
CLINICAL CANCER RESEARCH | PRECISION MEDICINE AND IMAGING

Circulating Tumor DNA Analysis in Advanced Urothelial
Carcinoma: Insights from Biological Analysis and
Extended Clinical Follow-up
Sia V. Lindskrog1,2, Karin Birkenkamp-Demtr€oder1,2, Iver Nordentoft1, George Laliotis3, Philippe Lamy1,
Emil Christensen1, Derrick Renner3, TineG. Andreasen1,2, Naja Lange1, Shruti Sharma3, AdamC. ElNaggar3,
Minetta C. Liu3, Himanshu Sethi3, Alexey Aleshin3, Mads Agerbæk4, Jørgen B. Jensen2,5, and
Lars Dyrskjøt1,2

ABSTRACT
◥

Purpose: To investigate whether circulating tumor DNA
(ctDNA) assessment in patients with muscle-invasive bladder
cancer predicts treatment response and provides early detection
of metastatic disease.

Experimental Design: We present full follow-up results
(median follow-up: 68 months) from a previously described
cohort of 68 neoadjuvant chemotherapy (NAC)-treated patients
who underwent longitudinal ctDNA testing (712 plasma sam-
ples). In addition, we performed ctDNA evaluation of 153
plasma samples collected before and after radical cystectomy
(RC) in a separate cohort of 102 NAC-naïve patients (median
follow-up: 72 months). Total RNA sequencing of tumors was
performed to investigate biological characteristics of ctDNA
shedding tumors.

Results: Assessment of ctDNA after RC identified metastatic
relapse with a sensitivity of 94% and specificity of 98% using the

expanded follow-up data for the NAC-treated patients. ctDNA
dynamics during NAC was independently associated with patient
outcomes when adjusted for pathologic downstaging (HR ¼ 4.7;
P ¼ 0.029). For the NAC-naïve patients, ctDNA was a prognostic
predictor before (HR ¼ 3.4; P ¼ 0.0005) and after RC (HR ¼ 17.8;
P¼ 0.0002). No statistically significant difference in recurrence-free
survival for patients without detectable ctDNA at diagnosis was
observed between the cohorts. Baseline ctDNA positivity was
associated with the Basal/Squamous (Ba/Sq) subtype and enrich-
ment of epithelial-to-mesenchymal transition and cell cycle–
associated gene sets.

Conclusions: ctDNA is prognostic in NAC-treated and NAC-
naïve patients with more than 5 years follow-up and outperforms
pathologic downstaging in predicting treatment efficacy. Patients
without detectable ctDNA at diagnosis may benefit significantly less
from NAC, but additional studies are needed.

Introduction
Bladder cancer is a common malignancy with more than 570,000

new cases each year worldwide (1), of which approximately 25% are
diagnosed with muscle-invasive bladder cancer (MIBC). Despite
curative intent treatment with neoadjuvant chemotherapy (NAC)
followed by radical cystectomy (RC), approximately 50% of patients
with localized MIBC develop metastatic disease (2) and only 40% to
45% have a pathologic response to NAC (3, 4). Early detection of
metastatic relapse and effective monitoring of treatment response are
therefore critical to improve patient outcomes.

Circulating tumorDNA (ctDNA) is a promisingminimally invasive
blood-based biomarker for early detection of metastatic relapse and

monitoring of treatment response in bladder cancer (5–7). Our group
has previously demonstrated that ctDNA monitoring in patients with
MIBC (median follow-up of 21 months after RC) can identify met-
astatic relapse with a median lead-time of 96 days over radiographic
imaging (5). Several factors, including tumor stage and tumor size
impact ctDNA detection (8–11). However, absence of ctDNA detec-
tion in advanced tumors of high volume has shown to be influenced by
biological features such as age, obesity, and diabetes (12) and also
tumor characteristics including histology and proliferation rates (13).
Thus, establishment and validation of sensitive ctDNA detection
methods and increased knowledge of tumor characteristics affecting
ctDNA shedding in bladder cancer are needed to facilitate the imple-
mentation of ctDNA assessment in routine clinical practice. As late
events may be more difficult to detect due to continued metastatic
tumor evolution (14), evaluation of ctDNA-based stratification of
patients having long-term clinical follow-up is of high importance.

Here, we present extended clinical follow-up results (median
follow-up of 68 months after RC) from a previously described
cohort of 68 NAC-treated patients (5). In addition, we performed
ctDNA evaluation in a retrospectively collected cohort of 102
patients that did not receive NAC to compare recurrence rates
between NAC-treated and NAC-naïve patients when stratified by
ctDNA status. We investigated whether longitudinal ctDNA assess-
ment in patients with MIBC predicts treatment response and early
detection of metastatic relapse for both cohorts. Furthermore, we
evaluated the underlying biology of metastatic relapse and ctDNA
shedding using RNA sequencing (RNA-seq) data of the primary
tumors at diagnosis.
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Materials and Methods
Patients and clinical samples

The study was conducted in accordance with the Declaration
of Helsinki and all patients provided written informed consent to
participate in future research projects. The human investigations
were initiated following approval from The National Committee on
Health Research Ethics (#1302183 and #1706291). Details of the
68 NAC-treated patient cohort have previously been described (5).
Pathologic downstaging after NAC was defined as ≤pTa, CIS, N0.
Additional ctDNA analysis of 56 plasma samples collected after RC
was performed.

For the NAC-naïve cohort, we retrospectively included 102 patients
diagnosed with MIBC who underwent RC without prior treatment
with NAC at Aarhus University Hospital in Denmark between 2001
and 2014. Patients were recruited over a period of 13 years (2001–
2014) when NAC was not standard-of-care in Denmark. Hence, the
cohort might include both cisplatin-eligible and ineligible patients.
The NAC-naïve cohort was selected to represent an equal number of
patients with andwithoutmetastatic disease within the cohort andwas
not matched to the NAC-treated cohort. None of the patients received
adjuvant chemotherapy but were treated at the time of relapse
detection. Plasma samples collected before RC (at diagnosis or at
previous visits due to NMIBC) and after RC were included and
analyzed for presence of ctDNA (collection of samples between
2001 and 2016).

Clinical end points were obtained from radiographic imaging
results and pathology reports [recurrence-free survival (RFS)] and
from the nationwide civil registry [overall survival (OS)]. RC was not
completed for patients 4175 and 4250 and recurrence assessment was
not available for patient 4519, and these patients were therefore
excluded from analyses of recurrence status. For patients in the
NAC-naïve cohort, RFS was censored after 4 years of FU. Assessment
of 12-month recurrence status was based on imaging data up to
14 months after RC to allow for variability in scheduling of imaging.
Follow-up information was collected and managed using REDCap
hosted at Aarhus University (15, 16).

Whole-exome sequencing
Whole-exome sequencing (WES) was performed on tumor

embedded in Tissue-Tek O.C.T. Compound or formalin-fixed,

paraffin-embedded (FFPE) tumor tissue along with matched
peripheral blood mononuclear cell blood samples (germline) from
each patient. Details and metrics of the NAC-treated 68-patient
cohort were previously described (5). For the NAC-naïve cohort,
WES of tumor and matched germline DNA was performed at a
mean target coverage of 405X (range, 238–689X) for tumor samples
and 94X (range, 60–139X) for germline samples.

Personalized ctDNA assay using multiplex PCR-based NGS
workflow

Personalized, tumor-informed ctDNA assays (Signatera) were
designed as previously described (5) and used for ctDNA detection
and quantification. Briefly, up to 16 high-ranked, patient-specific,
somatic, single-nucleotide variants (SNV) derived from WES of
tumor tissue were selected for multiplex PCR (mPCR) testing.
mPCR primers targeting the selected SNVs were designed, synthe-
sized, and used for longitudinal ctDNA assessment. Plasma samples
with at least two variants detected were defined as ctDNA-positive.
ctDNA concentration was reported as mean tumor molecules per
mL of plasma.

Details and metrics of the NAC-treated 68-patient cohort were
previously described (5). For the NAC-naïve cohort, a median of
3.6 mL of plasma (range, 1.3–7.9 mL) was used for cell-free DNA
(cfDNA) extraction. Amedian of 6.5 ng cfDNApermL plasma (range,
0.79–799.8 ng/mL) was extracted.

Baseline ctDNA status was defined as the ctDNA status pre-NAC
for the NAC-treated cohort and the ctDNA status pre-RC for the
NAC-naïve cohort. Accumulated ctDNA status after RC was defined
as any ctDNA-positive plasma sample during the surveillance period
after RC. In addition, an evaluation of the prognostic potential of
ctDNA detection after RC was performed with a restricted follow-up
time after the last ctDNA analysis. Here, recurrence was defined as
detection of clinical recurrence from radiographic imaging results up
to 2 years after the last plasma sample was analyzed. No recurrence was
defined as absence of clinical recurrence during the surveillance period
of up to 2 years after the last plasma sample was analyzed, including
only patients with at least 2 years of follow-up after RC. For the NAC-
treated cohort, the accumulated ctDNA status within 1 year after RC
was included to illustrate a defined time period of evaluating patient
prognosis after RC. The accumulated ctDNA status within 1 year after
RCwas based on plasma samples up to 14months after RC to allow for
variability in sample collection. Again, recurrence was defined as
detection of clinical recurrence from radiographic imaging results up
to 2 years after the last plasma sample was analyzed (the last plasma
sample within the 1-year time period after RC). No recurrence was
defined as absence of clinical recurrence during the surveillance period
of up to 2 years after the last plasma sample was analyzed, including
only patients with at least 2 years of follow-up after RC.

Genomic characterization of tumors
The WES data of tumors from both patient cohorts were

subsequently and separately analyzed for tumor characterization
purposes (unrelated to the Signatera WES and personalized SNV
assay design workflow). Reads were mapped with bwa-mem using
the GRCh38 genome assembly, and SNVs and indels were called using
Mutect2 (v2.2) and annotated using SnpEff (v4.3t). Variants withmore
than 2 alternate allele reads in the germline, less than three alternate
allele reads in the tumor, or a tumor VAF below 5% were filtered out.
All variants passing the above filters were included in the analysis
of mutational signatures using SomaticSignatures (v2.30) and Muta-
tionalPatterns (v3.4.1). Tumors with <50 SNVs were excluded (23/170

Translational Relevance

Approximately 50%of patients diagnosedwith localizedmuscle-
invasive bladder cancer (MIBC) who are treated with neoadjuvant
chemotherapy (NAC) and radical cystectomy (RC) develop met-
astatic diseasewithin 2 years and only 40% to 45%have a pathologic
response to NAC. Assessment of circulating tumor DNA (ctDNA)
is a promising noninvasive blood-based biomarker, which might
improve the clinical management of patients with MIBC. Here
we evaluate the potential of ctDNA analysis in early risk stratifi-
cation, prediction of treatment response, and early detection of
metastatic relapse in a NAC-treated patient cohort with more than
5 years of follow-up after RC. Furthermore, a NAC-naïve patient
cohort was included to evaluate the prognostic potential of ctDNA
in this setting. Our results lay the groundwork for establishment of
new randomized trials evaluating ctDNA-guided therapeutic and
bladder preserving approaches.
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tumors). Trinucleotide patterns for COSMIC signatures (v3.2) were
obtained and used for analysis of the contribution of the four main
signatures previously observed in bladder cancer (SBS1, SBS2, SBS5,
SBS13), rather than performing de novo extraction of signatures.
To ensure that the contribution of the selected COSMIC SBS
signatures was representative of the observed mutational spectrum,
the resulting trinucleotide mutational profile for every sample was
compared with the original profile and only samples with a cosine
similarity above 0.9 were considered (107/147 tumors). For
the analysis of the number of SNVs and indels according to baseline
ctDNA status, only variants with a high or moderate impact (based
on SnpEff annotation) were included. When assessing the mutation
rates of single genes between ctDNA-positive and -negative
patients, a curated list of 78 bladder cancer driver genes from
IntOGen was used.

Total RNA-seq and bioinformatics analysis
Tumor RNA was extracted using RNeasy Mini Kit (catalog no.

74106, Qiagen) for samples in TissueTech (n ¼ 98) and Allprep
DNA/RNA FFPE (catalog no. 80234, Qiagen) for FFPE samples
(n¼ 64). Library preparation was performed using KAPA HyperPrep
kit (RiboErase HMR, Roche) followed by sequencing on an Illumina
NovaSeq 6000 generating a median of 110.7 million reads per sample
(range, 6.4–507.5 million reads). Salmon (17) was used to quantify the
amount of each transcript using annotation from Gencode release 33
on genome assembly GRCh38 and transcript-level estimates were
imported and summarized at gene-level using the R package txim-
port (v1.20). ComBat-seq was used to adjust for batch effects
between fresh-frozen and FFPE samples using the R package sva
(v3.42). Samples with less than five million mapped reads were
excluded and genes not expressed in at least 25% of samples were
removed, resulting in 131/162 tumors. Adjusted counts were nor-
malized using edgeR (v3.34.1): effective library sizes were calculated
using the trimmed mean of M values methods and counts were
transformed to log2-counts-per-million. All tumors were classified
according to the six consensus classes of MIBC (18) using the R
package consensusMIBC (v1.1). Gene set enrichment analysis was
performed using the R package fgsea (v1.20). Log-fold changes of
genes between groups were estimated using genewise negative
binomial generalized linear models (edgeR v3.36) and the Hallmark
gene sets were extracted from the Molecular Signatures Database
using msigdbr (v7.5.1).

Statistical analysis
Survival curves were compared using the Kaplan–Meier method.

HRs, associated 95% confidence intervals (CI), and P values were
calculated using Cox regression analysis (R packages survminer v0.4.9
and survival v3.2.13). Kruskal–Wallis test, Wilcoxon rank sum test,
Fisher exact test, and Pearson x2 test were used to determine statis-
tically significant associations. ctDNA growth rates (slow rise vs. fast
rise) were calculated using a log-linear regression fitted to each patient
based on ctDNA level as a function of time before clinical recurrence
detection. The ctDNA growth rates were estimated from the slope of
the regression lines. Analysis was performed using the R statistical
environment (v4.1.2).

Data availability
The raw sequencing data generated in this study are not publicly

available as this compromises patient consent and ethics regulations in
Denmark. Processed nonsensitive data are available upon reasonable
request from the corresponding author.

Results
Cohort characteristics

We updated ctDNA data and clinical follow-up for 68 patients
with MIBC who received NAC prior to RC (5). All patients were
monitored longitudinally with plasma ctDNA testing. Additional
ctDNA analysis of 56 plasma samples collected after RC was per-
formed for 17 patients, resulting in a total of 712 plasma samples
collected between 2014 and 2019 (Supplementary Fig. S1). Patients had
an updated median follow-up of 68 months after RC and an observed
recurrence rate of 28% (18/65 patients).

In addition, a cohort of 102 patients withMIBCwho did not receive
NAC before RC were retrospectively selected from our biobank for
ctDNA analysis. Plasma samples procured before RC (110 samples
from 101 patients) and after RC (43 samples from 35 patients) between
2001 and 2016 were included (Supplementary Fig. S2). Patients had a
median follow-up of 72 months after RC and an observed recurrence

Table 1. Demographics and clinical characteristics of patient
cohorts.

NAC-treated
cohort
(N ¼ 68)a

NAC-naïve
cohort
(N ¼ 102)a

P
valueb

Age, years, median (IQR) 67 (59–71) 69 (62–75) 0.010
Sex 0.53

Female 12 (18%) 22 (22%)
Male 56 (82%) 80 (78%)

T-stage, TURBT
Ta 0 (0%) 1 (1%) <0.001
T1 2 (2.9%) 22 (22%)
T2 59 (87%) 75 (74%)
T3 1 (1.5%) 0 (0%)
T4 6 (8.8%) 3 (3%)

N-stage, TURBT
N0 58 (85%)
N1 7 (10%)
N2 3 (4.4%)

T-stage, RC <0.001
T0/CIS/Ta 44 (67%) 27 (26%)
T1 3 (4.5%) 8 (7.8%)
T2 6 (9.1%) 23 (23%)
T3 9 (14%) 35 (34%)
T4 4 (6.1%) 9 (8.8%)

N-stage, RC 0.059
N0 59 (88%) 79 (80%)
N1 2 (3%) 13 (13%)
N2 3 (4.5%) 6 (6.1%)
N3 3 (4.5%) 1 (1%)

Pathologic downstaging
after NAC

44 (66%)

Complete response after
NAC

42 (63%)

Recurrence 18 (28%) 44 (44%) 0.035
12-month recurrence 10 (15%) 29 (30%) 0.034
RFS, months, median (IQR) 24 (23–25) 24 (5–32) 0.10
2-year survival 57 (86%) 73 (72%) 0.037
5-year survival 48 (73%) 58 (57%) 0.049
OS, months, median (IQR) 68 (54–82) 72 (17–92) 0.042

Abbreviations: CIS, carcinoma in situ; IQR, interquartile range.
aMedian (IQR); n (%).
bWilcoxon rank sum test; Person’s x2 test; Fisher exact test; Cox regression
analysis.
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rate of 44% (44/100 patients). Clinical characteristics differed between
cohorts as patients in the NAC-treated, prospective cohort were
collected consecutively while the patients in the NAC-naïve cohort
were retrospectively selected to include a similar number of patients
with and without metastatic disease within the cohort (Table 1).

NAC-treated patient cohort: ctDNA detection
is prognostic of outcomes

In this study with the updated clinical follow-up for the NAC-
treated patients, ctDNA status remained highly prognostic of patient
outcomes: at diagnosis before NAC (RFS: HR, 15.6; 95% CI, 3.5–69;
P ¼ 0.0003; OS: HR, 8.9; 95% CI, 2.9–27.3; P ¼ 0.0001), after NAC
prior to RC (RFS: HR, 15.2; 95%CI, 5–46.8; P < 0.0001; OS: HR, 9; 95%
CI, 3.6–22.6; P < 0.0001), after RC (accumulated ctDNA status; RFS:
HR, 37.7; 95% CI, 8.5–167.1; P < 0.0001; OS: HR, 19.5; 95% CI, 6.9–
54.6; P < 0.0001), and within 1 year after RC (accumulated ctDNA
status; RFS: HR, 20.3; 95% CI, 6.5–63.7; P < 0.0001; OS: HR, 15.8; 95%
CI, 6.2–40.2; P < 0.0001; Fig. 1A–L). Notably, all patients with disease
recurrence within the first year after RC were ctDNA-positive at
diagnosis before NAC (Fig. 1C). Five additional patients experienced
metastatic relapse 20 to 61 months after RC with the extended follow-
up. Of these, three patients (4422, 4479, and 4496) were ctDNA-
positive before NAC and during surveillance within the first 2 years
after RC. Thereby, using full follow-up during surveillance after RC,we
observed an overall recurrence rate of 94% (16/17) for ctDNA-positive
patients and 4.2% (2/48) for ctDNA-negative patients (accumulated
ctDNA status; 89% sensitivity, 98% specificity). For the remaining two
patients (3889 and 3997) being ctDNA-negative after RC but
experiencing metastatic relapse, the last available plasma samples were
collected 1,097 and 463 days before the clinical relapse, respectively.
Restricting the analysis to include 2 years of follow-up after the last
ctDNA analysis resulted in a recurrence rate of 94% (15/16) for
ctDNA-positive patients and 2% (1/48) for ctDNA-negative patients
(accumulated ctDNA status; 94% sensitivity, 98% specificity; Fig. 1I).

For patients withmetastatic relapse and detectable ctDNA (n¼ 16),
ctDNA analysis during surveillance after RC had a median lead-time
of 123 days over radiographic imaging (range,�83 to 1,478 days; P¼
0.003, full follow-up included; Fig. 2A). Importantly, ctDNA analysis
had a median lead-time of 118 days over radiographic imaging (P ¼
0.011) when restricting the analysis to patients with simultaneous
plasma samples and imaging (imaging performed �1 month of the
ctDNA analysis, n¼ 13).We found an increase in ctDNA levels before
clinical relapse for the 10 patients with metastatic relapse and ≥2
consecutive ctDNA-positive plasma samples available before/after
clinical relapse (Fig. 2B). Interestingly, patients with longer lead-
times (>200 days) had a slower rise in ctDNA levels (mean slope

of 0.004) compared with patients with shorter lead-times (mean slope
of 0.02; including patients with≥2 consecutive ctDNA-positive plasma
samples within 365 days before and 30 days after their clinical
relapse; Fig. 2C).

ctDNA measurements for monitoring treatment response
As previously described, pathologic downstaging to a noninvasive

stage (≤pTa, CIS, N0) after NAC was observed for 67% of patients
(44/66; ref. 5). For patients without pathologic downstaging, only 43%
(9/21) had metastatic relapse within the first year after RC, indicating
that pathologic downstaging is suboptimal for evaluating treatment
efficacy. Of the 36 patients who were ctDNA-negative at diagnosis of
MIBC, 89% (32/36) achieved pathologic downstaging (Fig. 2D).
Likewise, 80% (44/55) of patients who were ctDNA-negative after
NAC prior to RC achieved pathologic downstaging, whereas none of
the ctDNA-positive patients had pathologic downstaging (Fig. 2E).
When evaluating ctDNA dynamics (measurements before and after
NAC), 56% (9/16) of patients with ctDNA clearance achieved path-
ologic downstaging while none of the patients persistently positive
achieved pathologic downstaging (Fig. 2F). For patients who were
ctDNA-positive before treatment, clearance of ctDNA was signifi-
cantly associated with disease relapse within 1 year after RC (P ¼
0.002; Fig. 2G) and full follow-up RFS (HR, 6.5; 95% CI, 2–21.4; P ¼
0.002; Fig. 2H). Pathologic downstaging was significantly associated
with disease relapse within 1 year (P ¼ 0.03; Figure 2I), but not RFS
using the same patient subset (Fig. 2J). Of note, multivariable Cox
regression analysis revealed that both ctDNApositivity before RC (HR,
5.4; 95%CI, 1.5–19.1; P¼ 0.009) and absence of ctDNA clearance after
NAC (HR, 4.7; 95% CI, 1.2–18.8; P ¼ 0.029) were independently
associated with worse RFS when adjusted for pathologic downstaging
(Supplementary Table S1), indicating that ctDNA analysis might be an
appropriate tool to evaluate treatment efficacy as well as to identify
high risk patients before RC is performed.

NAC-naïve cohort: ctDNA detection is prognostic of outcomes
For the NAC-naïve patients, the presence of ctDNA was a strong

prognostic predictor of patient outcomes: at diagnosis before RC (RFS:
HR, 3.4; 95% CI, 1.7–6.8; P ¼ 0.0005) and after RC (accumulated
ctDNA status; RFS: HR, 17.8; 95% CI, 3.9–81.2; P ¼ 0.0002; Fig. 3A–
F). In this cohort, accumulated ctDNA status during disease surveil-
lance after RC identified metastatic relapse with 82% sensitivity and
94% specificity (Fig. 3F; recurrence evaluation within 2 years after the
last plasma sample was analyzed for ctDNA). In concordance with
previously published results on patients not receiving NAC (19),
surgical downstaging to a noninvasive stage (≤pTa, CIS, N0) and
complete resection (pT0, N0) at RC by transurethral resection of the

Figure 1.
ctDNA detection for prognosis assessment in patients treated with NAC. A, Kaplan–Meier survival analysis of RFS and plasma ctDNA status before NAC. B, Kaplan–
Meier survival analysis of OS and plasma ctDNA status beforeNAC.C,Association between plasma ctDNA status beforeNAC and recurrence statuswithin 1 year after
RC including only patients with at least 1 year of follow-up after RC. D, Kaplan–Meier survival analysis of RFS and plasma ctDNA status before RC. E, Kaplan–Meier
survival analysis of OS and plasma ctDNA status before RC. F, Association between plasma ctDNA status before RC and recurrence status within 1 year after RC
including only patients with at least 1 year of follow-up after RC.G, Kaplan–Meier survival analysis of RFS and accumulated plasma ctDNA status after RC. H, Kaplan–
Meier survival analysis of OS and accumulated plasma ctDNA status after RC. I, Association between accumulated plasma ctDNA status after RC and recurrence.
Recurrence was defined as detection of clinical recurrence from radiographic imaging results up to 2 years after the last plasma sample was analyzed. No recurrence
was defined as absence of clinical recurrence during the surveillance period of up to 2 years after the last plasma sample was analyzed, including only patientswith at
least 2 years of follow-up after RC. J, Kaplan–Meier survival analysis of RFS and accumulated plasma ctDNA status within 1 year after RC. K, Kaplan–Meier survival
analysis of OS and accumulated plasma ctDNA status within 1 year after RC. L, Association between accumulated plasma ctDNA status within 1 year after RC and
recurrence. Recurrencewas defined as detection of clinical recurrence from radiographic imaging results up to 2 years after the last plasma samplewas analyzed (the
last plasma samplewithin the 1-year time period after RC). No recurrence was defined as absence of clinical recurrence during the surveillance period of up to 2 years
after the last plasma sample was analyzed, including only patients with at least 2 years of follow-up after RC. HRs, associated 95% CIs, and P values are displayed on
each Kaplan–Meier plot (Cox regression analysis). Significant statistical difference between ctDNA status and recurrence was determined using Fisher exact test.
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ctDNAmeasurements for monitoring relapse and treatment response.A, Lead time in days betweenmolecular recurrence (ctDNA positivity) and clinical recurrence
(radiographic imaging positive). Statistical significance was calculated using paired Wilcoxon rank sum test. Longer lead-time was defined as >200 days between
molecular and clinical recurrence. B, ctDNA levels at the time of clinical recurrence (radiographic imaging positive, time point zero) for patients having at least two
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ctDNAdetection for prognosis assessment in patients not treatedwith NAC.A,Kaplan–Meier survival analysis of RFS and plasma ctDNA status before RC.B,Kaplan–
Meier survival analysis of OS and plasma ctDNA status before RC.C,Association between plasma ctDNA status before RC and recurrence statuswithin 1 year after RC
including only patients with at least 1 year of follow-up after RC.D, Kaplan–Meier survival analysis of RFS and accumulated plasma ctDNA status after RC. E, Kaplan–
Meier survival analysis of OS and accumulated plasma ctDNA status after RC. F,Association between plasma ctDNA status after RC and recurrence. Recurrence was
defined as detection of clinical recurrence from radiographic imaging results up to 2 years after the last plasma sample was analyzed. No recurrence was defined as
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bladder tumor (TURBT) alone was observed for 26% (27/102) and
16% (16/102) of the patients, respectively. Surgical downstaging was,
however, not associated with improved RFS or OS (results not shown).

We hypothesized that patients without detectable ctDNA at diag-
nosis do not need NAC and would therefore have a similar recurrence
rate as ctDNA-negative, NAC-treated patients. However, when com-
paring recurrence rates within 1 year after RC for patients who were
ctDNA-negative at diagnosis between the two cohorts, we observed a
recurrence rate of 10% (5/50) in NAC-naïve patients compared with
0% in NAC-treated patients. Notably, the difference in 1-year recur-
rence rates (P¼ 0.07) or RFS (P¼ 0.05) was not statistically significant
(Fig. 3G). The RFS of ctDNA-positive patients in the NAC-naïve
cohort was not shorter compared with ctDNA-positive patients in the
NAC-treated cohort and we observed no difference in 1-year recur-
rence rates (Fig. 3H).

Due to the collection procedure of plasma samples in the NAC-
naïve cohort, the volume of plasma obtained, the amount of extracted
cfDNA, and the library input were significantly lower compared with
theNAC-treated cohort, thus potentially reducing overall sensitivity of
detecting ctDNA in the NAC-naïve cohort (Supplementary Fig. S3A–
S3C). Five patients in the NAC-naïve cohort did not have detectable
ctDNA at the pre-RC time point despite having metastatic relapse
within 1 year after RC, but the quality of the samples from these
patients was not found to be significantly lower compared with the
remaining samples in the cohort (Supplementary Fig. S3D–S3F). The
anatomical location of relapse, i.e., local versus distant relapse, was not
significantly associated with either ctDNA status at diagnosis or after
RC in any of the cohorts (results not shown). Despite the overall lower
quality of samples in the NAC-naïve cohort, a strong prognostic
value of ctDNA testing remained (Fig. 3).

Two patients in the NAC-treated cohort (4136 and 3923), who did
not have metastatic relapse, were ctDNA-positive before RC (after
NAC) and consistently ctDNA-negative during surveillance after RC
(Supplementary Fig. S1). In the NAC-naïve cohort, four patients were
ctDNA-positive before RC and ctDNA-negative after RC without
havingmetastatic disease during the follow-up period (Supplementary
Fig. S2). These might be cases where the ctDNA before RC solely
originates from the primary tumor and/or regional lymphnodes rather
than disseminated tumor cells, and RC is thereby curative due to
completely localized disease.

Clinical and biological characterization of ctDNA shedding
tumors

To study features of baseline ctDNA positivity, we combined all
analyzed tumors and utilized the pre-NAC ctDNA status for NAC-
treated patients and the pre-RC ctDNA status for NAC-naïve patients.
In agreement with previous findings, ctDNA detection at baseline was
associated with higher tumor stage (P ¼ 0.018) and tumor size (P ¼
0.016) at TURBT (Fig. 4A–B). Smoking status of the patients was not
associated with ctDNA positivity at baseline (Fig. 4C). Using theWES
data from tumors, TP53 was the only driver gene showing a higher
mutation rate in ctDNA shedding tumors (P ¼ 0.007; Supplementary
Fig. S4A). We found no association between the number of somatic
variants or contribution of mutational signatures and baseline ctDNA
positivity (Supplementary Fig. S4B–D).

To explore ctDNA shedding biology further, total RNA-seq was
performed on 162 tumors of which 131 passed quality control filtering.
Tumors were classified according to the six MIBC consensus clas-
ses (18) andmore Basal/Squamous (Ba/Sq) tumors were found among
the ctDNA-positive patients (P < 0.0001; Fig. 4D), possibly reflecting
the higher aggressiveness of Ba/Sq tumors compared with the luminal

subtypes. For ctDNA shedding tumors, ctDNA levels were not asso-
ciated with tumor subtype classifications (Supplementary Fig. S4E). In
both cohorts, gene set enrichment analysis using the Hallmark gene
sets revealed an enrichment of oncogenic pathways, namely epithelial-
to-mesenchymal transition (EMT; q < 0.0001), hypoxia (q < 0.0001),
and cell cycle–associated gene sets (E2F targets, q < 0.0001 and G2M
checkpoint, q < 0.0001) in tumors from ctDNA-positive patients (n¼
57/126; Fig. 4E; Supplementary Fig. S4F). This may reflect a more
aggressive cancer phenotype with metastatic abilities of ctDNA shed-
ding tumors. Gene sets upregulated in patients who did not have
ctDNA clearance after NAC (n ¼ 7 patients) compared with patients
with ctDNA clearance (n ¼ 11 patients) included EMT (q < 0.0001),
hypoxia (q < 0.0001), and TNFa signaling (q < 0.0001; Fig. 4F). When
using clinical relapse within 1 year after RC as endpoint instead of
ctDNA status, we found enrichment of the EMT and E2F targets in
patients with metastatic relapse (n¼ 32 patients) whereas enrichment
of antitumor immune pathways, including IFNa (q < 0.0001) and
IFNg response (q < 0.0001) was observed among patients without
relapse (n ¼ 90; Fig. 4G).

Discussion
Assessment of ctDNA is a promising minimally invasive blood-

based biomarker in bladder cancer and here we underline its prog-
nostic value in NAC-treated patients with >5 years of follow-up after
RC. Accumulated ctDNA analysis after RC identified metastatic
relapse with a sensitivity of 94% and specificity of 98%, highlighting
the potential of ctDNA-guided prognostication and patient manage-
ment using a personalized, tumor-informed assay. We observed a
positive lead-time of ctDNA-based relapse detection of 123 days over
radiographic imaging, and importantly we still observed a positive
lead-time of 118 days when restricting the analysis to patients with
simultaneous ctDNA analysis and radiographic imaging. The associ-
ation between longer lead-times and a slower rise in ctDNA levels may
reflect more indolent underlying tumor biology and supports the need
for a frequent, quantitative assessment in this setting compared with a
binary evaluation of ctDNA presence. Further studies and larger
cohorts are needed to address the clinical potential of ctDNA growth
rate assessment and determine the optimal time intervals for estimat-
ing growth rates.

We included analysis of a NAC-naïve patient cohort to evaluate the
prognostic value of ctDNA in this setting. We found that the presence
of ctDNA was highly associated with worse RFS as expected. When
comparing outcomes across the patient cohorts, we observed a recur-
rence rate within 1 year after RC of 0% and 10% (nonsignificant)
among baseline ctDNA-negative patients in the NAC-treated and
NAC-naïve cohort, respectively. Of note, patients in the NAC-naïve
cohort were selected to represent an equal number of patients with and
without metastatic disease within the cohort, explaining the overall
higher number of recurrence events observed in this cohort compared
with the prospectively collected cohort of NAC-treated patients.
Furthermore, the plasma sample quality and volume in the NAC-
naïve cohort were lower compared with the samples in the NAC-
treated cohort, potentially impacting sensitivity.We speculate that this
might explain ctDNA negativity at baseline for the 5 patients
experiencing metastatic relapse within 12 months after RC. Finally,
the higher recurrence rate of the ctDNA-negative patients in theNAC-
naïve cohort might also be caused by the presence of non-detected
micrometastases or dormant carcinoma cells not eradicated by NAC.
Larger studies in this setting may likely be able to demonstrate
statistical significance. A randomized clinical trial is needed to
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establish whether baseline ctDNA-negative patients could potentially
avoidNACand its associated toxicity, orwhetherNAC is still indicated
despite no ctDNA detection. No difference in RFS of ctDNA-positive
patients was observed between patient cohorts; however, due
to discrepancies between the cohorts, the interpretation of a cross-
cohort comparison in both ctDNA-negative and positive patients
has its limitations. There is potential to explore whether escalation
of treatment will improve the outcome of the high-risk patients
who are ctDNA-positive at diagnosis and do not respond to NAC
(remain ctDNA-positive afterNACor become ctDNA-positive shortly
after RC).

For the NAC-naïve patients, we observed a high rate of surgical
downstaging at RC by TURBT alone. This further complicates the use
of pathologic downstaging to evaluate response to NAC, as it is not
possible to distinguish patients having pathologic downstaging due to
NAC or due to the TURBT alone. Assessment of ctDNA as treatment
response parameter has previously been explored inMIBC (5, 6). Here
we found that ctDNA status and ctDNA dynamics during NAC were
highly associated with pathologic downstaging. Furthermore, ctDNA
status before RC and ctDNA dynamics during NAC both outper-
formed pathologic downstaging in predicting treatment efficacy and
patient outcomes after RC. Defects in DNA damage repair (DDR)
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Figure 4.

Clinical and biological characterization of ctDNA shedding tumors. A, Association between baseline ctDNA status and tumor stage at TURBT including both patient
cohorts. B, Association between baseline ctDNA status and tumor size at TURBT including both patient cohorts. C, Association between baseline ctDNA status and
smoking status of patients including both cohorts.D,Association between baseline ctDNA status andMIBC consensus classification of tumors including both patient
cohorts. Asterisks in color legend indicate subtypes that were significantly associatedwith sheddingwhen comparedwith all other subtypes. E,Gene set enrichment
analysis of tumors using the Hallmark pathways comparing baseline ctDNA shedding and non-shedding tumors from both cohorts. Only gene sets with a normalized
enrichment score >2 are shown. F,Gene set enrichment analysis of tumors using the Hallmark pathways comparing patients with andwithout ctDNA clearance after
NAC. G, Gene set enrichment analysis of tumors using the Hallmark pathways comparing patients with and without recurrence within 1 year after RC. Statistical
significanceof ctDNAstatus andother categorical variableswas calculatedusing Fisher exact test. Gene sets inE–Gare ordered bydecreasingq-values andonly gene
sets with q values < 0.01 are shown.
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genes have been shown to increase sensitivity to chemotherapy in
bladder cancer (20–23) and several ongoing clinical trials are inves-
tigating bladder sparing for patients with alterations inDDRgenes and
complete pathologic response following NAC (24–26). The combined
approach of ctDNA testing and assessment of DDR pathway altera-
tions could potentially provide a refined selection of patients for
bladder preserving protocols. However, other studies have observed
no predictive power of DDR gene mutations (5, 27). A recent pub-
lication, where urinary tumor-derivedDNAwas evaluated for 56 of the
68 patients in the NAC-treated cohort (28), highlighted that a com-
bined analysis of urine- and plasma samples in pre-RC setting may
provide further strength to identify low-risk patients potentially
eligible for bladder sparing approaches.

We sought to characterize the underlying biology of ctDNA shed-
ding tumors and generally observed amore aggressive phenotype with
enrichment of EMT and cell cycle–associated gene sets. These findings
are in line with previous observations in lung cancer where ctDNA-
positive adenocarcinomas also showed upregulation of proliferation
and cell cycle–associated gene sets (13). In addition, we found more
tumors of the Ba/Sq subtype among patients whowere ctDNA-positive
at baseline. This has previously been observed in MIBC (29) and a
previous study on lung cancer found a higher ctDNAdetection rate for
squamous tumors compared with adenocarcinomas (11, 13), which
was suggested to be caused by the more necrotic profile of squamous
tumors.When using ctDNA dynamics to evaluate treatment response,
we found enrichment of the hypoxia gene set amongst others in tumors
from patients without ctDNA clearance during NAC. Hypoxia has
been suggested to enhance chemoresistance and the metastatic poten-
tial of cancer cells (30), further linking ctDNA dynamics during
treatment and lack of response to therapy. It should be noted that
the clinical and molecular features associated with ctDNA shedding
are per se associated with a more aggressive phenotype and hence,
poorer patient outcome. Also, Ba/Sq tumors are known to be asso-
ciated with EMT and a hypoxic environment (18, 31), meaning that
ctDNA shedding may be an intrinsic biological feature of Ba/Sq
tumors. Although causality is difficult to prove on the basis of this
data, the results suggest that presence of EMT in the primary tumor
might influence ctDNA shedding and that a high proliferation rate and
overall necrotic profile increases the continuous shedding of ctDNA
into circulation,making ctDNAdetection in these patientsmore likely.

Implementation of ctDNA analysis in the management of
patients with MIBC could potentially solve several clinical chal-
lenges, including early prognostication of patients, monitoring of
treatment response, early detection of metastatic relapse and poten-
tially selection of patients for bladder preserving protocols. Clinical
trials evaluating ctDNA-guided adjuvant treatment with atezolizu-
mab are currently ongoing (32, 33), but additional randomized
trials evaluating ctDNA-stratified therapeutic and bladder preserv-
ing approaches are needed to further elucidate the full clinical
potential of ctDNA assessment.
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