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ABSTRA

Purpose: In NABUCCO, the safety and efficacy of preoperative
ipilimumab plus nivolumab were assessed in stage III urothelial
cancer. Encouraging responses were achieved, and ipilimumab
3 mg/kg (ipilimumab-high) seemed more effective than ipilimu-
mab 1 mg/kg (ipilimumab-low). We explored ipilimumab plus
nivolumab response biomarkers and tumor microenvironment
(TME) treatment dynamics.

Patients and Methods: Baseline formalin-fixed, paraffin-
embedded tumor tissue was analyzed using PD-L1 IHC (n = 51)
and whole-exome and transcriptome sequencing (both #n = 53) and
correlated with response. Baseline infiltration of CD8" T cells (n = 51)
and at cystectomy (1 = 42) was examined. Single-cell RNA sequencing
(scRNA-seq) of CD3" T cells was conducted on on-treatment resec-
tion tissue of two responders to ipilimumab-high to explore the
characteristics of CD8" T cells within the TME.

Results: High tumor mutational burden and PD-L1 positivity
were associated with response to ipilimumab plus nivolumab.

Introduction

The standard surgical treatment for nonmetastatic muscle-
invasive bladder cancer is radical cystectomy and pelvic lymph
node dissection, ideally preceded by cisplatin-based neoadjuvant
chemotherapy. However, the benefit of neoadjuvant chemotherapy
is modest (1). Despite curative intent, recurrence rates are sub-
stantial, especially in patients with locoregionally advanced stage IIT
urothelial cancer (cT3-4aNOMO or ¢T1-4aN1-3MO0).
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Nonresponding patients exhibited increased expression of a
TGEFp signature. We observed increased transcription of the g2m
checkpoint and e2f target in responders to ipilimumab-high and
enhanced transcription of IFN-a and IFN-y hallmarks in re-
sponders to ipilimumab-low. CD8"TCF7" T cells accumulated in
the TME of responders to ipilimumab-high. scRNA-seq of
CD8A"TCF7" T cells demonstrated enhanced expression of IL7R,
CCR7, GPR15, XCL1, SELL, and LEFI.

Conclusions: Our data indicate that tumor mutational burden,
PD-L1, and TGFp are potential biomarkers for response to ipi-
limumab plus nivolumab in stage III urothelial cancer. An
inflammatory TME might be relevant for responding to
ipilimumab-low. We found that in responders to ipilimumab-
high, TCF7*CD8" T cells accumulated in the TME. scRNA-seq
in two responders suggested that TCF7"CD8A™ T cells express
genes associated with immunologic memory formation and
T-cell homing.

Therapies targeting inhibitory immune checkpoints, such as PD-
(L)1 and CTLA-4, have been explored for over a decade. The initial
trials evaluated anti-PD-(L)1 monotherapy in metastatic urothelial
cancer (2-4) and demonstrated that durable responses could be
achieved in a subset of patients. Based on data indicating that im-
mune checkpoint blockade (ICB) may be even more potent when
administered preoperatively (5), PD-(L)1 blockade has also been
applied in the preoperative setting in combination with neoadjuvant
chemotherapy (6) or as monotherapy (7, 8). Even though response
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Translational Relevance

We studied preoperative ipilimumab and nivolumab in a
clinical phase Ib trial (NABUCCO) and found promising re-
sponse rates. Ipilimumab 3 mg/kg seemed more effective than
ipilimumab 1 mg/kg. Nevertheless, approximately half of the
patients did not respond. In the current study, we analyzed tu-
mor tissue using various methods for potential biomarkers. A
high tumor mutational load, PD-L1 positivity, and low expres-
sion of a TGFp signature were correlated with response. For a
response to ipilimumab 1 mg/kg, an inflammatory tumor mi-
croenvironment might be important. The CD8"TCF7" T-cell
density increased in the tumor microenvironment of responders
to ipilimumab 3 mg/kg, but not in the nonresponders. Further
characterization of two responders by single-cell RNA se-
quencing revealed that this T-cell subset was enriched with
transcripts involved in immunologic memory and T-cell hom-
ing. Thus, this multiomic study provides further evidence for
response biomarkers in combination immune checkpoint
blockade.

rates are encouraging, more than half of the patients do not respond
to single-agent ICB.

Patients who do not respond to anti-PD-(L)1 may lack sufficient
immune priming by cancer antigens. Insufficient priming and other
inhibitory signals could be overcome by inhibiting CTLA-4,
resulting in a broader and more intense antitumor immune re-
sponse (9). Trials in metastatic urothelial cancer, therefore, eval-
uated the efficacy of the combination of PD-(L)1 and CTLA-4
blockade (10, 11) and demonstrated the antitumor activity of
combination ICB.

Recent evidence obtained from a randomized phase III trial of
stage III melanoma emphasizes the benefit of ipilimumab (anti-
CTLA-4) plus nivolumab (anti-PD-1) as a preoperative treatment
strategy (12). In the first NABUCCO cohort, 24 patients with locally
advanced urothelial cancer were treated with three cycles of a
combination of nivolumab and ipilimumab followed by surgery,
which resulted in a pathologic complete response (pCR, ypTONO)
rate of 46%. However, substantial immune-related toxicity (55%
grade > 3) was observed (13). To identify the most optimal balance
between efficacy and toxicity, we evaluated two dosing regimens of
ipilimumab plus nivolumab in cohort 2 of the NABUCCO trial (14).
In line with results in metastatic urothelial cancer (11), ipilimumab
at a dose of 3 mg/kg seemed more effective as preoperative treat-
ment compared with ipilimumab at a dose of 1 mg/kg (pCR 43% vs.
7%; ref. 14). Despite the encouraging efficacy of preoperative ipili-
mumab plus nivolumab, almost half of the patients do not respond
to this treatment strategy but are still at risk of experiencing adverse
events. Better selection criteria are, therefore, needed to identify
patients who are unlikely to respond to combination ICB. Several
potential biomarkers for ICB response have been studied in uro-
thelial cancer.

PD-L1 has been investigated extensively as a predictor of ICB
response. In metastatic urothelial cancer, tumors with high baseline
PD-L1 expression had a better clinical outcome following treatment
with anti-PD-(L)1 plus anti-CTLA-4 (10, 11). However, in the
preoperative setting, the association between PD-L1 positivity and
response to combination ICB was inconsistent (13, 15) and
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displayed conflicting evidence for PD-L1 as a potential biomarker.
Tumor foreignness, as reflected by tumor mutational burden
(TMB), has been suggested to be associated with response to ICB in
various urothelial cancer stages (4, 7, 16-19). Expression of a TGFp
signature has previously been described to correlate with a lack of
response to ICB (8, 16). Based on data suggesting a correlation
between tertiary lymphoid structures (TLS) and response to ICB
(20, 21), we previously explored whether the presence of TLS at
baseline could predict response to ipilimumab and nivolumab in the
first NABUCCO cohort (13). We observed no correlation between
TLS-enriched tumors at baseline and ICB response, but we identi-
fied TLS induction upon treatment in responders to ICB (13).

In the current analysis of the full NABUCCO trial population
(cohorts 1 and 2), we explored both potential biomarkers for re-
sponse to combination ICB and treatment dynamics, aiming for a
better understanding of the effects of ICB on the urothelial cancer
tumor microenvironment (TME).

Patients and Methods

Study design and population

The NABUCCO trial (NCT03387761) is an investigator-initiated
prospective phase Ib clinical trial, which was executed in two stages
(Supplementary Fig. S1). The first cohort was a single-arm study at
the Netherlands Cancer Institute (NKI), in which 24 patients with
stage III urothelial cancer (cT3-4aNOMO or cT1-4aN1-3M0) were
treated with ipilimumab 3 mg/kg on day 1, ipilimumab 3 mg/kg
plus nivolumab 1 mg/kg on day 22, and nivolumab 3 mg/kg on day
43, followed by resection within 12 weeks after study drug initiation.

In cohort 2, 30 additional patients with stage IIT urothelial cancer
were randomized to either a preoperative ipilimumab-high dosing
regimen (arm 2A; ipilimumab 3 mg/kg plus nivolumab 1 mg/kg on
day 1, ipilimumab 3 mg/kg plus nivolumab 1 mg/kg on day 22, and
nivolumab 3 mg/kg on day 43) or to an ipilimumab-low schedule
(arm 2B; ipilimumab 1 mg/kg plus nivolumab 3 mg/kg on day 1,
ipilimumab 1 mg/kg plus nivolumab 3 mg/kg on day 22, and
nivolumab 3 mg/kg on day 43) followed by resection. Neither the
treating physician nor the patients were blinded to the study
treatment. Patients in cohort 2 were recruited at the NKI, the
University Medical Center Utrecht, and the Radboud University
Medical Center Nijmegen, the Netherlands. The full inclusion and
exclusion criteria were reported elsewhere (13). The NABUCCO
study was approved by the ethical committee of the NKI; all patients
signed informed consent before any study procedures. This study
was conducted in accordance with the Declaration of Helsinki.

Baseline formalin-fixed, paraffin-embedded (FFPE) tumor tissue
and blood were available for all patients before study treatment
initiation and were used for further biomarker analysis. Baseline
tumor tissue was compared with on-treatment resected tumor tissue
(at cystectomy) to study treatment dynamics [CD8PD-1 IHC
n = 40 baseline vs. n = 36 on-treatment; RNA sequencing (RNA-
seq) n = 53 baseline vs. n = 39 on-treatment; multiplex immuno-
fluorescence (mIF) n = 51 baseline vs. n = 42 on-treatment; Sup-
plementary Fig. S2]. As cohorts 1 and 2A used high ipilimumab
dosages, we refer to these arms as ipilimumab-high and consider
cohort 2B the ipilimumab-low cohort. For biomarker purposes, we
considered patients staged as <ypT1NO at cystectomy as responders.

PD-L1 IHC

PD-L1 IHC (RRID:AB_2833074) on baseline tumor tissue was
performed as described previously (22). An experienced uro-
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pathologist (M.L. van Montfoort) manually scored baseline PD-L1
positivity in Slidescore (www.slidescore.com). PD-L1 positivity was
determined using three different scoring methods: combined posi-
tivity score [CPS; number of PD-L1" cells (tumor + immune cells)
over the number of viable tumor cells x 100%; positive if
CPS > 10%], tumor proportion score (TPS; number of PD-L1" tu-
mor cells over the number of viable tumor cells x 100%; positive
when TPS >1%), and immune cell score (IC; number of PD-L1*
immune cells over the number of viable tumor cells x 100%; pos-
itive when IC > 1%). If PD-L1 positivity was unclear, a second
pathologist assessed the sample. Disagreement led to exclusion from
the analysis. A Fisher’s exact test was used to study the association
between PD-L1 positivity (categorical variable) at baseline and re-
sponse to ICB (categorical variable; IBM SPSS Statistics).

CD8/PD-1 IHC

Both baseline and on-treatment FFPE tumor tissue were double-
stained with PD-1 (RRID:AB_3073606) and CD8 (RRID:AB_2075537).
PD-1 was detected in the first sequence using clone CAL20 (1:250,
60 minutes at 37°C). The PD-1-bound antibody was visualized
using anti-mouse NP (RRID:AB_2375277; 12 minutes at 37°C),
followed by anti-NP AP (RRID:AB_10756913; 12 minutes at 37°C)
and the DISCOVERY Yellow detection kit. In the following sequence,
CD8 was detected using clone C8/144B (RRID:AB_3285728; 1:200,
32 minutes at 37°C). CD8 was visualized using anti-mouse HQ for
12 minutes at 37°C, followed by anti-HQ HRP (RRID:AB_3068525;
12 minutes at 37°C) and the DISCOVERY Purple detection kit. Slides
were counterstained with hematoxylin and bluing reagent. Materials
used for this analysis were from Ventana Medical Systems. Stained
slides were uploaded to the HALO software v3.1. For image analysis,
the tumor area was annotated manually with a border of 150 pum to
include the stromal region, which forms the TME. Due to the absence
of cancer cells in the tissue obtained during cystectomy in patients who
achieved a pCR, we annotated the fibrotic tissue and immune
infiltrate—if present—as this area was most probably the tumor bed. If
we could not identify the tumor bed based on fibrosis with immune
infiltration, we excluded the sample from further analysis. An Indica
Labs Multiplex THC v3.4.9 analysis algorithm was used for image
analysis. The density of CD8*PD1" cells (cells/mm?) and the ratio of
CD8"PD1" over the total number of CD8" cells in the annotated area
were determined. Object data were exported for further downstream
analysis (R v3.6).

miF

mlF was performed using antibodies against CD8 (RRID:AB_2075537),
CD103 (RRID:AB_11142856), PanCK (RRID:AB_777047), and the
TCF7 protein (RRID:AB_2199302). Additional details are described in
Supplementary Table S1. Image analysis was performed using the HALO
software (v3.5.3577.285, Indica Labs). Based on the annotation of the
tumor area on hematoxylin and eosin in Slidescore, as defined by an
experienced uro-pathologist (M.L. van Montfoort), the tumor area with a
margin of 150 pm was annotated manually on the corresponding multi-
plexed slide in HALO. If the tumor was in complete regression, we an-
notated the area with fibrosis and immune infiltration (if present) as the
tumor bed. The Indica Labs Highplex FL v4.0.2 analysis algorithm, uti-
lizing artificial intelligence-based nuclei segmentation, was employed for
the analysis. Regions of interest were analyzed, and infiltration analysis was
conducted using the spatial analysis option in HALO. Cell object data,
including each cell's marker expression and x- and y-coordinates, were
extracted for phenotype quantification and further downstream analysis
using R v3.6. Thresholds for marker positivity were set to the median of 10
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expert-optimized slides from the same batch, and those thresh-
olds were applied to all remaining slides to obtain cell-positive
classification for each marker. Subsequent analyses were per-
formed on those classifications. Additionally, cell densities (cells/
mm?®) were determined by dividing the number of cells by the
corresponding tissue area for specific cell phenotypes: CD8"-
TCF7-CD103~, CD8"TCF7"CD103~, CD8"TCF7 CD103", and
CD8'TCF7°CD103". To quantify all CD8" cells, we aggregated
phenotypes: CD8"TCF7*CD103*. In cases where cells exhibited
mutually exclusive marker combinations (e.g., panCK"CD8"),
they were reclassified based on the marker with the highest rel-
ative intensity level.

DNA sequencing and RNA-seq

DNA and RNA were isolated from FFPE tissue. Details about
DNA and RNA isolation and sequencing are depicted in Supple-
mentary Table S1. The DNA sequencing reads were aligned to the
human genome version 38 using Burrows-Wheeler Aligner 37.
Duplicated reads were identified using MarkDuplicates (http://
broadinstitute.github.io/picard), and the quality scores were subse-
quently recalibrated with GATK BaseRecalibrator 4.2.5.0
(RRID:SCR_001876). Somatic single-nucleotide variants and short
insertions and deletions were called in tumor samples matched with
germline samples using Strelka 2.9.2 (RRID:SCR_005109; ref. 23).
Variants were retained if they had a high-reliability score and an
allele frequency above 5%. The selected variants were annotated
using SnpEff v4.3t (built 2017-11-24). For TMB, we considered all
but synonymous, intronic, and intergenic mutations. For biomarker
discovery, we used variants categorized as insertions and deletions,
missense, frameshift, stop codon gain or loss, splice acceptor or
donor, transcriptional disruption, exon loss, and structural inter-
action variants for downstream analysis. We explored somatic
variants in DNA damage response (DDR) genes with clinical sig-
nificance (24). For this, we excluded variants labeled as (likely)
benign in terms of clinical significance, variants previously identi-
fied as population or germline SNPs (with TOPMed and CAF an-
notations showing an alternate allele frequency >5%), and variants
predicted as tolerated based on the SIFT score. In DDR variants, we
explored alterations in DNA mismatch repair machinery (MLHI,
MSH2, MSH6, PMSI, and PMS2), nucleotide excision repair
(ERCC2-4 and ERCCS5), homologous recombination (BRCAI,
MREIIA, NBN, RAD50-51, RAD51B, RAD5ID, RAD52, and
RAD54L), Fanconi anemia (BRCA2, BRIP1, FANCA, FANCC,
PALB2, RAD51C, and BLM), checkpoint (ATM, ATR, CHEKI-2,
and MDC1), and others (POLE, MUTYH, PARPI, and RECQL4; ref.
25). Copy numbers were called using CNVKkit v0.9.6 (26) with copy
number ratios (cnr) calculated relative to a pooled normal reference.
As we sequenced the data in two batches, a specific pooled normal
reference was estimated for each batch. Gene-level cnr were deter-
mined as the weighted average cnr for each gene. Deep deletions
were defined as log,(cnr) < —0.7, shallow deletions as —0.7 <
log,(cnr) < —0.5, and amplifications as log,(cnr) > 1. Genomic data
were analyzed using the R packages VariantAnnotation v1.24.5 and
ComplexHeatmap v1.17.1.

RNA transcript quantification was performed using Salmon
v1.1.0 in quantification mode against the gencode_v29_idx refer-
ence, applying fragment GC bias correction and validateMappings
mode. For single-end RNA-seq data (batch 1), the library type was
specified as “A,” whereas for paired-end data (batch 2), the library
type was set to “ISF.” Salmon quantification files were processed
with tximport 1.14.2, and transcript annotation was carried out
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using AnnotationDbi 1.48.0, biomaRt 2.42.1, and GenomicFeatures
1.38.2. Transcript counts were subsequently mapped and aggregated
into gene-level counts. All analysis pipelines were executed using R
3.6.3. We conducted an exploratory data analysis to assess potential
batch effects by projecting the data from three batches onto a
principal component analysis space. The analysis revealed a signif-
icant batch effect between samples sequenced on the HiSeq
2500 system (RRID:SCR_016383; single-end) and those sequenced
on the NovaSeq 6000 system (RRID:SCR_016387; paired-end). To
account for these experimental differences, we applied the ComBat-
Seq batch effect adjustment tool (27) within the sva package 3.50 at
the gene count level. This adjustment resulted in a batch-corrected
gene count matrix suitable for differential expression analysis. No
additional covariate matrix was required for batch adjustment, as
both sequencing batches had a similar distribution of sample types.
Notably, no batch effect was detected between the two series of
samples sequenced on the NovaSeq 6000 system. The batch-
corrected gene count matrix was refined by removing genes with
zero counts in >80% of samples and excluding genes not annotated
by the HUGO Gene Nomenclature Committee. Only genes with a
count per million >1 were retained in at least four samples. For du-
plicated HUGO Gene Nomenclature Committee genes, the mean gene
count was computed. The edgeR package v3.28.1 (RRID:SCR_012802)
was used to calculate normalization factors to adjust for raw library
sizes. Differential expression analysis was performed on the batch-
corrected gene count matrix using the DESeq2 package v1.26.0
(RRID:SCR_000154) without log fold change shrinkage, following the
standard analysis pipeline. Gene set enrichment analysis was conducted
using the fgsea package (v1.12), parsing the list of genes ranked by log,
fold change with 10,000 permutations, a false discovery rate (FDR)
threshold of 5%, and gene set sizes ranging from 15 to 500, focusing on
the Hallmark gene sets. To score gene signatures associated with vari-
ous biological processes, we conducted a thorough literature review and
curated gene signatures from various sources, ensuring minimal re-
dundancy among the selected signatures (Supplementary Table S2). To
calculate gene signature scores, we normalized the gene counts using
counts per million and library sizes, and the average normalized ex-
pression of the signature was computed. The signature scores were
analyzed on a logarithmic scale, and differences between groups were
assessed using a two-sided ¢ test (with an unadjusted P value threshold
of <0.05). We used the consensus classification (28) and The Cancer
Genome Atlas classification (29) to classify molecular subtypes. We
used Fisher’s exact test to ascertain an association between molecular
subtypes and ICB response.

Multiomics analysis

We developed a predictive logistic regression multiomics model
using features significantly associated with the ICB response at
baseline, which were TMB derived from DNA sequencing, TGFp
derived from RNA-seq, and PD-L1 TPS derived from IHC. We
estimated the model on all samples and reported the model statis-
tics. To evaluate predictive performance, we reestimated the model,
leaving out one patient sample and predicting that sample. As a
summary statistic, we used the ROC curve. We showed the corre-
lation between biomarkers using the Pearson correlation. The model
comparison was performed using a log-likelihood test.

scRNA-seq

We used fresh bladder tumor tissue obtained during cystectomy
from two patients with a pCR to high-dose ipilimumab to perform
single-cell RNA-seq (scRNA-seq) of CD3" cells, as described in
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Supplementary Table S1. The count matrix provided by our internal
Genome Core Facility was converted into a Seurat object using the
Seurat package v5.1.0. As quality control steps, we removed cells
with no or conflicting hashtags, >25% of their reads aligned to
mitochondrial genes, or cells with a very high or low amount of total
genes or read counts (z-score of log-transformed total gene or read
count >2 or <2), as these are most likely nonviable or duplicate cells
(https://satijalab.org/seurat/articles/pbmc3k_tutorial.html). Addition-
ally, we removed CD3" cells in which a T-cell receptor RNA was not
detected, and we corrected the expression for the following con-
founders using the ScaleData function of the Seurat package and the
harmony package v1.2.1: cell-cycle scores, ribosomal percentages,
mitochondrial content (30), total RNA counts, and sample differ-
ences. The number of detected genes (features) and total RNAs
(counts) per cell were scaled by a factor of 10,000, log;o-transformed,
and z-scored. Cells with counts or features with z-scores less
than —2 or greater than +2 were removed. CD8A™ cells were filtered
based on normalized and scaled gene counts (CDS8A RNA > —0.5 and
CD4.1 RNA <0). TCF7" cells were selected based on >1 raw TCF7
gene counts. Differentially expressed genes between CD8A'TCF7"
and CD8A'TCF7  cells were calculated based on the following
thresholds: average log, fold change >1.5 or < —1.5 and Bonferroni
adjusted P value > 1 x 107'° The log, fold change is based on the
normalized expression of genes in CD8A*TCF7" and CD8A"TCF7~
cells and is calculated using the FindMarkers function from the Seurat
package.

Data availability

The DNA sequencing and RNA-seq data are deposited in the
European Genome-phenome Archive under the accession
number EGAC00001001648. PD-L1 and response data are
available in Supplementary Table S3. Academic (noncommer-
cial) requests for data use will need to be directed to the cor-
responding author (M.S. van der Heijden) and will be reviewed
by the Institutional Review Board of the NKI. Following ap-
proval, a data access agreement with the NKI should be signed.
All other data are available upon reasonable academic request
under similar conditions.

The underlying codes for our main results are available in a
GitHub repository: https://github.com/tropicalberto/nabucco_
biomarker_manuscript.git.

Results

Baseline biomarkers for response

From February 2018 to April 2021, 54 patients were enrolled in
the NABUCCO trial. The representativeness of study participants
about sex, age, race, and geography is depicted in Supplementary
Table S4. To identify candidate biomarkers associated with treat-
ment response, IHC and whole-exome tumor/germline DNA se-
quencing and RNA-seq were performed on pretreatment tumor
tissue of the full cohort to explore potential differences between
responders and nonresponders (Supplementary Fig. S2). We ob-
served a higher TMB in patients who responded to combination
ICB compared with nonresponders (Fig. 1A; P = 0.00068). Previ-
ously, mutations in DDR genes were reported to correlate with
response to checkpoint inhibition (24). Similarly, we observed al-
terations in DDR genes more frequently in responders compared
with nonresponders (Supplementary Fig. S3; P = 0.0188). Data in
advanced urothelial cancer and the adjuvant setting indicated that
PD-L1 positivity is associated with response to ICB (10, 11, 31),
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Figure 1.

Baseline biomarkers for response for the full cohort. A, Baseline TMB (somatic nonsynonymous TMB per Mb) for responders [complete response (CR); <ypTINO]
vs. nonresponders (non-CR; ypT2-4aNx or ypTxN1-3). B, Average expression of TGFp signature (16) between responders and nonresponders. C, Progression-free
survival for TGFB-high vs. TGFB-low (median as cutoff value). The P value was calculated using a log-rank test. Clinical cutoff date, March 2022. D, Gene set
enrichment analysis (GSEA) of baseline hallmark signatures for responders vs. nonresponders; false discovery rate, 5%. EMT, epithelial-to-mesenchymal

transition; PFS, progression-free survival.

although conflicting results have been observed (32, 33). In our data,
we observed a response to preoperative ipilimumab plus nivolumab
more frequently in PD-L1-positive tumors irrespective of the PD-
L1 scoring method (Table 1; CPS P = 0.048; TPS P = 0.004; IC
P = 0.016). Several stromal genes, including those involved in
epithelial-to-mesenchymal transition and TGFf3, have an immuno-
suppressive capacity, which could attenuate ICB efficacy (16, 34).
We observed that nonresponders showed a higher expression of a
fibroblast-derived TGFp signature (Fig. 1B; P = 0.037; ref. 16). In
addition to a lower pathologic response rate after treatment with
ipilimumab plus nivolumab, patients with a high expression of this
TGEF signature showed inferior progression-free survival compared
with patients with a low TGFp expression signature (Fig. 1GC;
P = 0.02). Furthermore, patients who were unresponsive to
preoperative ipilimumab plus nivolumab showed enhanced ex-
pression of an epithelial-to-mesenchymal transition hallmark
signature (Fig. 1D).

Based on transcriptomic profiling, urothelial tumors can be di-
vided into various molecular subtypes, which we determined for the
baseline tumor samples (28, 29). We did not observe a correlation
between molecular subtypes and response to ICB (consensus
P =0.653; The Cancer Genome Atlas P = 0.446; Supplementary Fig.
S4). We additionally explored the expression of a TLS signature (20)
based on our bulk RNA-seq data and compared responders with
nonresponders. We did not observe a difference in TLS-related gene
expression across response groups (P = 0.11; Supplementary Fig.
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S5), which is consistent with our previous analysis using mIF in
cohort 1 of NABUCCO (13).

To test the predictive potential of our multiomic biomarkers,
we constructed a logistic regression model for ICB response
with TMB, TGEp, and PD-L1 TPS as features. We observed that
only PD-L1 TPS was robustly associated with ICB response
(P = 0.007; Supplementary Fig. S6A). The leave-one-out pre-
diction yielded a ROC of 0.789, indicating that TMB, TGFp, and
PD-L1 TPS can predict ICB response (Supplementary Fig. S6B).
We found TMB and TGFp to be negatively correlated (Supple-
mentary Fig. S6C). However, a log-likelihood ratio test revealed
that a model without these two terms was significantly worse
(P = 0.0046), indicating that TMB, TGEp, and PD-L1 TPS to-
gether best predict response. In conclusion, these data indicate
that tumors with a high mutational load and PD-L1 positivity at
baseline respond better to ipilimumab plus nivolumab, which
aligns with data from the PURE-01 study (7). High expression of
a TGFp signature is associated with nonresponse and poor
progression-free survival.

Baseline biomarkers for response for ipilimumab-high and
ipilimumab-low

From the 54 patients enrolled in the NABUCCO trial, 39 patients
were treated with ipilimumab-high (3 mg/kg), and 15 patients re-
ceived treatment with ipilimumab-low (1 mg/kg). Baseline charac-
teristics were comparable for patients treated with ipilimumab-high
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Table 1. Response by PD-L1 CPS, TPS, and IC.

Nonresponders
Responders (ypT2-4aNx
(<ypTINO) or ypTxN1-3) P value®
CPS
<10% 7/21 (33%) 14/21 (67%) 0.048
>10% 19/30 (63%) 11/30 (37%)
TPS
<1% 6/23 (26%) 17/23 (74%) 0.004
>1% 18/26 (72%) 8/26 (31%)
IC
<1% 0/7 (0%) 7/7 (100%) 0.016
1%-5% 10/16 (63%) 6/16 (37%)
>6% 14/26 (54%) 12/26 (46%)

2p values were calculated using a two-sided Fisher’s exact test.

and ipilimumab-low and were described previously (14). We ex-
plored whether the mutational burden differences between response
groups observed for the full cohort were similar for patients treated
with ipilimumab-high and ipilimumab-low. We observed that
responders had a higher TMB than nonresponders in both the
ipilimumab-high and ipilimumab-low groups, but this difference
was only significant for ipilimumab-high, most likely due to a lack
of statistical power in the ipilimumab-low group (P = 0.0051 and
P = 0.24; Supplementary Fig. S7). Next, we evaluated potential
transcriptomic differences in response groups for both ipilimumab
dosing regimens. Responders to ipilimumab-high showed en-
hanced transcription of hallmarks for the g2m checkpoint and e2f
targets (Fig. 2A and B). We identified that responders to
ipilimumab-low showed enrichment of IFN-a and IFN-y hall-
marks and an increased expression of inhibitory immune check-
points, including PD-L1 and CTLA-4, indicating a more
inflammatory TME (Fig. 2C and D). Next, we studied the TME for
CD8" T-cell infiltration in both ipilimumab dosing regimens and
compared responders with nonresponders. In the ipilimumab-
high group, the density of various CD8" T-cell subsets was similar
for responders compared with nonresponders (Supplementary Fig.
S8A). In the ipilimumab-low cohort, densities of unselected CD8"
T cells, CD8"CD103"* T cells (tissue-resident T cells), and CD8"-
PD1" T cells were numerically higher in responders compared
with nonresponders, but statistical significance was not reached
(Supplementary Fig. S8B). Results from this exploratory analysis
suggest that a TME with inflammatory characteristics at baseline
might be required for a response to low-dose ipilimumab, whereas
a response to high-dose ipilimumab seemed less dependent on an
inflamed TME.

Treatment dynamics

To examine the effects of ipilimumab plus nivolumab on the
TME, we explored the characteristics of infiltrating CD8* T cells in
baseline and on-treatment samples using a T-cell mIF panel with
markers for tissue-resident T cells (CD103") and stem-like memory
T cells (TCF7*). We evaluated the infiltration of CD8*CD103" cells
in the TME as we assumed that CD8'CD103" T cells are tumor-
reactive (35). CD8*TCF7" T cells have been described to play an
important role in ICB efficacy, given their potential to form im-
munologic memory (36). In the full cohort, both the total CD8"
T-cell density (P = 0.0018) and the CD8"TCF7" T-cell density
(P = 0.0077) increased upon combination ICB, whereas the
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densities of CD8"CD103" T cells (P = 0.14) and CD8"PD1" T cells
(P = 0.14) were similar in baseline and on-treatment tissue
(Fig. 3A). However, there was a decline in the ratio of CD8"PD1"
T cells over the total CD8" T cells following combination ICB
(P = 0.00016; Fig. 3B), possibly as a direct result of therapy tar-
geting PD-1. To elucidate which changes in the TME characterize a
treatment response, we examined treatment dynamics in responders
(<ypTINO) and nonresponders (ypT2-4aNx or ypTxN1-3) in both
dosing regimens. Interestingly, only in responders to ipilimumab-
high, both the total CD8" T-cell density (P = 0.0029) and the
CD8"TCF7" T-cell subset (P = 0.0015) accumulated in the TME
following treatment (Fig. 3C). This phenomenon was not observed
in nonresponders to ipilimumab-high (Fig. 3D). In the ipilimumab-
low cohort, CD8" T-cell densities were similar in pre- and on-
treatment tissue (Fig. 3E and F); however, this analysis was limited
by a low sample size.

The CD8"TCF7" T-cell subset was previously described as con-
tributing to an ICB-mediated antitumor response (37). Therefore,
we aimed to characterize this particular subset in more detail. We
performed scRNA-seq of isolated CD3" T cells in the on-treatment
bladder tissue of two responders to high-dose ipilimumab (both
ypTONO). The change in CD8"TCF7" T-cell infiltration at baseline
and on-treatment, visualized by mlIF, is illustrated for these two
samples in Supplementary Fig. S9. The scRNA-seq experiment
comprised 11,607 CD3" cells. After quality control and filtering, we
were left with 3,027 CD3" cells for sample #1 and 868 CD3" cells for
sample #14. In sample #1, 2,372 cells were CD8A", and in sample
#14, 429 cells were CD8A™. Out of the 2,372 CD8A™ cells in sample
#1, 156 cells (6.6%) were positive for TCF7. In sample #14, 139 cells
(32.4%) were CD8A'TCF7". The remaining CD8A™ T cells were
TCF7". The fraction of CDS8A™TCF7" cells in our scRNA-seq data
aligns with our mIF data: 5.6% CD8"TCF7" in sample #1 and 33%
CD8'TCF7" in sample #14. When comparing the RNA expression
of CDSA'TCF7" cells with CDS8A*TCF7~ cells, we found an en-
hanced expression of IL7R and SELL (Fig. 3G), which suggests that
CD8A"TCF7" cells are in transition from an effector to a memory
state (38). Furthermore, we observed enhanced transcription of
LEF1 in the CDS8A*TCF7" subset, a transcription factor that mainly
acts during thymocyte maturation. Together with TCF7, LEFI
seems to be involved in memory formation (39). Also, the expres-
sion of GPRI5, CCR7, and XCLI was found to be upregulated in
CD8ATCF7" T cells, suggesting activated migration programs in
these cells (40, 41). In summary, combination ICB increased the
total CD8" T-cell density and the CD8"TCF7" T-cell density. Our
data in responders suggest an increase in the density of CD8*TCF7*
T cells in the TME following high-dose ipilimumab. The focused
analysis of two responders to ipilimumab-high indicated that
CD8A'TCF7" T cells possess characteristics of memory cells with
migratory potential.

Discussion

In the NABUCCO trial, we studied preoperative ipilimumab plus
nivolumab in patients with locally advanced urothelial cancer,
showing encouraging response rates. Given the increasing avail-
ability of effective treatment regimens for urothelial cancer (6, 42),
biomarkers are needed to identify patients who are likely to benefit
from specific therapies. In this study, we report a comprehensive
exploratory biomarker analysis from the full NABUCCO cohort.
We found that high TMB at baseline is associated with response to
combination ICB, which is in line with previous studies with anti-
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Figure 2.

Transcriptomic differences between responders and nonresponders at baseline for ipilimumab-high and ipilimumab-low. A, Gene set enrichment analysis
(GSEA) of baseline hallmark signatures for responders (<ypTINO) vs. nonresponders (ypT2-4aNx or ypTxNI1-3) in ipilimumab-high (arms 1+ 2A); false discovery
rate (FDR), 5%. B, Differentially expressed signature scores at baseline for responders vs. nonresponders in ipilimumab-high (arms 1+ 2A). C, GSEA of baseline
hallmark signatures for responders vs. nonresponders in ipilimumab-low (arm 2B); FDR, 5%. D, Differentially expressed signature scores at baseline for

responders vs. nonresponders in ipilimumab-low (arm 2B).

PD-(L)1 monotherapy in metastatic urothelial cancer (4, 16-19, 43).
In the preoperative setting, similar results about TMB and response
to anti-PD-1 were observed in the PURE-01 study (7). In contrast,
high TMB at baseline did not correlate with response to other
preoperative checkpoint inhibitors such as durvalumab (anti-PD-
L1) and tremelimumab (anti-CTLA-4; ref. 15).

Furthermore, our data indicate that high expression of TGFf
signature genes at baseline is associated with resistance to ipilimu-
mab plus nivolumab. Our results are in line with a prior study in
metastatic urothelial cancer, demonstrating the association between
TGEFp and nonresponse (16). Similarly, in another preoperative ICB
study in urothelial bladder cancer (ABACUS), increased FAP (fi-
broblast activation protein) expression—which is associated with
TGEFp signaling (44)—was associated with resistance to preoperative
atezolizumab (8). Although the exact mechanism is not entirely un-
derstood, the hypothesis is that TGFf-induced fibrosis may create a
physical barrier that hinders immune cells from reaching cancer
cells (8).

In this study, PD-L1 positivity at baseline was significantly as-
sociated with response to ipilimumab plus nivolumab, regardless of
the scoring method. The predictive value of TPS seemed superior
compared with CPS and IC. PD-L1 expression as a predictor of
response to checkpoint inhibitors remains controversial in

AACRJournals.org

urothelial and other cancers. Results obtained from CheckMate 274,
a trial with adjuvant nivolumab in high-risk muscle-invasive bladder
cancer (31), showed an enrichment of clinical benefit in patients
who were PD-L1l-positive by the TPS algorithm. In contrast, the
AMBASSADOR trial of adjuvant pembrolizumab in a similar
population and trial design did not show a predictive effect when
using the CPS algorithm (32). These results could be seen as in line
with our finding that TPS may have a higher predictive potential
than CPS, although the sample size in our study is insufficient to
directly compare scoring algorithms.

A surprising finding in our previous analysis of NABUCCO
cohort 1 was the lack of association of preexisting T-cell immunity
with response to treatment (13). We hypothesized that anti-
CTLA-4 could induce or broaden newly formed anticancer im-
mune responses, leading to inflammation upon treatment initia-
tion (9). Our observation that responders to ipilimumab-low had a
TME with inflammatory characteristics before treatment supports
the idea that CTLA-4 blockade might augment preexisting im-
munity and that ipilimumab-low is inferior in achieving this effect,
necessitating preexisting T-cell immunity to induce a pCR.
Overall, the reduced response rate and correlation with preexisting
immunity in the ipilimumab-low cohort seem more in line with
the results of anti-PD-(L)1 monotherapy than with the added
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Figure 3.

A, Dynamics in CD8" T-cell subsets for the full cohort (arms 1+ 2A + 2B). Number of paired samples: CD8*, CD8*CD103", and CD8*TCF7* n = 40; CD8'PD1* n = 32. B,
Dynamics in the ratio of CD8*PD1" over CD8" cells for the full cohort (arm 1+ 2A + 2B), 32 paired samples. C, Dynamics in CD8" T-cell subsets for responders (<ypTINO)
following ipilimumab-high (arms 1 + 2A). D, Dynamics in CD8" T-cell subsets for nonresponders (ypT2-4aNx or ypTxN1-3) following ipilimumab-high (arms 1 + 2A). E,
Dynamics in CD8" T-cell subsets for responders following ipilimumab-low (arm 2B). F, Dynamics in CD8" T-cell subsets for nonresponders following ipilimumab-low (arm
2B). G, Differentially expressed genes in CD8A*TCF7" cells vs. CDSATCF7~ cells in responders to ipilimumab-high. Overexpressed genes are depicted on the right.
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benefit of ipilimumab-high, suggesting that higher doses of ipili-
mumab are required to induce an anticancer immune response in
urothelial cancers with a “cold” TME. Our sample size in the
ipilimumab-low cohort prevents us from drawing definitive con-
clusions on this hypothesis.

A novel observation in our analysis is the increased density of
CD8'TCF7" T cells in the TME following combination ICB. Further
evaluation of this result showed that the increase in the density of these
cells originated from responders to ipilimumab-high, which indicates
that ipilimumab-high may be required to achieve an accumulation of
this T-cell subset within the TME, and that this subset could be im-
portant for an effective antitumor immune response. We did not ob-
serve this increase in the ipilimumab-low cohort; however, this cohort
had a small sample size, warranting caution in the interpretation of this
result. We confirmed the presence of this T-cell subset on treatment in
a similar ratio in two responders to ipilimumab-high using scRNA-seq.
We further characterized the CD8A™TCF7" T cells after treatment and
identified enhanced expression of IL7R, SELL, LEF1, CCR7, GPR15, and
XCL1, which led to our hypothesis that CDS8A*TCF7" cells represent a
transition away from effector T cells, driving the effective anticancer
immune response toward a memory T-cell population (38). This T-cell
subset also possesses transcripts required for homing toward secondary
lymphoid structures (41).

An important limitation is the absence of scRNA-seq data on baseline
tissue, which precludes validation of treatment dynamics observed with
mIF. Another limitation of our study, in general, is the small sample size,
which limits statistical power, especially in the ipilimumab-low cohort.
Additionally, we considered arms 1 and 2A as ipilimumab-high, given
the comparable response rates in these arms, but the treatment regimens
in these cohorts were not completely identical.

In conclusion, our exploratory biomarker analysis indicates that
tumors with a high mutational burden and baseline PD-L1 positivity
exhibit a better response to preoperative combination ICB, whereas
high expression of a TGFf signature is linked to nonresponse. A TME
with signs of inflammation at baseline may be important for a response
to low-dose ipilimumab. An analysis of TME treatment dynamics
revealed enrichment of CD8"TCF7" T cells. In an exploratory
analysis of two responders to high-dose ipilimumab, CD8A*TCF7*
T cells displayed features indicative of memory formation.
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