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1. Introduction

In this issue of the IBCN Seminar Series, we present and
discuss the properties of circulating tumor DNA (ctDNA)
and the potential implications of ctDNA-based research in
the management of patients with bladder cancer. We fur-
thermore summarize encouraging results from the field and
ongoing and future clinical trials utilizing ctDNA.

2. Biology and detection of ctDNA

Cell-free DNA (cfDNA) is continually shed into the cir-
culation from dying cells. cfDNA is highly fragmented and
present at fragment sizes of approx. 166 base pairs corre-
sponding to the stretches of DNA protected by the nucleo-
some [1,2]. Tumors also release cfDNA, which harbors
tumor-specific (somatic) alterations and is termed ctDNA
[3]. cfDNA is thought to primarily be released from apopto-
tic or necrotic cells, however active release mechanisms
have also been described [4]. Importantly, the half-life of
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cfDNA has been estimated to be below 2 hours, which
makes cfDNA capable of providing real-time monitoring of
the tumor burden [5]. ctDNA detection is more frequent
with higher tumor burden and with increasing tumor inva-
siveness [6,7]. As a product of tumor cells and a reflection
of the tumor burden, ctDNA inherently has the potential to
be used for screening, early diagnosis, prognosis, minimal
residual disease detection, treatment response monitoring
and evaluation of clonal evolution [8].

The detection of ctDNA can be based on either a tumor-
informed or a tumor-agnostic approach. Tumor-agnostic
describes a scenario in which the somatic genomic features
of the tumor are unknown prior to cfDNA testing, and gen-
erally requires broad targeted sequencing panels to discover
these somatic genomic features. In contrast, a tumor-
informed approach means that key somatic genomic fea-
tures are already known, typically from genomic profiling
of tumor tissue. The tumor-informed approach has been uti-
lized extensively for the purposes of ctDNA detection due
to increased sensitivity [7]. Tumor-agnostic approaches are
more commonly used for de novo characterization of tar-
gets for treatment and resistance-conferring genomic
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alterations [2]. Targeted sequencing methods have been
widely used to detect ctDNA, but are limited by the avail-
able input material as DNA fragments with tumor-specific
mutations in the targeted regions might not be present in
the analyzed sample. Whole genome sequencing is now
being employed in a tumor-informed fashion to enable
characterization of vastly more mutations, which translates
into fewer DNA fragments needing to be analyzed to cap-
ture a ctDNA-derived signal [9].

3. Prognostic and predictive value of ctDNA detection in
localized bladder cancer

The prognostic value of ctDNA was demonstrated in a
recent study on plasma ctDNA including 68 patients with
muscle-invasive bladder cancer (MIBC) treated with neoad-
juvant chemotherapy (NAC) followed by radical cystec-
tomy (RC). The authors reported associations between
patient outcome and ctDNA status determined at both diag-
nosis, before RC and after RC (multiple time points investi-
gated) [10]. The vast majority of patients with detection of
ctDNA after RC developed BC recurrence and, interest-
ingly, most of these patients were ctDNA-positive already
at diagnosis. Importantly, the detection of ctDNA after RC
preceded radiological detection of BC recurrence in most
patients with a median lead-time of approx. 3 months. In
the same study, the dynamics of ctDNA during treatment,
that is clearance or persistence of ctDNA, were associated
with response to NAC and hence demonstrated the predic-
tive nature. However, a group of patients demonstrated
ctDNA clearance, but lack of response to NAC. Interest-
ingly, when compared to recurrence following RC, ctDNA
dynamics showed a superior association compared to patho-
logic response to NAC.

In the IMvigor010 adjuvant trial, a trial that did not meet
the primary endpoint, a sub analysis of patients positive for
ctDNA after RC had shorter disease-free and overall sur-
vival compared to those negative for ctDNA (possible prog-
nostic role). Moreover, patients positive for ctDNA after
RC had longer disease-free and overall survival when
treated with adjuvant atezolizumab compared to observa-
tion [11]. No significant difference in survival was identi-
fied for patients negative for ctDNA, suggesting that
ctDNA status could possibly be a predictive biomarker for
benefit with atezolizumab in the adjuvant setting. Clearance
of ctDNA during treatment was also found to be associated
with improved survival (possible predictive role). In this
study, ctDNA analyses were not performed at multiple
timepoints during treatment, which may limit dynamic
analyses in the context of tumor response,

4. ctDNA in the metastatic setting
Studies have shown high levels of ctDNA to be present

in patients with clinically progressing metastatic disease,
with a median ctDNA fraction of approx. 10%. However,

plasma ctDNA levels vary widely between patients and a
proportion may have levels below 1% [12]. Importantly,
even in the metastatic setting, the level of ctDNA seems
clinically prognostic and positively associated with aggres-
sive disease features [13]. The level of ctDNA is particu-
larly important for identification of targets for treatment in
the metastatic setting, as for example, copy number changes
require relatively high levels of ctDNA to enable robust
detection compared to other types of genomic alterations,
such as single nucleotide variants [14].

High concordance has been observed between the muta-
tional landscape of patient-matched plasma samples and
tumor tissue; however, concordance is less clear in plasma
samples with low ctDNA levels [15]. As an extension
hereof, the mutational landscape in metastatic disease,
based on ctDNA analysis, shows great similarity to the
mutational landscape of MIBC defined by primary tumor
analysis [13]. Clinically-relevant genomic alterations can
be identified in ctDNA, suggesting opportunities for preci-
sion oncology [16,17]. For example, in patients with
FGFR3 or ERBB2 (HER2) gene alterations identified in
ctDNA, the corresponding mRNA and proteins are signifi-
cantly upregulated in tumor tissue [13]. Therefore it is plau-
sible that ctDNA testing could help identify tumors that are
potentially sensitive to therapies targeting FGFR, HER2, or
other potentially “actionable alterations”; such hypotheses
can be further tested in clinical trials.

5. Other examples of potential utility

The use of ctDNA has been suggested as an approach for
cancer screening, provided that the presence of ctDNA
entails the presence of tumor cells [18]. This does, however,
necessitate a tumor-agnostic approach or an approach that
enriches mutational sites that are often altered. Importantly,
as the level of ctDNA is a reflection of the tumor burden, a
screening setting requires a very sensitive method. To
address this, it could be feasible to enrich the screening
population based on high risk factors in future setups.
Importantly, novel results from a multi-cancer early detec-
tion test have shown limited sensitivity for detection of
stage I cancers (sensitivity 16.8%) [19].

Plasma ctDNA may also be useful for determining tumor
mutational burden (TMB), since same-patient ctDNA-based
TMB and tissue-based TMB are highly correlated in meta-
static urothelial carcinoma [13]. In addition, a recent
ctDNA-focused pan-cancer study of approx. 10,000 patients
demonstrated an association between ctDNA-based TMB
and patient outcomes [20]. The ongoing PREVAIL study
including patients with advanced urothelial carcinoma at
the first line treatment setting may further evaluate this
question. ctDNA has been detected in urine supernatants in
patients with MIBC. The mutated DNA fragments identi-
fied in such samples might represent lysis of tumor cells
within the bladder lumen or clearance of plasma ctDNA, as
suggested by identification of high levels of urine ctDNA in
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patients after completion of RC [21]. Importantly, high lev-
els of ctDNA in urine supernatants obtained before RC
have also been associated with lack of response to NAC
and poor outcome following RC [22,23]. In line with this, a
recent study demonstrated persistence of ctDNA in urine
supernatants during NAC treatment to be associated with
response to treatment [24].

6. ctDNA in clinical trials

Multiple studies have demonstrated promising results for
ctDNA analyses with the potential to influence clinical
practice in the management of patients with MIBC. The
next vital step is to demonstrate improved patient outcomes,
quality of life and hopefully reduced cost associated with
the treatment regimens through clinical trials. The study by
Christensen et al. suggested multiple approaches for clinical
trial designs [10]. Initially, at diagnosis of MIBC, lack of
ctDNA detection has been associated with better prognosis
and patients without detectable ctDNA might potentially be
spared NAC. Patients with detectable ctDNA appear to be
at elevated risk and should receive NAC with monitoring of
ctDNA during treatment. In the event of ctDNA clearance,
suggesting sensitivity to chemotherapy, additional cycles
might be offered, whereas if ctDNA remains detectable it
might be favorable to change treatment regimen or move to
early RC if no alternative systemic options exist. Detection
of ctDNA after RC has been demonstrated as an indication
of metastatic disease and could serve as the deciding factor
for initiating treatment regardless of detection of metastatic
disease by imaging. In patients undergoing treatment of
metastatic disease, monitoring ctDNA during treatment
could provide a real-time indication of treatment response
and serve as evidence for changing treatment regimen if
ctDNA persists. All the above hypotheses need to be tested
in prospective clinical trials before incorporation into clini-
cal practice.

The ongoing TOMBOLA trial (NCT04138628)
addresses the potential for initiating treatment earlier based
on ctDNA detection. It is a single-arm, non-randomized
phase II trial with an estimated enrollment of 282 patients
in order to identify 127 ctDNA-positive patients and initiate
treatment with atezolizumab. The primary endpoint on the
trial is response measured by a combination of ctDNA sta-
tus and CT scan results. Imvigor011 (NCT04660344) is an
ongoing trial that builds on the seminal findings of the Imvi-
gor010 trial [11]. It is a randomized, placebo-controlled
phase III trial that addresses the efficacy and safety of treat-
ment with atezolizumab (vs. placebo) only in patients who
are ctDNA-positive after RC. It has an estimated enrollment
of 495 patients in order to randomize 213 patients with
detectable ctDNA after RC. The primary endpoint in the
trial is disease free survival. Both the TOMBOLA and
ImvigorQ11 trials thereby address the potential for survival
benefit based on initiating treatment at an earlier time point
based on detection of ctDNA compared to waiting for

disease detection by imaging according to current standards
of care. This step of prospective assessment of clinical util-
ity is critical before routine use of ctDNA in clinical prac-
tice.

In addition, efforts are underway to establish an umbrella
trial for initiating targeted treatments based on findings
from broader characterizations of ctDNA in patients with
locally advanced or metastatic bladder cancer, similar to a
current trial for patients with metastatic castration-resistant
prostate cancer (NCT03385655).

7. Discussion

Despite the recent advances in research on ctDNA and
progress in clinical trials, there remain a number of ele-
ments regarding the biology and clinical implications of
ctDNA that we still do not fully understand. Theoretically,
we expect most tumor lesions in a patient to shed ctDNA,
although to various extents, depending on the invasiveness
and aggressiveness of the lesion [25]. Limited evidence is
currently available that addresses this, however a recent
study on ctDNA from patients with non-small cell lung can-
cer (NSCLC) demonstrated detection of mutations private
to specific metastatic lesions in the plasma of a single
extensively analyzed patient [6]. Notably, a number of
tumor subclones originating from metastatic lesions were
not detected, demonstrating that there might be instances
with no or at least not detectable ctDNA from a number of
lesions. Consequently, it remains unclear to what extent the
genomic landscape observed by ctDNA analysis reflects the
heterogeneity and genomic landscape of all metastatic dis-
ease and, furthermore, how this landscape evolves under
the selective pressure applied by treatments over time. This
could also have implications for evaluation of resistance
mechanisms, future treatment guidance and therefore
requires further research to fully understand.

Another key aspect of ctDNA analysis is the biology
behind ctDNA shedding. Studies consistently report a lack
of ctDNA detection in a number of patients with significant
tumor burden and poor outcome, where the detection of
ctDNA would have been expected. This might be attribut-
able to insufficient sensitivity of the applied methods, but
might also reflect biologic characteristics resulting in no or
very limited shedding of ctDNA. By performing gene
expression analysis of primary tumor tissue from TURBT,
Powles et al. found higher expression of cell cycle and kera-
tin genes in patients shedding ctDNA and the study by
Abbosh et al. on ctDNA in NSCLC demonstrated a high
Ki-67 proliferation index, lymphovascular invasion and
non-adenocarcinoma histology to be associated with shed-
ding of ctDNA [6].

The timing of sample draw is another important aspect
for application of ctDNA analysis in detection of residual
disease after surgery. Recent data have shown that the level
of cfDNA is particularly elevated up to 4 weeks following
surgery, which could necessitate interrogation of additional



4 E. Christensen et al. / Urologic Oncology: Seminars and Original Investigations 00 (2022) 1—5

cfDNA molecules for identification of ctDNA and thereby
affect sensitivity [26]. Furthermore, the sensitivity for
ctDNA detection would be expected to vary between frame-
works employing either longitudinal sampling or a sample
from a single time point. This scenario might to some extent
be reflected in the different recurrence rates observed for
patients who are ctDNA negative following RC in the publica-
tions by Christensen et al. and Powles et al. at 0% and 30.6%
(observation arm), respectively [10,11]. Both studies employ
the Signatera analytical framework for ctDNA detection, but
the former analyzes longitudinal samples and the latter samples
obtained at the time of treatment initiation. However, sample
handling and processing differences between the studies might
explain part of the observed difference.

8. Conclusion

ctDNA analysis represents a highly promising avenue
for supplementing the current management of patients with
MIBC in the future. Data suggest that it might potentially
serve as a powerful prognostic biomarker at the time of BC
diagnosis, during treatment with NAC and before RC. In
addition, it seems to be associated with recurrence risk after
RC with an estimated 3-month lead-time compared to imag-
ing techniques. In the adjuvant setting, data suggest a puta-
tive predictive role of ctDNA analysis for treatment with
immune checkpoint inhibitor, which requires prospective
validation. Furthermore, tracking response to treatment is a
promising feature of ctDNA analysis. Importantly, the most
promising results obtained in the setting after RC are cur-
rently being put to the test in prospective clinical trials, for
example, IMvigorO11 and TOMBOLA. It will be important
for future clinical implementation to demonstrate that over-
all survival and quality of life have been improved. Further-
more, in the NMIBC setting it is possible that urine ctDNA
may also help identify or monitor disease recurrence,
although this is not yet well-explored. However, many
unanswered questions remain about ctDNA that pertain to
its biology, shedding, the optimal time points for sampling
and its capability to be representative of the full genomic
landscape of the totality of metastatic disease, including
copy number changes. Resolution of these questions
through ongoing research could add significantly to the
very promising data for ctDNA and its potential role in the
future as a critical component in the clinical practice for
patients with MIBC.
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