 456 

Supplementary Table 5). Normalized gene expression levels were median centered, 457 

and the signature score was calculated as the mean expression of all genes per 458 

signature. 459 

Hierarchical clustering of gene signatures (Fig. 4) showed that cluster one, enriched 460 

for responders, had a high signature score for immune cells and a low signature score 461 

for stromal cells. On the contrary, cluster three with only non-responders, had a low 462 

signature score for immune cells and a high signature score for stromal cells. This 463 

result suggested that gene signatures representing immune cells may predict response 464 

to pembrolizumab, while gene signatures for stromal cells may predict non-response 465 

to pembrolizumab. However, the contribution of each gene signature to the cluster of 466 

patients identified may vary. Thus, gene signatures with high standard deviation were 467 

considered to have a high discriminatory power. We also observed that all signatures 468 

were highly correlated within the group of immune cells and stromal cells. Applying 469 

hierarchical clustering, we identified a group of T cell (Cytotoxic CD8 T cell, T cell 470 
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inflamed GEP, tGE8, T cell signature, IFN gamma, Immune gene signature and 471 

chemoattractants) and stromal cell (Stromal signature, Fibroblasts, EMT/stroma core 472 

genes, CAF, TBRS) signatures with a similar transcriptomic profile (Supplementary 473 

Fig. 4). These signatures also had a high discriminatory power and high predictive 474 

value as shown by the AUC of ROC curves for response to pembrolizumab 475 

(Supplementary Table 3). To compare the contribution of both groups of signatures, 476 

the mean of the selected signature scores for T cells and stromal cells was calculated. 477 

These two metrics were considered to represent the global T cell and global stromal 478 

cell signatures. Combining several signature scores into one global gene signature 479 

also filters out the noise that individual signatures may have. According to multivariate 480 

logistic regression analysis, the global signature scores for T cells and stromal cells 481 

had independent predictive power for responders (Coefficient = 3.03, p = 0.005) and 482 

non-responders (Coefficient = -2.40, p = 0.010), respectively. However, the arithmetic 483 

difference of these global signatures (T cells minus stromal cells) showed a better 484 

predictive value than the global signatures separately or single gene signatures 485 

(Supplementary Table 3). This metric was named the T cell-to-stroma enrichment 486 

(TSE) score because a positive TSE score points to an enrichment for T cells, while a 487 

negative TSE score (£-0.5) points to an enrichment for stromal cells and their products. 488 

The TSE score can also be interpreted as a ratio between T cell and stromal cell 489 

signatures because the normalized gene expression data are raw counts transformed 490 

on the log2 scale1. 491 

Given the high concordance between the TSE score and the three clusters of patients 492 

from Fig. 4, patients were stratified into three groups according to their TSE score. The 493 

TSE score = 0.5 was selected as cut-off because the three groups of patients obtained 494 

resembled the original clusters from Fig. 4. Thus, patients with a TSE score ³ 0.5 were 495 
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considered to have a positive TSE score, patients with a TSE score £ -0.5 were 496 

considered to have a negative TSE score and other patients were considered to have 497 

a neutral TSE score. 498 

 499 

TCR repertoire 500 

RNA-seq data was processed with MiXCR v3.0.1337 to estimate the TCR repertoire 501 

diversity. Samples with >100 total TCR reads were considered for downstream 502 

analysis. The relative proportion (R) was used to group clonotypes as hyperexpanded 503 

when R > 10%, large when R = 1%-10%, small when R represented more than one 504 

clonotype but R < 1%, and rare when only one read supported a clonotype. 505 

 506 

Statistical analysis 507 

Analyses were performed using the statistical analysis platform R v4.1.038. Fisher9s 508 

exact and Wilcoxon-rank sum tests were used for comparison between groups. 509 

DeLong9s and log-rank tests were used for comparing receiver operating 510 

characteristics (ROC) and Kaplan-Meier survival curves, respectively. For multivariate 511 

analyses, the Cox proportional hazards regression analysis and the t-statistic for 512 

logistic regression analysis were applied. 513 

 514 

Data availability 515 

WGS, RNA-seq and clinical data are available through the Hartwig Medical Foundation 516 

at https://www.hartwigmedicalfoundation.nl, under request number DR-176. The script 517 

to calculate the TSE score from RNA normalized counts is available at 518 

https://github.com/ANakauma/TSEscore_ICIs. 519 

520 
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