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ABSTRACT

Background The heritability of urinary tract cancer
(UTC) remains unexplained by known pathogenic
germline variants, and the influence of germline
variants on treatment response to immune checkpoint
inhibition (ICl) has yet to be fully elucidated.

Methods In this case—control study, we performed a
germline whole-exome sequencing of 810 UTC patients
from the Oncology Research Information Exchange
Network. A rare-variant burden test was conducted on
the 810 patients and 2354 healthy controls from the
Centre d'Etudes du Polymorphisme Humain families,
the University of Utah Heritage 1000 Projects, and the
1000 Genomes Project, stratified into discovery and
confirmation sets. We used a gene set-based rare-
variant association test (GSRVAT) with near-match
confirmation, testing for the association of pathways
with UTC susceptibility and accounting for multiple
testing. We then studied the impact of the identified
pathways on tumor biology and clinical course among
the 810 cases by analyzing their tumor exomes,
transcriptomes, and clinical features.

Results GSRVAT revealed forkhead box p3 (FOXP3)
as a susceptibility pathway in 16% of patients with
UTC, with an epistasis with DNA mismatch repair.
Carriers of germline truncating variants in FOXP3-
related susceptibility genes exhibited decreased
tumor FOXP3 expression levels, which were
associated with a cold tumor microenvironment and
significantly reduced overall and progression-free
survival following ICI.

Conclusions Germline variants in a set of FOXP3-
related genes confer inherent susceptibility to UTC
and contribute to resistance against ICl. The immune-
evading trait resulting from these variants and the
downregulation of FOXP3 expression introduce a novel
avenue for personalized medicine through germline and
tumor sequencing.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= The influence of germline variants on treatment re-
sponse to immune checkpoint inhibition in urinary
tract cancers has yet to be elucidated.

WHAT THIS STUDY ADDS

= This study identified that forkhead box p3 (FOXP3)-
related genes confer inherent cancer susceptibil-
ity and immune-evasive qualities to the tumors.
Germline variants lead to reduced FOXP3 expression
levels in tumors, which in turn are associated with a
worse prognosis after immunotherapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Germline sequencing of the FOXP3-related genes
and expression profiling of FOXP3 in tumors can
guide immunotherapy decisions.

INTRODUCTION

Bladder cancer (BC) is the most common
urinary tract cancer (UTC), frequently recur-
ring and progressing with a high mortality
risk in those over 70 years old.' While effec-
tive combination therapies for advanced UTC
exist, their toxicity limits use in older adults.*”
Immune checkpoint inhibition (ICI) alone is
more tolerable but less effective.*” Targeting
tumor driver mutations in UTC has limited
efficacy or shortlived benefit,”"” suggesting
additional oncogenic drivers.

Aging and carcinogen exposure are key risk
factors for UTC,11 but there is also a pattern
of familial clustering'® ' and an estimated
30% genetic heritability'* that cannot be
fully explained by shared environmental risks
or known disease genes.” '® Genome-wide
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association studies and whole-exome sequencing
(WES) suggest that host factors contribute to BC tumor
biology."” " Therefore, findings from susceptibility
studies have the potential to reveal pathways that predict
treatment response and disease outcomes.

To bridge the gap between known heritability and
genetic risks and better understand the drivers of tumor
biology, we leveraged the comprehensive Oncology
Research Information Exchange Network (ORIEN)
dataset, encompassing clinically annotated germline
WES, tumor WES, and tumor RNA sequencing (RNA-
seq) data for patients from multiple cancer centers in the
USA. This is the first report of a genetic association study
to identify rare germline variants in FOXP3related genes
as associated with UTC susceptibility and their impact on
tumor biology and disease progression following ICI.

PATIENTS AND METHODS

Reporting

The STrengthening the REporting of Genetic Associ-
ation Studies reporting guidelines were used for this
manuscript.”

Study population

The ORIEN consortium represents a nationwide network
of 19 cancer centers. The ORIEN Avatar program
conducts germline WES, tumor WES, and tumor RNA-
seq to research and match patients to clinical trials as
previously described.” *! Details regarding data sources
for the variables used in this study are listed on the
ORIEN website at https:/ /www.oriencancer.org.25 Our
study included 810 patients with primary sites of cancer
in the urinary tract (bladder, renal pelvis, ureter, urethra)
and excluded any kidney cancer cases unless they were
urothelial by histology. As illustrated in figure 1, we strati-
fied the 810 germline WES data into discovery and confir-
mation sets.

Sequencing
The sequencing experiments and primary analysis of
the sequencing data of the ORIEN Avatar program are
described in Kohlmann et al.?®

In the discovery set, 354 UTC cases were compared with
371 healthy, unrelated controls from the Centre d'Etudes
du Polymorphisme Humain families and the University
of Utah Heritage 1000 (H1K) Projects. The sequencing
of HIK samples was described in Ostrander et al® In
brief, DNA was extracted from blood or saliva. Genomes
were prepared using TruSeq DNA PCR-free libraries (Illu-
mina) and run on the Illumina HiSeq X Ten System at
a minimum of x60 median whole-genome coverage. The
same bioinformatics pipeline was used to analyze cases
and control data, starting from BAM files. Paired-end
reads were aligned to the GRCh38 reference genome
using Burrows-Wheeler Aligner V.0.7.10. Variants in both
cases and controls were jointly called using the Sentieon
software.

In the confirmation set, germline variants in 456 cases
were jointly called with 1983 WES data from the 1000
Genomes Project using the Sentieon software.

Tumor exome sequencing data from the ORIEN Avatar
program were processed by the TNRunner workflow of
the USeq software (https://github.com/HuntsmanCanc
erlnstitute). This workflow aligned tumor and germline
DNA sequencing reads to GRCh38 and called variants by
Ilumina’s Strelka2 Small Variant Caller. Somatic muta-
tions were extracted by subtracting germline variants from
tumor variants. Genome-wide tumor mutation burden
(TMB) was calculated from non-synonymous variants.
To ensure comparability of the TMB among patients, we
performed a joint variant calling by the GATK package
and then excluded variants if the missing rate was >10% or
the variant was outside the callable regions for 95% of the
samples.

The TNRunner RnaAlignQC workflow was run on each
tumor RNA-seq dataset. This workflow uses CutAdapt
V.3.4 to remove adapter sequences, STAR V.2.7.9a® to
align reads to the human GRCh38 Ensembl 106 refer-
ence, and featureCounts subread 2.0.3*’ to assign reads
to annotated genes.

In patients who had multiple tumor specimens, we
selected one specimen per patient to analyze tumor WES
and tumor RNA-seq (online supplemental note 1).

Quality control (QC) of data

In the discovery set (n=354), the germline analyses
excluded 18 cases with a high genotype missing rate
(figure 1). The remaining 336 cases were compared with
364 healthy individuals (figure 1). Cryptic relatedness,
or unexpected genetic correlation between two or more
cases, was inferred using the program KING (Kinship-
based INference for Genome-wide association studies). In
cases where multiple individuals were genetically related,
only one individual, the one with the lowest genotype
missing rate, was included in the analysis. In the confir-
mation set (n=456), one case was excluded due to cryptic
relatedness, and an additional 62 cases were eliminated
because of a high missing rate (figure 1). Gene-based and
gene set-based rare-variant association tests (GSRVATS)
on the discovery set yielded p values with the expected
distribution and no evidence of type 1 error inflation,
affirming the high quality of the data (online supple-
mental figure S1).

Among the 780 samples that underwent tumor WES, 730
(93.6%) were derived from specimens originating from
primary sites, while the remainder were obtained from
metastatic sites. The consistency of TMB across inferred
ancestry categories was observed from a non-significant
Kruskal-Wallis test (online supplemental figure S2).

The ORIEN data contained 554 tumor samples with
RNA-seq data available. We excluded 52 samples due
to missing clinical data and 11 duplicates. To mitigate
technical variations and batch effects, we removed 43
non-primary tumor samples, 128 samples prepared by
tagmentation, 1 sample exhibiting over 300 extreme
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Association of confirmed gene sets with
tumor biology and clinical outcomes

Truncating variants in the 65 FOXP3-related
genes (hereafter germline FOXP3) confer
susceptibility to UTC. There is a genetic
interaction between FOXP3 and MMR in
conferring UTC risk.

Tumors with germline
FOXP3 have reduced
FOXP3 expression and a
cold TME. Patients with
reduced FOXP3 have a
poorer PFS post-ICI.

Tumors carrying
germline FOXP3
exhibit MSI and high
TMB.

Figure 1 Study design. FOXP3, forkhead box p3; ICI, immune checkpoint inhibition; MSI, microsatellite instability; GSRVAT,
gene set-based rare-variant association test;ORIEN, the Oncology Research Information Exchange Network; PFS, progression-
free survival; QC, quality control; RNA-seq, RNA sequencing; TMB, tumor mutation burden; TME, tumor microenvironment;

UTC, urinary tract cancer; WES, whole-exome sequencing.

count outliers, and 179 samples derived from formalin-
fixed paraffin-embedded tissue specimens. This process
resulted in the retention of 140 samples for subsequent
analysis.

Medical Subject Headings (MeSH) terms over-represented in

a gene set

To delineate the biological functions of a set of genes,
we conducted a gene set overrepresentation analysis
(GSOA) using the BioLitMine database™ to identify
MeSH terms that were overrepresented among these
genes. BioLitMine mesh2gene database (V.2023.2) was
kindly provided by Dr Claire Yanhui Hu. From BioLit-
Mine, we constructed a gene set database linking multiple
Homo sapiens genes to each MeSH term in the Phenomena

and Processes category. A total of 1157 MeSH terms were
considered for GSOA after excluding 61 uninformative
terms, 148 with fewer than 2 genes analyzed by WES,
112 with more than 2000 genes analyzed by WES, and
11 duplicates. Subsequently, we conducted a one-sided
mid-p Fisher’s exact test for each MeSH term based on a
2x2 contingency table and then corrected the p value by
the Sidak procedure (Pc) to control the family-wise error
rate. MeSH terms with Pc<0.05 were deemed significant.

Analysis of germline exomes
Variant annotation, filtering, and statistical analyses of

WES data were conducted using the Variant Interpre-
tation for Clinical Test or Research (VICTOR, http://
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BJFenglab.org/) software suite’’ V.1.2 beta, built on 10
August 2023, and R V.4.3.1.

VICTOR performs a sandwich QC approach consisting
of three stages: variant-wise QC, sample-wise QC, and
variant-wise QC. This strategy ensures that the sample-
wise QC is based on high-quality variants and that the
variant-wise QC is based on high-quality samples. Variants
were filtered out based on Variant Quality Score Recali-
bration, the FILTER column of the Variant Call Format
(VCF) file, the missing rate (>10%), and an exact Hardy-
Weinberg Equilibrium test within each ancestry group
(p<0.000001). In both the rare-variant association test
(RVAT) and the epistasis test involving the comparison
of rare-variant burdens, samples with missing genotypes
were excluded. This approach ensured comparability
between cases and controls, effectively controlling type 1
errors.

Subsequently, VICTOR annotated and filtered variants
and performed RVAT by Firth’s penalized logistic regres-
sion. To account for population stratification, the VICTOR
pipeline first inferred ancestry and then conducted asso-
ciation analyses separately within each ancestry group
(African/African American, Admixed American, East
Asian, Non-Finnish European, and South Asian). Within
each ancestry, population substructure was adjusted using
principal components calculated from a within-ancestry
principal component analysis, with the number of compo-
nents determined using the elbow method. Results from
different ancestry groups were combined using Stouffer’s
method, with each group weighted by its effective sample
size calculated as 4xSx T/ (S+T), where S is the number of
cases, and T is the number of controls.

Since variants were excluded if they had a low BayesDel
deleteriousness score,” a high maximum allele frequency
across populations, or a ClinVar classification as Benign
or Likely Benign, a protective effect conferred by the
remaining variants was not expected. Therefore, RVAT
was one-sided. The genome-wide significance threshold
was set at p<0.05 after Siddk correction for the number
of genes or gene sets in the analysis. To select gene sets
for confirmation, we calculated each gene set’s false
discovery rate (q value) and progressively reduced the q
value threshold from 1 to 0 until fewer than ten gene sets
remained. If more than 10 sets remained, only the first 10
sets were selected.

To assess epistasis between two pathways, we coded geno-
types of the two pathways into a four-level variable, corre-
sponding to (1) not carrying any variants, (2) carrying
a germline variant in the first pathway, (3) carrying a
germline variant in the second pathway, and (4) carrying
germline variants in both pathways, respectively. Logistic
regression was performed on this variable, using level 1 as
the reference, adjusting for ancestry. We employed a strat-
ified permutation to assess the statistical significance of
epistasis. In this method, the germline carrier status of a
pathway was independently shuffled within each stratum
of individuals defined by affection status and ancestry,
preserving the individual effects of each pathway while

disrupting the correlation between them. An epistasis p
value was then calculated as the proportion of instances
where the shuffled data produced a higher odds ratio
(OR) for the level 4 genotype than the unshuffled data.
We randomly selected two gene sets from the human
genome and computed the epistasis p value to validate
this approach. This procedure was repeated 1000 times.
The quantile-quantile plot of these p values confirmed
the stratified permutation test’s correct type 1 error rate
(online supplemental figure S3).

Analysis of tumor transcriptomes

A total of 17403 expressed genes were normalized using
DESeq2, and FOXP3 high-expression and low-expression
groups, separated by the median value, were compared
by linear regression, with gene expression as the outcome
variable and FOXP3 group as the predictor, adjusting for
age and sex. Gene set enrichment analysis (GSEA) was
performed on each gene’s regression coefficient. We
performed one-sided GSEA for positive and negative
enrichment separately. The direction with a higher abso-
lute enrichment score was chosen. This approach is more
powerful than the two-sided GSEA when the association
test results are skewed. A GSOA was also performed to
validate this approach. This involved testing the over-
representation of a gene set among nominally associated
genes using Fisher’s exact test separately for each direc-
tion of association. Gene sets for GSEA and GSOA were
obtained from the MSigDB hallmark database and the
TIMEx (Tumor-Immune Microenvironment deconvolu-
tion) program (http://timex.moffitt.org). The signifi-
cance threshold was 0.05 after Sidik correction for the
number of gene sets analyzed.

Overall survival (OS) was assessed using a Cox propor-
tional hazards regression model, measuring the time
from the initial UTC diagnosis to death or the last
contact. Progression-free survival (PFS) by treatment
type was calculated from the start of treatment to the first
noted progression, including tumor growth on imaging,
medication changes due to progression, metastasis, recur-
rence or the last contact, whichever occurred first. Loss to
follow-up was treated as censoring.

Analysis of the Cancer Genome Atlas Urothelial Bladder
Carcinoma (TCGA-BLCA) data

This dataset comprised tumor RNA-seq data on 408
urothelial bladder carcinoma samples.

RESULTS

Samples

The number of samples is described in figure 1. The UTC
cases were predominantly European individuals (online
supplemental tables S1 and S4). The mean follow-up times
for OS, PFS following ICI, and PFS following platinum-
based treatment were 38.0, 21.7, and 33.7 months, respec-
tively. Among the 810 ORIEN samples, 804 had clinical
data. The missing rate for each variable of interest is

4
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indicated in online supplemental figure S5 (804 minus
the total number of patients at risk at time zero). Clinical
features associated with OS, revealed through a single-
variable Cox proportional hazards regression, included
older age, higher stage, and neuroendocrine histological
type (online supplemental figure S5). In the subsequent
analyses, we included non-urothelial histology to ensure a
comprehensive UTC study and a cohort that represents a
real-world patient population.

Gene prioritization demonstrated DNA mismatch repair (MMR)
genes

Gene-based RVAT on the discovery or confirmation set
did notyield a genome-wide significance. A meta-analysis
of both sets also failed to achieve genome-wide signifi-
cance (online supplemental table S2). However, GSEA™
on the meta-p values for deleterious variants revealed a
noteworthy enrichment of American College of Medical
Genetics and Genomics-recommended® cancerrelated
genes (p=0.024) (online supplemental table S3 and figure
S6A). Further categorization of these cancer genes by
mechanism showed significant enrichment of MMR genes
(p=0.015) (online supplemental table S3 and figure S6B).
In contrast, no significant enrichments were observed
for homologous recombination repair (p=0.43), non-
recombinational repair (p=0.70), base excision repair
(p=0.30), or nucleotide excision repair genes (p=0.59).

GSRVAT identified FOXP3-related gene sets
Given the absence of a major gene contributing to UTC
susceptibility, as evidenced by the gene-based RVAT, we
conducted a GSRVAT, aggregating functionally related
genes into a testing unit to enhance statistical power by
accumulating each gene’s individual effect. Intriguingly,
the top 10 gene sets, ranked among the 11786 analyzed
sets in the analysis of truncating variants, exhibited func-
tional correlations among themselves (table 1). Specifi-
cally, the second and fifth gene sets are linked to FOXP3,
considering that scurfy mice are characterized by a non-
functional FOXP3. To assess the biological correlation
between these two gene sets quantitatively, we conducted
a literature mining of 1157 unselected MeSH terms and
calculated the enrichment of each term in each gene set,
measured as log ORs. The correlation analysis of these
log ORs between the two gene sets resulted in a Pearson’s
correlation coefficient of 0.91, with a 95% CI ranging
from 0.90 to 0.92, confirming their biological correlation.

Notably, the association between these two sets cannot
be attributed to the same genes, as there were no signifi-
cantly overlapping genes between them (online supple-
mental table S4). This observation, that two FOXP3related
gene sets independently contributed to UTC predisposi-
tion, not only provides additional support for the involve-
ment of FOXP3 in UTC susceptibility but also suggests a
high level of locus heterogeneity.

Given the locus heterogeneity in UTC susceptibility, we
adopted a near-match approach at the confirmation stage.
In this approach, instead of directly testing each candidate

gene set on confirmatory samples, we expanded each
candidate set to include a group of biologically correlated
gene sets, identified through key phrase matching of gene
set names. We then tested all gene sets within each group
and selected the lowest p value, adjusting for multiple
testing using the Siddk method. The adjusted p value
was designated as the near-match confirmation p value
(Pnmc) for the original candidate gene set. Using this
approach, both the second and fifth gene sets achieved
significant confirmation with Pnmc<0.005 (table 1).

The four FOXP3related gene sets (including two
candidate gene sets and two top gene sets from the near-
match confirmation) comprised 65 unique genes with a
p value<0.25 (online supplemental table S4 and S5). The
limited overlap among these gene sets further corrobo-
rates the significant locus heterogeneity observed in UTC
susceptibility. Among the 810 UTC patients, 127 (16%)
had atleast one truncating germline variant within the 65
FOXP3related genes (figure 2A).

Epistasis between FOXP3 and MMR gene sets

Carrying a germline variant in the 65-gene FOXP3
related gene set did not associate with UTC primary site,
histology, stage, age at diagnosis, OS, or PFS. However,
individuals harboring a truncating variant in one of the
65 genes exhibited an elevated TMB and increased micro-
satellite instability (MSI) (figure 2B,C).

The correlation between germline status of FOXP3
related genes and TMB and MSI led us to hypothesize a
potential synergistic effect, or epistasis, between FOXP3
and DNA repair pathways, particularly MMR genes,
given the earlier gene prioritization findings. To evaluate
this interaction, we conducted logistic regression using
the 810 ORIEN UTC cases and 1000 Genomes Project
controls. MMR genes (n=34) were sourced from the
MSigDB database, disregarding their individual associa-
tion with UTC, and excluding PMS2 due to the potential
presence of pseudogene mutations.

Relative to patients without variants in either pathway,
having a deleterious variant in the MMR pathway alone
did not exhibit a significant association with UTC
(p=0.42). Conversely, harboring a truncating variant in
the FOXP3related genes alone resulted in an OR of 3.68,
while carrying both MMR-related and FOXP3related vari-
ants boosted the OR to 25.2 (table 2). A stratified permu-
tation test (online supplemental note 1) assessed the
FOXP3-MMR interaction as significant (p=0.043).

It is imperative to highlight that the observed synergy
between FOXP3 and MMR gene sets cannot be attributed
to linkage disequilibrium, considering the dispersion of
multiple genes across the genome (online supplemental
figure S7) and the absence of co-occurrence of germ-
line variants in FOXP3related genes and MMR genes in
healthy controls (p=0.99 by Fisher’s exact test).

FOXP3is associated with the tumor microenvironment (TME)
Literature mining of 1157 unselected MeSH terms
showed that “ITME” was the top-ranking and significantly
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Figure 2 Oncology Research Information Exchange Network urinary tract cancer patients carrying germline truncating variants
in forkhead box p3 (FOXP3)-related genes. (A) Oncoplot of germline variants in the 65 FOXP3-related genes. (B) Difference

in tumor mutation burden (TMB). Beta and p value were obtained from a quantile regression adjusting for age and sex. (C)
Difference in microsatellite instability (MSI). OR and p value were obtained from a logistic regression adjusting for age and sex.

enriched term associated with the 65 FOXP3-related genes (figure 3A). This observation supports using FOXP3
(corrected p=0.013) (online supplemental table S6). expression level as an indicator for studying the func-

To substantiate this finding molecularly, we tion of the FOXP3related gene set. We divided the
compared the transcriptomes between carriers and 140 ORIEN patients into two groups based on FOXP3
non-carriers of FOXP3related variants. Among the expression levels, separated by the median value.
140 samples subjected to transcriptome analysis, 13 The two groups were balanced concerning potential
harbored a germline truncating variant in one of the = confounders: age of specimen collection, sex, race,
65 FOXP3-related genes. Interestingly, these patients upper versus lower urinary tract location, urothelial
had a significantly lower expression of the FOXP3RNA  versus non-urothelial histology, and stage (online

Table 2 Epistasis between FOXP3 and MMR pathways identified from germline exomes

Pathways* Cases Controls OR (95% Cl) P value
None 478 (76.2%) 883 (83.1%) Reference Reference
MMR 66 (10.5%) 151 (14.2%) 0.84 (0.55 to 1.28) 0.42
FOXP3 56 (8.9%) 27 (2.5%) 3.68 (1.81 to 7.51) <0.001
FOXP3 and MMR 10 (1.6%) 1 (0.094%) 25.2 (0.63 to 998) 0.086

Regression was adjusted for ancestry.

*Patients were separated into four groups by the level of germline variant carrier status. Level 1 did not carry any variants in the FOXP3 nor
the MMR pathway; level 2 carried deleterious variants in the MMR pathway, level 3 carried truncating variants in the FOXP3-related genes,
and level 4 carried deleterious variants in the MMR and truncating variants in the FOXP3-related genes.

FOXP3, forkhead box p3; MMR, mismatch repair.
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FOXP3 expression had a worse overall survival. (D) Patients with lower FOXP3 expression had a worse progression-free survival

following treatment with immune checkpoint inhibitors.

supplemental table S7). Additionally, we used the
TCGA-BLCA dataset to cross-validate our findings.
Comparing the transcriptome profiles between the
FOXP3-high and FOXP3-low tumors identified 757
differentially expressed genes (DEG) with an adjusted
p value<0.05 (online supplemental figure S8). Among
these, 563 were upregulated in the FOXP3-high
patient group, and 194 were downregulated (online
supplemental figure S8). GSEA showed that the DEGs

were enriched with the “allograft rejection” pathway
and immune pathways such as the “IL6 JAK STAT3
signaling” and “inflammatory response” (online
supplemental figure S9A,C). The FOXP3-low tumors
were immunologically cold (characterized by the lack
of immune cell infiltration) compared with FOXP3-
high tumors. These enrichments were replicated in
the TCGA-BLCA. Even the strength of enrichment was
similar (online supplemental figure S9B,D). Pathways
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negatively associated with FOXP3 expression included
“MYC targets v2” and “oxidative phosphorylation”
(OXPHOS) (online supplemental figure S9A,B).
Gene Set Variation Analysis® confirmed the correla-
tion between high FOXP3 expression and regulatory
T-cell infiltration within the tumors (online supple-
mental figure S10).

To establish the association between germline variants
in the 65 FOXP3related genes and TME, we assessed each
tumor’s transcriptome, comparing those with FOXP3-
related germline variants and those without, followed
by a GSEA. Results showed that tumors harboring such
variants displayed a negative correlation with “allograft
rejection” and “inflammatory response” pathways
(figure 3B). These findings suggest a link between
germline variants and immunologically cold TME, high-
lighting the potential use of germline sequencing for
predicting TME.

The expression of FOXP3 is associated with clinical prognosis
The FOXP3low group was associated with a worse OS,
with a hazard ratio (HR) of 2.66 (p=0.0050) obtained
from a Cox proportional hazards regression adjusted
for age, sex, and stage (figure 3C). Dividing patients
into treatment subgroups, those with low FOXP3 expres-
sion exhibited poorer PFS. Among patients treated with
platinum-based drugs, the HR for FOXP3low was 1.27
(0.50-3.25) (online supplemental figure S11). On treat-
ment with ICI, Cox proportional hazards regression was
not applicable due to the absence of progression among
FOXP3high patients. However, the Kaplan-Meier curve
showed a poorer outcome in FOXP3low patients, and the
log-rank test yielded a p value of 0.0043 (figure 3D).

FOXP3 expression contributes to intertumor heterogeneity

We conducted an unsupervised analysis of the tumor
transcriptomes from ORIEN and TCGA-BLCA to unveil
the intrinsic subtyping of UTC tumors and their correla-
tion with FOXP3. Intriguingly, FOXP3 exhibited a correla-
tion with the third principal component in ORIEN and
the first principal component in TCGA-BLCA (online
supplemental figure S12A,B), with a correlation score of
-0.45 (p<0.001) and -0.61 (p<0.001), respectively (online
supplemental figure S12C,D). This suggests that FOXP3
is one of the major contributors to UTC’s intertumor
heterogeneity.

Subsequently, we investigated how FOXP3 aligns with
known UTC subclasses as categorized by the consensus
muscle-invasive bladder cancer classifier.”® The results
indicated that tumors with high FOXP3 expression were
more likely to be of the basal/squamous subtype and
less likely to be of the luminal-papillary subclass (online
supplemental figure SI2EJF). In addition, stroma-
rich was also significantly associated with high FOXP3
expression in TCGA-BLCA (online supplemental file
1), consistent with the higher immune infiltration in
this subclass.

DISCUSSION

In this large WES dataset from multiple US cancer
centers, we identified germline truncating variants in a
set of FOXP3related genes implicated in UTC suscepti-
bility in 16% of the patients. These variants were associ-
ated with reduced tumor FOXP3 expression (figure 3A),
suggesting a role in tumorigenesis. Notably, we observed
a significant epistatic interaction between FOXP3related
and MMR gene variants, implicating a synergistic mecha-
nism in cancer susceptibility and immune evasion.

Forkhead box P3 (FOXP3), a critical transcription
factor for regulatory T cells (Tregs), also plays a context-
dependent role in tumor biology. While its immunosup-
pressive function in Tregs can promote tumor immune
escape, FOXP3 also acts as a tumor suppressor in epithe-
lial cancers by repressing oncogenes such as HER2, SKP1,
and MYC*"* Our findings support this tumor-suppressive
role: tumors with low FOXP3 expression exhibited enrich-
ment of the MYCand OXPHOS pathways (online supple-
mental figure S7A,B), both of which are associated with
immune evasion and treatment resistance. OXPHOS
promotes M2 macrophage polarization,” while MYC
modulates both innate and adaptive immune responses.*’

Positioned on the X chromosome in humans and mice,
the FOXP3gene is of paramountimportance, as evidenced
by the severe autoimmune phenotypes observed in mice
with FOXP3 mutation, known as scurfy mice. Male scurfy
mice typically face fatal multiorgan inflammation within
weeks of birth. Our study revealed no deleterious or trun-
cating germline variants in the FOXP3 gene, consistent
with its indispensable role in survival.

Importantly, FOXP3related germline variants were asso-
ciated with increased MSI (figure 2C), suggesting a func-
tional interaction with MMR deficiency. This epistatic
relationship may represent a novel mechanism of tumor-
igenesis, particularly relevant to Lynch syndrome. Struc-
tural studies have shown that FOXP3binds to microsatellite
regions of the DNA via multimerization,*' a process that
is potentially disrupted by MSI. Thus, MMR deficiency
may impair FOXP3’s chromatin regulatory functions, and
low FOXP3 expression in this context could exacerbate
chromatin-level dysregulation.

The observed synergy effect between FOXP3 and
MMR pathways is a novel finding and holds potential
significance in clinical genetic testing for UTC. Germ-
line testing for FOXP3 pathway variants may help stratify
cancer susceptibility risk in patients with Lynch syndrome.
The substantial increase in risk when germline variants in
both pathways are present could justify a more vigilant
surveillance approach. Moreover, MSI is a biomarker for
response to ICL.* MMR-deficient tumors are associated
with increased FOXP3+ Tregs, thought to be a response
to increased immunogenicity and neoantigen load.” *
Conversely, the germline FOXP3related variants appear
to confer an immune evasive property to these tumors by
generating a cold TME (figure 3B).

Low FOXP3 expression in our study correlated with
poor PFS on ICI (figure 3D) and luminal-papillary
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tumor subclass (online supplemental figure SIOEF).
Similarly, the luminal-papillary class of UTC tumors was
among the least likely to respond to ICI in the IMvigor
210 study (ClinicalTrials.gov ID NCT02108652).%
These findings suggest the consideration of FOXP3
functionality in selecting patients for ICI, especially
those with MSI. Interestingly, FOXP3 expression is regu-
lated by chromatin remodeling complexes and may be
epigenetically modulated for therapy, offering a future
avenue for therapeutic modulation.*

While our study leverages a robust real-world dataset
with integrated germline, tumor, and transcriptomic
data, several limitations warrant consideration. Our
sample size is limited for accurately estimating the
OR of carrying germline variants in the FOXP3 and
MMR pathways (table 2). It is also insufficient for a
stratified analysis to clarify the distinct contributions
of germline versus somatic alterations to prognosis.
The FOXP3-related gene set includes 65 genes, each
with an individual p value<0.25. It is likely that some
of these genes have reduced effect sizes or no true
association, while other relevant genes may have been
missed. Further validation in a larger, independent
cohort is necessary to refine and more accurately
define the list of truly associated genes. Additionally,
because the ORIEN samples are mostly composed
of European individuals, a larger cohort is required
to establish the generalizability of these findings in
other populations. Furthermore, evaluating FOXP3-
related variants in other Lynch-associated cancers
could further elucidate the broader relevance of this
epistatic interaction.

The near-match confirmation approach helps miti-
gate the limited statistical power of GSRVAT to some
extent. While key phrase matching can reliably iden-
tify biologically correlated gene sets, it is not scalable
for large-scale analyses. Further methodological devel-
opment is needed to enable its broader application in
future studies.

Another limitation of our study is the use of FOXP3
transcript expression as a proxy for FOXP3 pathway
activity, which may not fully reflect the downstream
functional consequences of germline variation in
FOXP3-related genes. This underscores the need to
develop cell-type-specific, directionally coherent gene
signatures to more accurately capture FOXP3 activity
across relevant cell types in UTC. Furthermore, we did
not perform expression quantitative trait loci analyses
to assess whether the identified germline variants mech-
anistically regulate FOXP3 expression, primarily due
to their rarity and the limited statistical power of our
cohort. While cell-type deconvolution of bulk RNA-seq
offered insights into immune cell infiltration in UTC
tumors, our study is limited in its ability to distinguish
the expression of tumor FOXP3 and Treg FOXP3, which
would certainly be of importance in delineating the
role of germline FOXP3-related gene variants in tumor-
igenesis. Future studies with single-cell and spatial

transcriptomics to distinguish tumor-intrinsic FOXP3
from Treg-derived expression would be informative.

We did not evaluate treatment-related toxicity in
this study, which may confound the observed survival
outcomes by obscuring whether poor responses reflect
true resistance or intolerance to therapy. Incorporating
detailed clinical data on adverse events, dose delays,
and treatment discontinuation will be essential to
disentangle these effects.

In conclusion, our analysis uncovers a novel mechanism
of UTC susceptibility involving truncating germline vari-
ants in a set of FOXP3related genes, and their epistatic
relationship with the MMR pathway. These variants are
associated with reduced FOXP3 expression in tumors,
which in turn correlates with immune-evasive and stem
cell-like phenotypes. Integrating germline testing for
FOXP3related variants with tumor FOXP3 expression
profiling may offer a path toward more precise risk strati-
fication and therapeutic targeting in UTC.
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