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Immunotherapy Response-Related Spatial and Stromal
Biomarkers in the Bladder Cancer Microenvironment
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ABSTRA

Purpose: Platinum-based chemotherapy and immune check-
point inhibitors are key components of systemic treatment for
muscle-invasive and advanced urothelial cancer. The ideal inte-
gration of these two treatment modalities remains unclear as
clinical trials have led to inconsistent results. Modulation of the
tumor-immune microenvironment by chemotherapy is poorly
characterized. We aimed to investigate this modulation, focusing
on potential clinical implications for immune checkpoint inhib-
itor response.

Experimental Design: We assessed immune cell densities,
spatial relations, and tumor/stromal components from 116 pa-
tients with urothelial bladder cancer (paired data for 95 patients)
before and after platinum-based chemotherapy.

Results: Several published biomarkers for immunotherapy
response changed upon chemotherapy treatment. The intratumoral
CD8" T-cell percentage increased after treatment and was associ-
ated with increased TNFa-via-NF-kB signaling. The percentage of
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PDL1" immune cells was higher after chemotherapy. An increase
in chemo-induced changes that potentially inhibit an antitumor
immune response was also observed, including increased
fibroblast-based TGFP signaling and distances from immune cells
to the nearest cancer cell. The latter two parameters correlated
significantly in posttreatment samples, suggesting that TGF sig-
naling in fibroblasts may play a role in spatially separating immune
cells from cancer cells. We examined specific chemotherapy regi-
mens and found that treatment with methotrexate, vinblastine,
doxorubicin, and cisplatin was associated with an increase in the
macrophage cell percentage. Gemcitabine-containing chemother-
apy was associated with upregulation of fibroblast TGFf signaling.
Conclusions: The opposing effects of platinum-based che-
motherapy on the immune cell composition and stromal context
of the tumor-immune microenvironment may explain the in-
consistent results of clinical trials investigating chemotherapy and
immune checkpoint inhibitor combinations in bladder cancer.

Introduction

Cisplatin-based neoadjuvant chemotherapy (NAC) followed by
radical cystectomy is recommended for patients with muscle-
invasive bladder cancer (MIBC; ref. 1). Accelerated methotrexate,
vinblastine, doxorubicin, and cisplatin (MVAC) and cisplatin-
gemcitabine are the two most commonly used NAC regimens for
MIBC (2). Despite a pathological complete response rate (pCR) of
25% to 42%, cisplatin-based NAC is associated with only a 5% to 8%
absolute increase in 5-year overall survival (OS) compared with
radical cystectomy alone (3-5).

Recently, the CheckMate-274 trial showed that adjuvant treat-
ment with nivolumab (a PD1 inhibitor) significantly increased
disease-free survival (DFS) for patients with residual MIBC or
lymph node involvement (6). Exploratory analyses revealed a no-
table improvement in DFS for patients who were previously treated
with cisplatin-based NAC [hazard ratio (HR): 0.52; 95% CI, 0.38-
0.71 for nivolumab vs. placebo], whereas those who did not receive
NAC seemed to have limited benefit (HR: 0.92; 95% CI, 0.69-1.21).
In the metastatic setting, improved clinical outcomes have been
observed in patients treated with avelumab (anti-PDL1) mainte-
nance therapy after platinum-based chemotherapy, similarly sug-
gesting the benefit of sequential treatment with chemo- and
immunotherapy (7).

Clinical trials exploring concurrent chemotherapy and immune
checkpoint inhibitors (ICI) have shown mixed results. In the
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Translational Relevance

In various tumor types, successful synergy of chemotherapy and
immune checkpoint inhibitors (ICI) has been established, but in
muscle-invasive bladder cancer (MIBC), clinical trials yielded in-
consistent results. Therefore, understanding chemotherapy-induced
changes in the tumor-immune microenvironment (TME) of MIBC
is highly relevant. We collected and analyzed a large dataset of
paired pre- and post-platinum treatment tumor samples. We
demonstrate that platinum-based neoadjuvant chemotherapy
(NAC) is associated with an increase in the TME characteristics
previously shown to relate to both ICI response and resistance. The
latter includes fibroblast-based TGFp signaling and distance from
CD8" T cells and macrophages to their nearest cancer cells. This
suggests that response to ICI in MIBC after platinum-based NAC
might be improved by adding TGFf inhibitors or bispecific anti-
bodies promoting spatial rearrangements of immune and cancer
cells. Finally, our data suggest differences between methotrexate,
vinblastine, doxorubicin, and cisplatin and gemcitabine-containing
platinum-based regimens in their effects on bladder TME.

IMvigor130 trial, atezolizumab combined with platinum-based
chemotherapy as first-line treatment for advanced urothelial cancer
improved progression-free survival (PFS) compared with chemo-
therapy alone, although the improvement in OS (final one-sided P
value = 0.023) did not reach statistical significance (final OS efficacy
boundary: P value = 0.021; refs. 8, 9). In an exploratory analysis, a
more pronounced benefit of atezolizumab on OS (and PFS) was
observed in the cisplatin-treated subgroup (HR for PFS: 0.73; 95%
CI, 0.55-0.97) versus the carboplatin-treated subgroup (HR for PFS:
0.84; 95% CI, 0.70-1.02; ref. 8). The CheckMate-901 study
specifically tested the addition of nivolumab to cisplatin-based
chemotherapy, reporting positive results for the primary endpoints
OS (HR = 0.78) and PFS (HR = 0.72; ref. 10). These findings
suggest that the combination of ICI with cisplatin-based chemo-
therapy are more effective than that with carboplatin-based
chemotherapy. Conversely, the addition of pembrolizumab to
first-line platinum-based chemotherapy in the KEYNOTE 361
study did not significantly improve PFS or OS by central review in
the unselected population per the prespecified P value boundaries
(11). However, hazard ratios for PFS were 0.78 (95% CI, 0.65-0.93)
in the total population and 0.67 (95% CI, 0.51-0.89) in the
choice-of-cisplatin subgroup (11).

Although clinical trials indicate potential synergy between
platinum-based chemotherapy and ICI (either sequential or con-
current), results have not been unequivocally positive. Additionally,
the positive results may partly be explained by earlier ICI initiation
as only a subset of patients (25%-48%) in the standard arms of the
chemo-immunotherapy trials in the advanced urothelial cancer
setting received ICI as subsequent therapy (7, 8, 10, 11). Given the
disappointing results in several trials testing concurrent platinum-
based chemotherapy and ICI, particularly when combining
carboplatin-based chemotherapy with ICI, a negative interaction
between chemotherapy and ICI (e.g., by immune suppression) in a
subset of patients cannot be excluded (8, 11).

Here, we investigate changes in the bladder cancer tumor mi-
croenvironment (TME) induced by platinum-based NAC, focusing
on potential implications for immunotherapy treatment. For this

4228 Clin Cancer Res; 30(18) September 15, 2024

purpose, we collected and analyzed RNA-sequencing (RNA-seq),
multiplex immunofluorescence (mIF), and immunohistochemistry
(IHC) data of tumor tissue from patients with MIBC before and
after treatment with platinum-based chemotherapy.

Materials and Methods

Patient population

We retrospectively included patients who were treated with
neoadjuvant chemotherapy followed by radical cystectomy for
MIBC (cT2-4N0-3). Only patients with remaining viable tumor
tissue after cystectomy were included (>ypT1), regardless of nodal
status (Supplementary Fig. S1). Exclusion criteria were prior pelvic
radiotherapy and nonurothelial primary histology. Urothelial car-
cinoma with squamous and/or glandular differentiation was
allowed. Patients underwent radical cystectomy between 1995 and
2021. Follow-up was performed according to local guidelines. The
retrospective use of biospecimens has been executed pursuant to
Dutch legislation and international standards. This non-
interventional retrospective study was approved by the NKI insti-
tutional review board (IRB; IRBm20-296) and the Radboudumc IRB
(2020-6117). All patients signed informed consent and/or partici-
pated in the informed opt-out procedure for residual tissue. Within
the opt-out framework, patients are informed and have the op-
portunity to object to the (continued) use of their personal data and
biospecimens. This procedure was approved and governed by the
NKI IRB, adhering to the CIOMS and other (inter-)national legis-
lative and ethical guidelines.

Tissue collection and RNA isolation

Pretreatment transurethral resection of the bladder tumor (TUR-
BT) and posttreatment cystectomy material were stored as formalin-
fixed paraffin-embedded (FFPE) tissue blocks in the Netherlands
Cancer Institute. Tumor material from patients who had their TUR-
BT or cystectomy in a different hospital was requested as tissue
blocks and subsequently stored at the Netherlands Cancer Institute.

An experienced uro-pathologist assessed all available tissue
blocks, and the most representative tissue block was selected.
Tumor area and tumor cell percentage were determined by an
experienced uro-pathologist. RNA was isolated from baseline tu-
mor material (5-10 x 10 pum slides) using the Qiagen AllPrep
FFPE DNA/RNA Kit.

RNA sequencing

The quality and quantity of the total RNA were assessed using the
Agilent 2100 Bioanalyzer (RRID:SCR_018043) and a Nano chip
(Agilent). The percentage of RNA fragments with >200-nucleotide
fragment distribution values (DV200) were determined using the
region analysis method according to the manufacturer’s instructions
(Illumina, technical-note-470-2014-001). Strand-specific libraries
were generated using the TruSeq RNA exome library prep kit
(Illumina) according to the manufacturer’s instructions (Illumina,
1000000039582v01). Briefly, total RNA was random primed and
reverse transcribed using SuperScript II reverse transcriptase
(Invitrogen, 18064-014) with the addition of actinomycin D. Second
strand synthesis was performed using polymerase I and RNaseH
with the replacement of dTTP for dUTP. The generated cDNA
fragments were 3'-end adenylated and ligated to Illumina (batch 1,
140 samples) or Integrated DNA Technologies xGen UDI(10 bp)-
UMI(9 bp; batch 2, 35 samples) paired-end sequencing adapters and
subsequently amplified by 15 cycles of PCR. The libraries were
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validated on the Agilent 2100 Bioanalyzer (RRID:SCR_018043)
using a 7,500 chip followed by a 1 to 4 plex library pooling con-
taining up to 200 ng of each sample. The pooled libraries were
enriched for target regions using the probe Coding Exome Oligos
set (CEX, 45MB) according to the manufacturer’s instruction
(Ilumina, 1000000039582v01). Briefly, cDNA libraries and biotin-
labeled capture probes were combined and hybridized via dena-
turation at 95°C for 10 minutes and incubation at 94°C to 58°C with
a ramp of 18 cycles, with 1-minute incubation and 2°C temperature
change per cycle. The hybridized target regions were captured using
streptavidin magnetic beads and subjected to two stringency washes,
an elution step, and a second round of enrichment followed by
cleanup using AMPure XP beads (Beckman, A63881) and PCR
amplification of 10 cycles. The target enriched pools were analyzed
on the Agilent 2100 Bioanalyzer (RRID:SCR_018043) using a 7,500
chip, diluted, and subsequently pooled equimolar into a multiplex
sequencing pool. The libraries from 140 samples originating from 74
patients (batch 1) were sequenced with 65-bp single-end reads on
the Illumina HiSeq 2500 System (RRID:SCR_016383) using V4
chemistry. The libraries from an additional 35 samples (from the
other 25 patients, batch 2) were sequenced with 54-bp paired-end
reads on the Illumina NovaSeq 6000 System (RRID:SCR_016387)
using an SP Reagent Kit v1.5 (100 cycles).

Immunohistochemistry and multiplex immunofluorescence

THC of the FFPE tumor samples was performed on a BenchMark
Ultra autostainer [Ventana Medical Systems (RRID:SCR_013652)].
Briefly, paraffin sections were cut at 3 um, heated at 75°C for
28 minutes, and deparaffinized in the instrument with EZ prep
solution (Ventana Medical Systems). Heat-induced antigen retrieval
was carried out using cell conditioning 1 (Ventana Medical Systems)
for 48 minutes at 95°C. PDL1 was detected using clone 22C3
(Agilent Cat# M365329-2, RRID:AB_2861298; 1/40 dilution, 1 hour
at RT, Agilent/DAKO). Bound antibody was detected using the
OptiView DAB Detection Kit (Ventana Medical Systems). Slides
were counterstained with hematoxylin and bluing reagent (Ventana
Medical Systems). A PANNORAMIC 1000 scanner from 3DHIS-
TECH was used to scan the slides at a 40x magnification. After
scanning, PDL1 and hematoxylin and eosin slides were uploaded to
Slide Score (www.slidescore.com) for manual scoring. An experi-
enced uro-pathologist determined the percentage of PDL1 positive
tumor cells (TC), percentage of PDL1 positive immune cells (IC),
and the combined positivity score (CPS).

Analysis of tumor-immune cell infiltrates anti-CD3 (1:400 dilu-
tion clone SP7, Thermo Fisher Scientific Cat# RM-9107-S1, RRID:
AB_149924), anti-CD8 (1:100 dilution clone C8/144B, Dako, Agi-
lent Cat# M710301-2, RRID:AB_2075537), anti-CD68 (1:500 dilu-
tion clone KP1, Dako, Agilent Cat# M081401-2, RRID:
AB_2750584), anti-FoxP3 (1:50 dilution clone 236A/E7, Abcam
Cat# ab20034, RRID:AB_445284), anti-CD20 (1:500 dilution clone
126, Dako, Agilent Cat# M075501-2, RRID:AB_2282030), and anti-
PanCK (1:100 dilution clone AE1/AE3, Abcam Cat# ab27988,
RRID:AB_777047) was performed using the multiplex immunoflu-
orescence technology of the Ventana Discovery Ultra automated
stainer (RRID:SCR_021254) with PerkinElmer opal seven-color
dyes. The whole slides were stained. In short, 3-um FFPE sections
were cut and heated at 75°C for 28 minutes and subsequently
deparaffinized in EZ prep solution (Ventana Medical Systems).
Using cell conditioning 1 (Ventana Medical Systems), heat-induced
antigen retrieval was conducted at 95°C for 32 minutes. Further
analysis was conducted via VECTRA image acquisition (Akoya
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Biosciences, v3.0) and HALO (RRID:SCR_018350, Indica Labs,
v2.3) image analysis. In the first data acquisition step, all tumor
areas that were properly stained were included by manual selection.
Next, tumor and stroma regions were classified by HALO auto-
mated tissue segmentation primarily based on PanCK expression.
Adjacent stroma was defined as all tissue surrounding the tumor
area within 150 pum. The area selected by HALO based on this
parameter was then visually inspected for accuracy and subse-
quently used for cell segmentation, quantification, and analysis. Cell
segmentation was performed using a pretrained nuclear segmenta-
tion AT module in HALO. Marker thresholds were manually set for
each sample. Data were analyzed separately for tumor and stroma
regions and subsequently exported. Immune cell classification was
based on marker expression (Table 1).

When a cell was positive for two or more mutually exclusive
markers, the cell was classified according to the highest relative
intensity of the respective markers.

Computational analysis of multiplex immunofluorescence
data

The final classification of cells into tumor and stromal regions
and quantification of these regions’ areas was performed by the
method we previously published (12) with a modification to take
into account immune cells in addition to the negative cells while
computing stroma-related kernel density estimation. Initially, cell
densities were obtained from the output of this step by dividing cell
counts over the corresponding area. The density of the total cells
(regardless of their label) was significantly higher in TUR-BT
samples than in cystectomy (Supplementary Fig. S2A). To minimize
possible bias related to this sample type, we switched to cell per-
centages by dividing each cell density by the total cell density.

We quantified spatial relationships using the first-nearest neigh-
bor statistics for 49 (7x7) cell type pairs in our mIF data corre-
sponding to the 7 cell types introduced in Table 1. After quantifying
distances between the first-nearest neighboring cells of different cell
types in the full analyzed area (tumor plus adjacent stroma), we
fitted the Weibull distribution to these data using the generalized
linear mixed effect models for each of the 49 cell type combinations
in our mIF data following (12). The scale and shape parameters
were used to calculate medians of the Weibull distribution. Before
analyzing the medians, we performed the same analysis with the cell
labels removed and compared the medians between the two sample
types to control for possible bias. These overall medians were the
same between the sample types (Supplementary Fig. S2B).

RNA-seq computational analysis

Gene expressions were quantified with Kallisto (v0.46.1, RRID:
SCR_016582) with the Gencode (RRID:SCR_014966) reference
transcriptome v40 (basic annotation). Gene transcripts per million
values were filtered according to the gene biotype from the general
transfer format (GTF) transcriptome annotation file, renormalized
to 1 million in total, and used for ssGSEA (Gseapy v0.10.7). The
following types of genes (according to the Gencode GTF basic an-
notation, v40) were retained in the expression files: “protein_cod-
ing,” “processed_pseudogene,” “transcribed_processed_pseudogene,”
“TEC,” “polymorphic_pseudogene,” “pseudogene,” “IG_C_gene,”
“TR_C_gene,” “translated_processed_pseudogene,” and “IG_C_pseu-
dogene.” Transcript counts were summarized to the gene level and used
for differential expression with DESeq2 (v1.36.0, RRID:SCR_015687)
and gene set enrichment analysis (GSEA) with Fgsea (v1.22.0, RRID:
SCR_020938) and Msigdbr (v7.5.1, RRID:SCR_022870). The dataset
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Table 1. Cell classification in the mIF data.

Marker positivity? Cell type
PanCK* Cancer cell
CD8" FoxP3~ CD8" T cell
CD8™ FoxP3* Treg
CD3*CD8 FoxP3~ T helper
CD68" Macrophage
CD20" B cell

2All cells were DAPI positive.

included two batches with differences in the library preparation pro-
tocol and sequencing. The batch correction procedure was per-
formed with the Limma R package (v3.52.4, RRID:SCR_010943,
function removeBatchEffect) on logarithmed gene transcripts per
million expressions.

Statistical analysis

Pandas v1.3.3 (RRID:SCR_018214) and NumPy v1.20.0 (RRID:
SCR_008633) were used for data handling. Seaborn v0.12.2 (RRID:
SCR_018132), Matplotlib v3.7.3 (RRID:SCR_008624), Statannotations
0.4.2, and EnhancedVolcano v1.14.0 (RRID:SCR_018931) were used
for plotting. Basic statistical tests were implemented from Scipy v1.8.1
(RRID:SCR_008058) and Statsmodels v0.13.1 (RRID:SCR_016074).
Before comparison, Kendall t-b correlation coefficients were trans-
formed to the equivalent Pearson R using Kendall’s formula (13).
Function r.test from R package Psych (v2.3.9, RRID:SCR_021744) was
used to perform a z-test of the difference of the Fisher’s z-transformed
correlations divided by the standard error of the difference.

For the analysis of the association between different chemo-
therapy regimens and changes in the TME, we used robust analogs
of a mixed ANOVA: a rank-based, nonparametric method for
longitudinal data in factorial experiments [F1-LD-F1 design (14), R
package nparLD, v2.2] and the robust mixed ANOVA based on the
trimmed means (R package WRS2, v1.1.5; ref. 15). For the variables
violating the assumption of normality within each combination of
the ANOVA model factors (macrophage cell percentage, CD8"
T-cell/macrophage-to-cancer-cell median 1-NN distances, and
PDL1 IC), we applied the nonparametric method. Normality was
tested using the Shapiro-Wilk test implemented in R package
Rstatix (v0.7.2, RRID:SCR_021240).

Data availability

RNA-seq data have been deposited in the European Genome-
phenome Archive under the accession code EGAS50000000309.
Requests for RNA-seq and multiplex immunofluorescence data for
academic use will be reviewed by the IRB of the Netherlands Cancer
Institute; the researcher will need to sign a data access agreement
with the Netherlands Cancer Institute after approval. Requests, up
to six years of publication, can be directed to the corresponding
author. Processed mIF and THC data and RNA-seq-based signature
scores generated in this study are available within the article and its
Supplementary Data. Code to reproduce the main findings is
available in a Github repository: https://github.com/mchelushkin/
chemo_and_bladder_TME.

Results

Cohort and data description
We retrospectively included 183 patients with MIBC treated with
platinum-based NAC followed by radical cystectomy (Supplementary
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Fig. S1; “Materials and Methods”). Patients achieving a pCR to NAC
have a favorable clinical outcome and are, therefore, less likely to
benefit from additional ICI treatment; these patients were not in-
cluded in the various adjuvant ICI studies for this reason (6). Fur-
thermore, as all tumor cells will have been eliminated in patients with
a pCR after neoadjuvant chemotherapy and prior to tissue collection,
a reliable TME analysis cannot be conducted in these patients.
Therefore, regardless of nodal status, only patients with remaining
viable tumor tissue at cystectomy (>ypT1) were included (Supple-
mentary Fig. S1).

Tissue samples from 130 patients were subjected to analysis. We
collected pretreatment TUR-BT tissue at diagnosis (baseline) and
posttreatment cystectomy tissue (resected tumor bulk) from each
patient (Fig. 1A). In total, 116 unique patients represented by at
least one sample of one data type (mlIF, IHC, or RNA-seq) were
included in our dataset; samples of 14 patients were of low quality
(Supplementary Fig. S1). Sixty-two (53%) patients had clinically
node-negative disease at baseline (cT2-4aN0), and 54 (47%) patients
were clinically node-positive (cT2-4aN1-3, Table 2). Cisplatin was
the most frequently used platinum-based treatment agent (78% of
patients). Other patients were treated with carboplatin (12%) or
switched their platinum agent during neoadjuvant treatment due to
toxicity (8%). Of note, although cisplatin-based chemotherapy is the
standard treatment in the neoadjuvant setting, some locoregionally
advanced cis-ineligible patients were treated with carboplatin-based
induction therapy and had consolidative surgery in case of clinical
response. As the active metabolites between these platinum agents
are similar (16) and questions regarding a potential difference in
immune induction remain unanswered, we included both platinum
agents. In addition to platinum, the treatment regimen included
gemcitabine (in 66% of patients), MVAC (28%), or both at different
time points (3%). The majority of patients (78%) received four cy-
cles of NAC, whereas a subset received fewer (10%) or more (10%)
than four cycles (Table 2).

The processed sample counts for each experimental technique
and time point are shown in Fig. 1B and C. Due to failed quality
control, not all patients had both TUR-BT and cystectomy samples
processed successfully. The final number of paired samples included
85 pairs of mIF, 76 pairs of RNA-seq, and 79 pairs of PDL1 IHC. In
59 patients, all three analyses could be performed on paired samples
(Fig. 1D).

Chemotherapy-induced changes in ICl response biomarkers
The abundance of tumor-infiltrating CD8" T cells, PDL1 ex-
pression, and gene signatures related to T-cell immunity (e.g., IFNy
and effector CD8" T-cell gene signatures) are biomarkers commonly
associated with ICI response in cancer, including MIBC (17-19).
We assessed CD8" T-cell infiltration of tumors using mIF data.
Because we used different sample types for our analyses—TUR-BT
samples as prechemotherapy tissue and radical cystectomy samples
after chemotherapy—we aimed to identify and mitigate possible
biases in the mIF data analysis. After identifying a difference in the
total cell density between the sample types (Supplementary Fig.
S2A), we proceeded with cell percentages (normalized densities)
instead of raw densities to minimize a possible confounding effect of
the sample type (“Materials and Methods”). In our cohort, the CD8"
T-cell percentage (mlIF) increased in the tumor area (P = 0.015,
medians 1.3% and 2.0%) and adjacent stroma (P = 0.017, medians
5.1% and 6.5%; see “Materials and Methods”) as well as in their
combined area (P = 0.00076, medians 2.3% and 4.2%; Fig. 2A-C)
upon chemotherapy treatment. The percentage of PDLI positive
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Figure 1.

Treatment scheme (A) and collected data (B-D). B, Availability of pretreatment (TUR-BT) data by type. C, Availability of posttreatment (cystectomy) data by
type. D, Number of sample pairs (TUR-BT-cystectomy from the same patient) available.

ICs, determined by IHC, increased after treatment (P = 0.00033,
medians 6% and 11%; Fig. 2D), whereas the percentage of PDLI
positive TCs and the PDL1 CPS remained unchanged (Fig. 2E
and F).

A fibroblast-based TGFpP signaling gene signature was previously
associated with ICI resistance in MIBC in subsets of patients (17, 18, 21).

Table 2. Patient and tumor characteristics and treatment
information.

Patient and tumor characteristics Total (n = 116)

Median age, years (range) 62 (31-86)
Male sex, n (%) 83 (72%)
Clinical classification at baseline

cT2-4NO 62 (53%)

CT2-4N1-3 54 (47%)
Pathological classification at cystectomy

ypT2-4NO-x 62 (53%)

ypT1-4N1-3 54 (47%)
Platinum chemotherapy agent

Cisplatin 91 (78%)

Carboplatin 14 (12%)

Switched 9 (8%)

Unknown 2 (2%)
Chemotherapy regimen

MVAC 33 (28%)

Gemcitabine + cisplatin or carboplatin 77 (66%)

Switched 4 (3%)

Unknown 2 (2%)
Total number of chemotherapy cycles

4 90 (78%)

<4 12 10%)

>4 12 (10%)

Unknown 2 (2%)

AACRJournals.org

The single-sample GSEA (ssGSEA) score of this signature increased
upon chemotherapy treatment in our cohort (P = 2.1 x 107%
Fig. 2G). No difference in IFNy and effector CD8" T-cell gene
signatures between pre- and postchemotherapy tumor tissue was
detected (Fig. 2H and I). These results demonstrate that features
both positively (CD8" T-cell percentage and PDL1 IC score) and
negatively (TGFp signaling in fibroblasts) associated with ICI re-
sponse in MIBC increased upon platinum-based chemotherapy.

Comprehensive assessment of TME changes upon
chemotherapy treatment

Next, we aimed to better understand the effect of platinum-based
chemotherapy on the bladder cancer TME in a more comprehensive
and unsupervised manner. We assessed alterations in the cellular
immune cell composition by mIF and transcriptional changes
through RNA-seq data by comparing pre- and postchemotherapy
samples. Comparison of TME cell percentages assessed by mlIF
analysis showed that apart from the CD8" T-cell percentage increase
after chemotherapy, the macrophage cell percentage increased as
well (adj. P = 0.016; Fig. 3A). Boxplots of cell percentages and raw
densities of all cell types identified by our mIF panel between TUR-
BT and cystectomy sample sets are shown in Supplementary Fig. S3.

GSEA performed with the hallmark gene sets (22) on the dif-
ferentially expressed genes before and after treatment showed
(among others) a strong upregulation of epithelial-mesenchymal
transition (EMT; adj. P = 5.5 x 107%”) and TNFa-via-NF-kB sig-
naling (adj. P = 3.0 x 10**; Fig. 3B). Of note, EMT signaling was
previously associated with ICI resistance in urothelial cancer (23).

We recently showed that a shorter distance from macrophages
and CD8" T cells to their first-nearest neighboring (1-NN) cancer
cells at baseline was positively associated with preoperative combi-
nation ICI response in an analysis of the NABUCCO (MIBC) and
IMCISION (head and neck cancer) trials (21, 24, 12). Following the
same approach, we quantified the median 1-NN distances for each

Clin Cancer Res; 30(18) September 15, 2024
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Changes associated with platinum-based chemotherapy. A-C, CD8" T-cell percentage determined by mIF in the tumor (A), stromal areas (B), and full analyzed
area (C). D, Percentage of PDLI-positive ICs determined by IHC. E, Percentage of PDLI-positive TCs determined by IHC. F, PDL1 CPS determined by IHC. G,
ssGSEA score of the fibroblast-based TGFp signaling gene signature from ref. 17. H and I, ssGSEA score of interferon gamma and CD8" T-cell effector gene
signatures from refs. 19, 20. ssGSEA, single-sample gene set enrichment analysis. Numbers of samples are shown. Only paired samples are included in the

analysis.

spatial relationship as identified by our mIF panel (refer to the
“Materials and Methods” section for more details). To determine
possible bias between the sample types, we analyzed the cell-type-
agnostic 1-NN median distances. We established that they were
similar between TUR-BTs and cystectomies (“Materials and
Methods”; Supplementary Fig. S2B), suggesting no bias in the

4232 Clin Cancer Res; 30(18) September 15, 2024

analysis of 1-NN median distances. A comparison of paired cys-
tectomies and TUR-BTs showed that all five immune cell types
tested (CD8" T cells, macrophages, Tregs, helper T cells, and B cells)
were, on average, further away from their 1-NN cancer cells after
chemotherapy treatment compared with the pretreatment sample
(Fig. 3C), including CD8" T cells (P = 43 x 1077) and
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Figure 3.

A, mIF-based cell percentages compared between post- and pretreatment. B, GSEA results for hallmark gene signatures. €, 1-NN median distances calculated
from fitting Weibull distribution to the mIF data and compared between post- and pretreatment. D, Comparison of median distances from CD8" T cells to 1-NN
cancer cells and from macrophages to 1-NN cancer cells between post- and pretreatment. Number of samples is shown. Only paired samples are included in the
analysis. E=G, Examples of slide fragments for corresponding paired TUR-BT and cystectomy samples recreated based on cell coordinates and labels. Cell
percentages and distances denoted correspond to the full analyzed area of the slides. Only CD8" T cells (blue), cancer cells (gray), and DAPI-positive cells
negative with the other markers (purple) are shown. P values shown in A and C are Wilcoxon test P values adjusted with Bonferroni correction for multiple

testing. GSEA, gene set enrichment analysis.
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macrophages (P = 4.0 x 1077; Fig. 3D). Thus, although the per-
centages of cells with potential antitumor immune activity increased
upon chemotherapy, immune cells were (on average) further from
the nearest neighboring cancer cells. This increased distance sug-
gests that their antitumor activity was possibly impeded. Fold
changes in CD8" T-cell percentages did not correlate with the fold
changes in median distances from CD8" T cells to 1-NN cancer cells
(Supplementary Fig. S4). Therefore, in many sample pairs, only one
of the two characteristics increased (Supplementary Fig. S4, exam-
ples in Fig. 3E and F). Still, in some sample pairs, both character-
istics increased (Supplementary Fig. S4, examples in Fig. 3G).

Correlation analyses suggest different TME response patterns
to chemotherapy

Next, we investigated whether changes in stromal (fibroblast
TGFB and EMT) and inflammation-related (TNFa-via-NF-kB)
signatures correlated with specific changes in the TME immune cell
composition upon treatment with chemotherapy. For this analysis,
we considered immune cell percentages and distances that changed
after chemotherapy treatment, i.e., CD8" T-cell and macrophage
percentages and all five immune-to-cancer cell distances (Fig. 3A
and C), as well as the PDLI1-positive immune cell percentage
(Fig. 2D). For the correlation analysis, we used the Kendall t-b
correlation coefficient (because of ties in the PDL1 data). Results of
the Pearson correlation analysis, excluding PDL1 IC data, are shown
in Supplementary Fig. S5A-S5C. We found an association between
the increase in CD8" T-cell percentage and upregulation of TNFa-
via-NF-kB signaling upon chemotherapy (7—b = 0.31, P = 0.00022;
Fig. 4A; Supplementary Fig. S6A). The TNFa-via-NF-«B signature
and CD8" T-cell percentage also correlated significantly after che-
motherapy, i.e., within the cystectomy sample set (t1—b = 0.23, P =
0.0024; Fig. 4B; Supplementary Fig. S6B), and before chemotherapy,
i.e, within the TUR-BT sample set (t—b = 0.23, P = 0.0050;
Fig. 4C; Supplementary Fig. S6C). These results suggest that a
subset of patients experienced an induction of T-cell immunity
upon platinum-based chemotherapy, e.g., patients with a higher
than median change in TNFa-via-NF-kB signaling showed a higher
fold change in CD8" T-cell infiltration (P = 0.00028; Fig. 4D).

In contrast, the fibroblast-based TGFp signaling positively cor-
related with higher distances (but not densities) from each immune
cell type to their nearest cancer cell within posttreatment samples
(Fig. 4B and F). Additionally, a negative correlation was observed
between these distances and the PDLI1 IC score (Fig. 4B). Fur-
thermore, we investigated the correlation between PDLI IC and
fibroblast TGFf signaling. We found a significantly negative cor-
relation (Supplementary Fig. S6D, 1-b = —0.28, P = 0.0020). When
comparing high and low PDL1 IC in posttreatment samples based
on the median PDL1 IC score (11%), the IC-low subset showed a
higher fibroblast-derived TGFp signaling score [Fig. 4E (right)] and
larger distances from immune cells to their nearest cancer cells
[regardless of their density; Fig. 4G (right)]. This was not observed
when comparing TUR-BT samples split by the baseline PDL1 IC
median [6%; Fig. 4E and G (left)]. Our previous work with
NABUCCO samples found a negative correlation between patho-
logic response to preoperative immunotherapy and both fibroblast
TGFp signaling (21) and 1-NN CD8-cancer cell distances (12).
Therefore, we expect the TME in patients belonging to the subset
with high postchemotherapy TGEp signaling and 1-NN CD8-cancer
cell distance and low PDL1 IC score to be less likely to support
response to ICI.

4234 Clin Cancer Res; 30(18) September 15, 2024

The associations found between TGFp, PDL1 IC positivity, and
immune-to-cancer cell distances in the posttreatment set seemed to
be weaker or absent before treatment (Fig. 4C). We formally tested
which correlations changed upon treatment [using Fisher’s
z-transformation of the equivalent Pearson correlations (“Materials
and Methods”)] and found a statistically significant difference
(FDR < 5%) for the immune cell distances to 1-NN cancer cells and
PDL1 IC positivity (Supplementary Fig. S7, an example for CD8
T cells and IC is shown on Supplementary Fig. S6E and S6F). Al-
though the correlation coefficient between the macrophage-to-
cancer-cell distance and PDL1 IC score changed significantly (with
FDR level < 5%), it was the pair with the weakest resulting corre-
lation in the cystectomy set (Fig. 4B). These results suggest that the
percentage of PDLI1 positive cells among immune cells is higher
when they are closer to their nearest neighboring cancer cells, and
this relation appears only after chemo-treatment. For CD8*-T-cell-
to-cancer-cell distances, this is illustrated in Fig. 4G with the PDL1
IC score binarized by medians.

MVAC and gemcitabine-containing platinum-based regimens
were associated with distinct changes to the TME

Although all patients received platinum-based chemotherapy, the
specific chemotherapeutic regimens varied (Table 2). To assess the
impact of these regimens on TME changes, we explored differences
between MVAC and gemcitabine-containing platinum-based regi-
mens. We used robust analogs of mixed ANOVA with between-
subject variable “chemo regimen” and within-subject variable “time-
point,” ie., TUR-BT (pretreatment) or cystectomy (posttreatment;
“Materials and Methods,” Statistical analysis). We performed this
analysis with each of the target variables, which are the TME char-
acteristics changed upon chemotherapy [CD8" T-cell and macro-
phage cell percentages (Fig. 3A), PDLI IC, fibroblast TGFf (Fig. 2D
and G), CD8"-T-cell-to-cancer median 1-NN distance, and macro-
phage-to-cancer median 1-NN distance (Fig. 3C and D)]. In addition
to significant coefficients for the timepoint term in all models (in line
with the overall changes shown in Figs. 2 and 3), our analyses showed
significant statistical interaction between the timepoint and chemo
regimen variables in the models for the macrophage cell percentage
and fibroblast TGFp signaling (Fig. 5A). These results suggest that the
change in macrophage cell percentage and fibroblast TGFp signaling
depended on the regimen, whereas the changes in CD8" T-cell den-
sity, PDL1 IC, CD8"-T-cell-to-cancer cell, and macrophage-to-cancer
cell median 1-NN distances were the same for both regimens. The
post-hoc analysis showed a more pronounced increase in the mac-
rophage cell percentage upon MVAC than upon gemcitabine-
containing chemotherapy (Fig. 5B). Conversely, fibroblast TGFp
signaling increased more upon the gemcitabine-containing platinum-
based regimen (Fig. 5C). We did not find associations with the type of
platinum agent (cisplatin vs. carboplatin) for the six TME charac-
teristics analyzed before in the context of MVAC and gemcitabine-
containing platinum-based regimens (Supplementary Fig. S8). How-
ever, the analysis of the platinum agent had less statistical power and a
more unbalanced design due to the small number of carboplatin-
treated patients (eight patients with paired mIF and 11 patients with
paired RNA data) compared with the number of cisplatin-treated
patients (68 patients with paired mIF and 57 patients with paired
RNA data). Given the clinical importance of potentially stronger
immune modulation by cisplatin than carboplatin, we reanalyzed the
subcohort of patients treated with cisplatin-based chemotherapy using
the same methods as in the entire cohort (Supplementary Figs. S9-
§12). The overall conclusions from the reanalyses were similar to the
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Figure 4.
A-C, Correlation analysis of parameters altered by the chemo-treatment between
shown on the y-axis. Kendall t-b correlation coefficients are shown and indicated

different data modalities. RNA-seq and IHC are shown on the x-axis, and mIF is
by colors. Stars denote P values for the correlation coefficients to be nonzero

assessed by the distribution of t (two-sided test): *, P < 0.05; **, P < 0.01; ***, P < 0.001. P values are FDR-adjusted for multiple testing within each column. A,

Correlations between changes (“deltas”). B, Correlations within cystectomy samp

les (posttreatment). C, Correlations within TUR-BT samples (pretreatment). D,

Comparison of CD8" T-cell percentage (mIF) fold change upon chemo-treatment between patient groups with the change in TNFa-via-NF-kB gene signature

score (RNA) below and higher than a median change. E, Comparison of fibrobla

st-derived TGF( gene signature score (RNA) between groups of TUR-BT and

cystectomy samples with the PDL1 IC score lower and higher than the TUR-BT median and the cystectomy median correspondingly. F, Correlation between the
fibroblast-derived TGFp gene signature score (RNA) and CD8"-T-cell-to-cancer-cell 1-NN median distance (mIF) in cystectomy samples. G, Comparison of CD8"-
T-cell-to-cancer-cell 1-NN median distance between groups of TUR-BT and cystectomy samples with the PDL1IC score lower and higher than the TUR-BT median

and the cystectomy median correspondingly.

full cohort, and minor differences might be explained by a limited loss
of statistical power due to the decreased sample size.

Finally, we applied the robust analogs of mixed ANOVA to assess
whether the TME changes differed between patients who continued to

AACRJournals.org

have muscle-invasive disease after chemotherapy and those who had
ypTl non-muscle-invasive disease at pathology. The latter group
consisted of only six patients (five in each of the analyses) with
available paired data. This analysis showed significant statistical
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Figure 5.

Analysis of changes in the TME characteristics upon MVAC and gemcitabine-containing platinum-based chemotherapy regimens. A, P values of
robust mixed ANOVA analogs [chosen depending on the data normality for each combination of the ANOVA design factors (“Materials and
Methods,” Statistical analysis)]. Significant statistical interactions between the regimen and time point are highlighted as bold. B and C, Post hoc
analysis of changes in macrophage cell percentage (B) and fibroblast-derived TGFp signaling (C). The left panels compare pre- and posttreatment
groups of patients who received different chemotherapy regimens. The right panels show comparison between changes (“deltas”) upon the distinct
regimens.
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interaction between the timepoint and response variables in the
models for the median distances from CD8" T cells and macrophages
to the 1-NN cancer cells (Supplementary Fig. S13A). The post-hoc
analysis (Supplementary Fig. S13B and S13C) showed that both me-
dian distances increased significantly more in nonresponders (P =
0.009 and 0.003), suggesting a partial response to NAC as a positive
event regarding chemo-induced immune modulation.

In summary, our results show that platinum-based chemotherapy
can induce changes that are potentially either pro-immunogenic
(increased CD8" T-cell percentage, TNFa-via-NF-kB signaling, and
IC PDLLI score) or immune-inhibitory (larger distance of immune-
to-cancer cells and stromal signatures).

Discussion

The efficacy of concurrent chemotherapy and ICI has been estab-
lished in lung, head and neck, triple-negative breast, gastric, and
esophageal cancers (25). In urothelial cancer, clinical trials yielded in-
consistent results (6, 7, 8, 10, 11, 26). In this study, we comprehensively
assessed the TME in urothelial bladder cancer following platinum-
based chemotherapy. To do so, we have collected and analyzed a large
dataset of paired pre- and post-platinum-treatment bladder tumor
samples analyzed with different experimental techniques.

In our cohort of patients with MIBC treated with platinum-based
chemotherapy, several parameters indicative of T-cell immunity
increased. This included an increase in the CD8" T-cell percentage,
determined by mIF, and in the percentage of PDL1" immune cells,
determined by IHC; upregulation of TNFa-via-NF-kB, as shown in
differential gene expression analysis, was also noted. The macro-
phage (CD68") percentage increased as well, which was specifically
associated with the MVAC treatment regimen.

Several preclinical studies have suggested an association between
cisplatin chemotherapy and increased CD8" T-cell infiltration or
activation (27-29). Single-cell RNA-seq analysis of peripheral blood
immune cells of patients with metastatic urothelial cancer in the
IMvigor130 trial at baseline and on chemotherapy demonstrated
that cisplatin (and not carboplatin; both with gemcitabine) induced
immune and inflammatory transcriptional programs in circulating
monocytes, including TNFa-via-NF-kB, and genes encoding pro-
teins associated with antigen presentation and T-cell priming (30).
Seiler and colleagues (31) found specific postchemotherapy molec-
ular subtypes in MIBC, some of which were characterized by higher
immune signatures and CD8" T-cell immune infiltration. In con-
trast, a recent study in human bladder cancer showed no association
between neoadjuvant platinum-based chemotherapy and CD8*
T-cell infiltration assessed by mIF (32). However, the sample size in
the latter study (33 patients) was smaller than that in our cohort,
and a comparison was made with raw cell densities (cells per mm?)
rather than percentages, potentially amplifying confounding signals
from the different sample types (“Materials and Methods”). Evi-
dence for platinum chemotherapy-induced immune modulation has
been found in multiple studies on other cancer types (33-36).

In contrast to these alterations related to an enhanced immune
presence in the tumor, potentially indicative of a favorable ICI
response, several parameters previously connected with ICI re-
sistance increased upon chemotherapy. Expression of a fibroblast-
derived TGFp gene signature was enhanced after chemotherapy.
Its upregulation was significantly higher in the tumors of patients
treated with a gemcitabine-containing platinum-based regimen (in
contrast to MVAC). In line with our results, a recent report sug-
gests that platinum chemotherapy drug accumulation in cancer-
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associated fibroblasts intensified TGF( activity and was associated
with increased cancer aggressiveness in colorectal cancer (37).
Additionally, median distances from CD8" T cells and macro-
phages to their nearest neighboring cancer cell increased upon
chemotherapy and were significantly correlated with the
fibroblast-based TGFp signaling in posttreatment samples. Inter-
estingly, spatial analysis of triple-negative breast cancer in mice
showed that quiescent cancer cells expressing chemotherapy re-
sistance genes form niches that exclude immune infiltrates locally
and contain immune-suppressive fibroblasts (38). In our ap-
proach, local exclusion corresponds to the increase in 1-NN dis-
tances from immune cells to cancer cells.

Our findings may point to the importance of a balance between
pro-immunogenic and anti-immunogenic aspects of the bladder
cancer TME, ultimately determining the response to ICI treatment.
The importance of such opposing forces in the TME was previously
suggested by Wang and colleagues (23), showing that in patients
with T-cell infiltrated tumors, higher EMT/stroma-related gene
expression is associated with lower clinical benefit to nivolumab in
advanced urothelial cancer. Similarly, Mariathasan and colleagues
(17) showed that a gene signature related to TGF( signaling
in fibroblasts was inversely associated with response to atezolizu-
mab, specifically in immune-excluded tumors. Our findings suggest
that platinum-based chemotherapy can modulate this balance in a
positive or negative way.

The chemotherapy-associated TME alterations discussed above
indicate several potential avenues to improve the benefit of che-
motherapy and immunotherapy combinations. The addition of
TGFp inhibitors to ICI regimens after platinum-based NAC, espe-
cially in regimens containing gemcitabine, may improve immuno-
therapeutic responses in MIBC. Combinations of ICI and TGFp
inhibitors have been tested in phase I and II clinical trials in various
cancer types, including urothelial cancer (39). However, although
preclinical studies exploring the combination of TGFp and PD1/
PDL1 inhibition showed uniformly positive results, the addition of
TGFp inhibitors in clinical trials has often failed to show a mean-
ingful benefit beyond the current generation of ICIs alone (39).
Administering agents promoting spatial rearrangement of immune
cells to achieve closer proximity to cancer cells, e.g., bispecific an-
tibodies, might be another treatment option, specifically in the
setting of ICI after platinum-based NAC. Several bispecific anti-
bodies targeting cancer cells and T cells have been tested in clinical
urothelial cancer trials (40, 41). Interestingly, therapeutic coad-
ministration of TGFP inhibitors and PDL1 inhibitors in a mouse
mammary carcinoma model recapitulating an immune-excluded
phenotype was shown to facilitate T-cell penetration into the center
of tumors and provoke tumor regression, whereas therapeutic
blockade of PDL1 or TGFp alone had little or no effect (17).

This study has several limitations. First, we used different sample
types for our analyses: TUR-BT samples as prechemotherapy tissue
and radical cystectomy samples after chemotherapy. Indeed, total cell
densities were different between TUR-BT and cystectomy, which may
have been caused by tissue acquisition and preparation or by
chemotherapy-related changes in tumor composition. The influence
of extratumoral stroma (which would be more abundant in cys-
tectomy samples) was minimized by selecting only a limited area
(<150 pm from tumor cells) for our mIF analysis. We further aimed
to mitigate possible biases in the mIF analysis using cell percentages of
total cells instead of raw densities. Additionally, the TUR-BT proce-
dure itself may induce inflammation, which could have biased our
results. A study by van Wilpe and colleagues (32) showed no CD8"
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T-cell infiltration increase due to TUR-BT. A set of TUR-cystectomy
pairs that did not receive NAC showed an increase in PDLI on im-
mune cells (but not tumor cells; Supplementary Fig. S14). However,
the time between TUR-BT and cystectomy was short (around 2
months), whereas it was 5 to 6 months in our NAC-treated cohort due
to the administration of several cycles of neoadjuvant chemotherapy.
Due to the much shorter time between the TUR-BT procedure and
cystectomy, the untreated population is likely to be more susceptible to
procedure-induced inflammation than the chemo-treated population.
Another limitation is the heterogeneity in the chemotherapy regimens
(Table 2). Although the inclusion of different regimens could have
allowed us to study divergent effects on the TME by comparing cis-
platin and carboplatin, only 12% of patients were treated with car-
boplatin, whereas 78% received cisplatin. This difference complicated
the detection of TME-related changes associated with the specific
platinum agent, which are of interest given the recent clinical results of
CheckMate-901 study and the translational findings in peripheral
immune cells of cisplatin- versus carboplatin-based chemotherapy in
the IMvigor130 study (30, 10). Moreover, we report and discuss cor-
relations between stromal (fibroblast TGFpP and EMT) and
inflammation-related (TNFa-via-NF-kB) signatures with the TME
immune cell composition that are relatively weak (Fig. 4). Further-
more, although our ultimate interest was motivated by establishing
potential synergy or antagonism between chemo- and immunother-
apies, patients in our cohort did not receive immunotherapy peri-
operatively. A dataset consisting of a pre- and post-NAC
comprehensive TME assessment and clinical data on additional peri-
operative immunotherapy treatment does not exist currently. How-
ever, clinical studies randomizing between NAC with or without
checkpoint inhibition are currently ongoing, and tumor tissue col-
lected in these trials may provide a source for further validation (42).
Our study does not provide information about whether TME modu-
lation by chemotherapy is stable in time and affects the immune re-
sponse to ICI at the time of its administration. Finally, extrapolating
our findings to treatment in the adjuvant setting may be challenging as
the analysis was conducted on the primary site (bladder) that was
surgically removed. It remains unknown if the changes in the bladder
TME translate into changes in the TME of the micrometastases, which
would be ultimately treated with adjuvant ICI.

In conclusion, neoadjuvant platinum-based chemotherapy for
MIBC is associated with promoting TME characteristics previ-
ously shown to relate to both ICI response (CD8" T-cell per-
centage, PDL1" immune cell percentage) and ICI resistance
(fibroblast-based TGFp signaling, median distances from CD8"
T cells and macrophages to their nearest cancer cells). Addition-
ally, our data suggest biological differences between MVAC and
gemcitabine-containing platinum-based chemo regimens in terms
of their effects on the bladder TME. A better understanding of
chemotherapy-induced changes in the bladder TME and their
implications for immunotherapy warrants further investigation.
Future studies could test our hypotheses by analyzing data from
patients randomized between NAC with and without concurrent
ICI, with several ongoing phase III studies expected to provide
relevant insights.
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