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ABSTRACT
Circulating cell-free tumor DNA (ctDNA) can serve as a 
real-time biomarker of tumor burden and provide unique 
insights into the evolving molecular landscape of cancers 
under the selective pressure of immunotherapy. Tracking 
the landscape of genomic alterations detected in ctDNA 
may reveal the clonal architecture of the metastatic 
cascade and thus improve our understanding of the 
molecular wiring of therapeutic responses. While liquid 
biopsies may provide a rapid and accurate evaluation 
of tumor burden dynamics during immunotherapy, the 
complexity of antitumor immune responses is not fully 
captured through single-feature ctDNA analyses. This 
underscores a need for integrative studies modeling the 
tumor and the immune compartment to understand the 
kinetics of tumor clearance in association with the quality 
of antitumor immune responses. Clinical applications of 
ctDNA testing in patients treated with immune checkpoint 
inhibitors have shown both predictive and prognostic 
value through the detection of genomic biomarkers, 
such as tumor mutational burden and microsatellite 
instability, as well as allowing for real-time monitoring 
of circulating tumor burden and the assessment of 
early on-therapy responses. These efforts highlight the 
emerging role of liquid biopsies in selecting patients for 
cancer immunotherapy, monitoring therapeutic efficacy, 
determining the optimal duration of treatment and 
ultimately guiding treatment selection and sequencing. 
The clinical translation of liquid biopsies is propelled by the 
increasing number of ctDNA-directed interventional clinical 
trials in the immuno-oncology space, signifying a critical 
step towards implementation of liquid biopsies in precision 
immuno-oncology.

INTRODUCTION
Immune checkpoint inhibitors (ICIs) have 
revolutionized the treatment landscape 
for patients with advanced solid tumors,1–4 
exemplified in the first tissue-agnostic drug 
approvals for patients whose tumors harbor 
microsatellite instability (MSI) or high 
tumor mutation burden (TMB).2 5–11 Similar 
promise has now been demonstrated in the 
early stage disease setting, given the FDA 
approval of ICIs for use in the adjuvant12–14 

and neoadjuvant treatment paradigm.15 16 
Despite the success of ICI therapy, clinical 
responses are often heterogeneous and only 
a subset of patients will attain long-term clin-
ical outcomes, highlighting an urgent clinical 
need to precisely identify those most likely 
to benefit through improved patient selec-
tion and stratification biomarker strategies. 
This is particularly important in the context 
of an ever-increasing number of immuno-
therapy monotherapy or combination treat-
ment strategies.17 18 Equally importantly, 
for patients who attain sustained responses 
to ICIs, the optimal duration of treatment 
remains unclear and conventional response 
assessments by radiographic imaging may fail 
to enable clinical decision making for treat-
ment de-escalation.19 These observations 
highlight the pressing need for molecularly-
informed strategies to enable early and accu-
rate response assessment to immunotherapy 
and to facilitate long-term monitoring.

To this end, biomarker strategies to 
enable the tailored administration of immu-
notherapy according to tumor molecular 
features and dynamics represent a pivotal 
step forward for precision immuno-oncology. 
Snapshot biomarkers that are currently 
used to guide therapy selection, such as the 
measurement of PD-L1 expression, MSI, and 
TMB, often rely on tumor tissue samples 
obtained through invasive biopsies, which 
only partially capture the constellation of 
host-related, tumor-related, and tumor micro-
environment (TME)-related factors that 
collectively modulate antitumor responses.20 
Moreover, the complex interactions between 
tumor and host immune cell populations 
are continuous, dynamic and evolving under 
the selective pressure of ICI treatment, high-
lighting the need for longitudinal analyses 
to capture the nature and timing of clinical 
responses.21–23 Liquid biopsies are emerging 
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as powerful approaches to monitor tumor burden during 
cancer evolution as cancer cells go through therapy-
induced evolutionary bottlenecks and escape immune 
surveillance. In this Review article, we discuss the biology, 
evolution and clinical relevance of circulating cell-free 
tumor (ctDNA) focusing on the unique implications for 
cancer immunotherapy.

Approaches for ctDNA detection
Cell-free DNA (cfDNA) is released predominantly from 
cells through apoptosis and necrosis24 25; a small frac-
tion of cfDNA is tumor-derived, referred to as ctDNA, 
levels of which have been shown to correlate with tumor 
stage across a broad range of solid tumors26 (figure 1). 
However, significant tumor stage type-related and cancer 
type-related heterogeneity has been observed27 and the 
exact mechanisms responsible for ctDNA release have yet 
to be elucidated. Additionally, over the past two decades, 

a variety of ctDNA-based technologies have been devel-
oped for interrogating a broad range of alterations, 
including, sequence mutations,26 28 29 copy number 
changes,30 chromosomal rearrangements,31 methylation 
patterns,32 fragmentation lengths,33 nucleosomal occu-
pation,34 and viral nucleic acid sequences35 36 (figure 1, 
reviewed in depth in the review articles by Chaudhuri 
and colleagues and Velculescu and colleagues, as part 
of this JITC liquid biopsy special review series). These 
approaches can be tumor informed or tumor agnostic 
and are being tested in a variety of different clinical diag-
nostic applications, including, early detection of cancer, 
high-risk patient identification after definitive treatment, 
genotype-based patient selection for targeted therapies, 
therapeutic response monitoring, and non-invasive tumor 
profiling at disease progression. In considering the clin-
ical implementation of liquid biopsies, it is important to 

Figure 1  Approaches for the detection and analysis of ctDNA in the context of immuno-oncology. cfDNA isolated from plasma 
contains a complex mixture of fragments of varying cellular origin, most of which are derived from normal or hematopoietic 
cells undergoing apoptosis. A proportion of cfDNA can also originate from clonally expanded hematopoietic cells and contains 
somatic mutations associated with clonal haematopoiesis (CH). In patients with cancer, a variable proportion of cfDNA 
fragments are tumor-derived, known as ctDNA, which can be detected through tumor-agnostic or tumor-informed approaches, 
using optimized PCR-based methods, such as droplet digital PCR, or next-generation sequencing, including targeted and 
whole genome sequencing. ctDNA can be analyzed using a variety of approaches to determine the landscape of sequence 
alterations, structural changes and methylation patterns, alongside fragment size profiles, end-motifs and other cfDNA fragment 
physical properties. In the context of immunotherapy, serial sampling and longitudinal ctDNA analyses can pinpoint the evolving 
tumor burden. As a real-time biomarker of tumor burden, longitudinal ctDNA assessments can also provide insights into 
emergence of potential therapeutic resistance mechanisms, which can be detected prior to radiographic responses derived 
from conventional imaging. Integration of ctDNA analyses into clinical use for immuno-oncology may provide added utility for 
the study of difficult to evaluate tumor-types (eg, mesothelioma), patient selection for immunotherapy and subsequent response 
monitoring, particularly in radiographically stable disease. Accurate response monitoring can inform decisions on the optimal 
duration of immunotherapy and appropriate strategies for treatment escalation/de-escalation based on ctDNA molecular 
responses. cfDNA, cell-free DNA; ctDNA, cell-free tumor DNA; ddPCR, droplet digital PCR, WGS; whole genome sequencing.
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select the liquid biopsy approach based on its diagnostic 
application and intended use, to ensure that biologically 
relevant alteration types are assessed, and that the tech-
nical performance of the approach is sufficient in order 
to minimize the potential for technical limitations, such 
as assay sensitivity or biological limitations related to alter-
ations associated with clonal hematopoiesis (CH).27 37

Tracking the coevolution of tumor and immune cells through 
non-invasive approaches
Liquid biopsies uniquely allow for evaluation of emerging 
genomic alterations and tumor evolution during therapy; 
nevertheless, coevolution of tumor and immune cells 
under the selective pressure of immunotherapy is a 
complex and dynamic process20 38 that is hard to capture 
by liquid biopsies alone. Analyses of early-stage NSCLC 
tumors have shown that longitudinal ctDNA assessments 
can provide a comprehensive insight into the evolving 
clonal architecture of tumors following surgery and adju-
vant therapy.39 Subclonal tumor dynamics can be captured 
through ctDNA analyses, using bespoke approaches to 
longitudinally track patient-specific tumor-derived alter-
ations, and used to derive a phylogenetic characteriza-
tion of post-operative residual disease39 and recurrent 
tumors.40 41 These studies highlight the role of ctDNA 
analyses to assess the landscape of intratumoral hetero-
geneity and delineate molecular mechanisms of tumor 
resistance to systemic therapies that can be extended 
to cancer immunotherapy. Future studies to investigate 
the utility of ctDNA to differentiate between the selec-
tion and expansion of pre-existing tumor subclones, or 
the emergence of new subclonal populations driven by 
the de novo acquisition of genetic alterations following 
ICI will be important to improve our understanding of 
the mutational processes that govern shifts in the clonal 
stoichiometry of solid tumors during adaptive selection 
and immunoediting. As the loss of genomic material 
through chromosomal instability may affect antitumor 
immune responses,22 42 it will be important to consider 
both sequence and copy number alterations when eval-
uating the evolutionary trajectory of tumors through 
ctDNA analyses.

Evolutionary studies leveraging ctDNA analyses may 
also provide unique insights into the neoantigen land-
scape and the dynamic acquisition or loss of neoantigen-
encoding mutations during tumor clonal reshaping 
in the context of ICI. Changes in tumor neoantigen 
profiles during ICI have been linked to host immune 
cell repertoire reshaping and clonotypic expansion of 
neoantigen-specific T cells.22 43 However, tracking of 
mutation-associated neoantigens through ctDNA has 
not been studied widely to date,44 and comprehensive 
assessments of tumor-derived and ctDNA-derived neoan-
tigen profiles are required in large prospectively sampled 
patient cohorts to delineate the role of ctDNA in tracking 
neoantigen evolution during ICI treatment.

Longitudinal ctDNA assessments can be combined with 
dynamic on-treatment assessment of the T cell receptor 

(TCR) repertoire in peripheral blood to understand the 
coevolution of the tumor and immune compartments 
during ICI. Pretreatment TCR repertoire diversity,45 the 
early turnover of peripheral T cells and overall T cell 
repertoire reshaping, attributed to clonotypic modula-
tion during ICI, have been linked to antitumor immune 
responses.46–48 Peripheral blood immune profiling in 
patients with advanced melanoma has shown that the 
extent of reinvigoration of circulating exhausted CD8 T 
cells can provide a dynamic predictor of ICI response.49 50 
Accordingly, the persistence of exhausted TCR clono-
types in peripheral blood has been shown to correlate 
with poor responses to immunotherapy.50 The propor-
tion of shared TCR clonotypes in peripheral and tumor-
infiltrating T cells (TIL) and dynamic on-treatment 
clonotypic expansions of peripheral T cell populations 
have all been shown to correlate with both pathological 
response and clinical outcomes to immunotherapy and 
will be important factors to analyze more closely in rela-
tion to evolving ctDNA dynamics.23 48 51 While capturing 
tumor and immune repertoire dynamics during immu-
notherapy provides critical insights in the biology of 
tumor immunoediting, ctDNA-focused liquid biopsies 
have been shown to more consistently capture clinical 
outcomes with cancer immunotherapy and as such are 
closer to clinical implementation.

ctDNA-informed patient selection for cancer immunotherapy: 
blood TMB
TMB has been linked with therapeutic responses to 
ICI52–56; as a high number of somatic mutations would 
encode for neoepitopes presented on the surface of 
tumor cells, triggering an antitumor immune response.43 
However, measurement of tumor tissue-derived TMB 
(tTMB) can be limited by high clonal complexity, which 
may not be sufficiently captured through a single biopsy, 
and can be unreliable for tumor samples with low tumor 
purity.21 In contrast, the ctDNA pool is representative of 
mutations originating from distinct primary and meta-
static tumor sites, as well as tumor subclones, and may 
offer greater accuracy for TMB determination compared 
with single tissue biopsies.39 41 Efforts to derive estimates 
of TMB using blood-based analyses—referred to as blood 
TMB (bTMB)—have overall shown concordance between 
bTMB and tTMB57–60 and bTMB has been proposed as an 
emerging biomarker of response to ICI.61 62

The predictive value of bTMB was initially explored in 
a retrospective manner across several ICI clinical trials 
(POPLAR,60 OAK,60 MYSTIC63; table  1). The POPLAR 
and OAK studies in patients with metastatic NSCLC that 
received atezolizumab compared with docetaxel showed 
an improvement in both progression-free survival (PFS; 
POPLAR: 4.2 months vs 2.9 months) and overall survival 
(OS; POPLAR: 13 months vs 7.4 months; OAK: 13.5 
months vs 6.8 months) for patients with a high bTMB 
(defined by the presence of >16 SNVs across 394 genes 
interrogated by NGS).60 Similarly, in the MYSTIC study, 
bTMB>20 mutations/Mb predicted clinical benefit from 
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durvalumab and tremelimumab versus chemotherapy in 
patients with advanced NSCLC.63

Despite the promising findings in retrospective studies, 
prospective analyses using predefined bTMB thresholds, 
have not confirmed the predictive role of bTMB for ICI 
therapeutic response (table 1). The phase 3 NEPTUNE 
trial of durvalumab and tremelimumab did not meet 
its primary endpoint of OS in patients with metastatic 
NSCLC and a bTMB >20 Mutations/Mb.64 65 In the phase 
2, B-F1RST trial of first-line atezolizumab monotherapy 
in patients with locally advanced or metastatic NSCLC, 
a high bTMB of >16 mutations/Mb was associated with 
an increased overall response rate (ORR) with further 
incremental dose-dependent increases in ORR observed 
with greater bTMB thresholds.66 However, these find-
ings did not translate into a significant difference in 
PFS between high and low bTMB subgroups.66 Similarly, 
the phase 3 randomized Blood First Assay Screening 
Trial, that prospectively assessed bTMB as a predictive 
biomarker for ICI response, revealed no significant 
differences in investigator assessed PFS in patients with 
NSCLC and bTMB>16 mutations/Mb receiving first-line 
atezolizumab.67 68 In line with results from the B-F1RST 
trial, exploratory analyses revealed an increase in the 
predictive power of bTMB with the selection of higher 
thresholds,68 supporting the evolving role of bTMB in 
a dose-dependent manner. These findings were in-line 
with the CheckMate 848 trial that showed an ORR with 
nivolumab and ipilimumab in patients with tTMB-high 
tumors of 35.3% compared with 22.5% for patients with 
a bTMB-H result using a cut-off of 10 mutations/Mb for 
both assays.69 70 Notably, for patients with tTMB-H tumors 
with bTMB<10 mutations/Mb, ORR was maintained at 
35.0%, however, for patients with bTMB-H and tTMB 
<10 mutations/Mb, ORR decreased to 9.7%.69 70 Further 
exploratory analyses in the CheckMate 848 study demon-
strated an improvement in the correlation between tTMB 
and bTMB when the plasma variants considered had a 
maximum somatic allele frequency ≥1%.69 70 Collectively, 
these findings support the notion that modeling contin-
uous and even non-linear predictive effects across bTMB 
ranges may improve the predictive value of bTMB for ICI.

Overall, in light of the recent results of the B-FIRST and 
B-FAST studies that did not meet their primary endpoints, 
we believe that bTMB in its current state requires addi-
tional standardization and harmonization prior to its clin-
ical use as a predictor of response to immunotherapy. To 
this end, evidence across multiple studies demonstrates 
the need for further analyses to understand the biolog-
ical and technical confounders in bTMB analyses. These 
may include adjusting for the depth of sequencing and 
region of interest of the panel used, improving the assay 
sensitivity of detection of low abundance ctDNA, accurate 
exclusion of alterations that may be associated with CH 
and importantly harmonizing threshold selection. Addi-
tionally, while insertions and deletions (indels) resulting 
from frameshift alterations have been shown to be more 
immunogenic than single nucleotide substitutions, 

these can be difficult to detect at low allelic fractions in 
ctDNA, presenting a key technical limitation that should 
be addressed in future studies.71 Refinement of bTMB to 
account for confounding biological factors, such as loss-
of-heterozygosity of the human leukocyte antigen class I 
(HLA-I) locus, will also be critical as impaired neoantigen 
presentation because of somatic HLA-I LOH can atten-
uate the value of bTMB assessment.72 To this end, recent 
findings suggest that the utility of bTMB may be improved 
when combined with other relevant biomarkers (such 
as PD-L1 status) as part of multifeature models, which 
warrant further analysis.73

ctDNA-informed patient selection for cancer immunotherapy: 
blood MSI
Similar to TMB, the assessment of MSI resulting from 
underlying deficiencies in DNA mismatch repair 
through ctDNA analyses can also be used to predict ICI 
response.74–76 While the current gold standard for deter-
mining tumor MSI status is through PCR-based detec-
tion of targeted microsatellites,77 MSI detection can be 
achieved in ctDNA using droplet digital PCR approaches 
or panel NGS.74–76 78 Deep next-generation sequencing 
combined with molecular barcoding has been used in 
combination with novel bioinformatics algorithms to 
enable error correction of NGS artifacts by several orders 
of magnitude, to allow for direct detection of subtle 
changes in microsatellite lengths (≥0.10% sensitivity) in 
a high background of cfDNA.79 For a subset of metastatic 
cancer patients included in the KEYNOTE-016 study, MSI 
status determined by ctDNA analysis was associated with 
improved PFS.76 Similarly, blood-based assessment of MSI 
using NGS approaches was found to be highly specific and 
sensitive when compared with tissue-based evaluations 
and correlated with PFS in patients treated with PD-L1 
blockade.74 75 In a study evaluating real world outcomes 
with ICI, patients with advanced GI cancer with ctDNA 
derived MSI-high status were observed to have response 
rates to immunotherapy similar to published data based 
on tissue MSI assessments.80 While the predictive value 
of cfDNA-based assessments of MSI has not been widely 
and prospectively explored in patients receiving ICI; 
these findings support the use of ctDNA-based assess-
ment of MSI status, allowing for more rapid identifica-
tion of patients who can benefit from immunotherapy 
and expanding its use in patients in whom tissue biopsies 
cannot be obtained.

In addition to blood-derived TMB and MSI assess-
ment, overall pre-treatment levels of ctDNA, measured 
through the number of mutant copies per milliliter of 
plasma81 82 or the mutant allele fraction of tumor-specific 
alterations,83 84 may also be a useful surrogate for tumor 
burden. The presence or absence of ctDNA itself may 
also hold predictive value in determining ICI responses, 
as significant improvements in response rates to atezoli-
zumab have been shown in NSCLC patients with unde-
tectable ctDNA.85
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MRD detection and ctDNA-driven stratification for adjuvant/
neoadjuvant immunotherapy
In addition to assessment of bTMB and MSI prior to ICI, 
longitudinal ctDNA tracking can provide added clin-
ical value for determining tumor burden dynamics and 
improve the accuracy of minimal residual disease (MRD) 
(early-stage paradigm) and response monitoring (meta-
static paradigm) (figure 2). One of the first applications 
of liquid biopsies in the MRD setting was that of tracking 
the BCR-ABL fusion transcript level in patients with 
chronic myeloid leukemia, which laid the path forward 
for the use of molecular response as a surrogate endpoint 
in registration studies.86 87 In solid malignancies, ctDNA 
analyses in the neoadjuvant setting are now being evalu-
ated in assessing early on-therapy efficacy in patients with 
localized disease. The CheckMate-816 trial in patients 
with NSCLC who received neoadjuvant ICI highlighted 
the association of post-ICI treatment ctDNA elimination, 
as determined using bespoke tumor-informed ctDNA 
assays, with pathological complete response, presenting a 
new avenue for evaluating tumor regression in early-stage 
disease.15 Further prospective studies are required in the 
neoadjuvant setting to further explore the association 

of ctDNA-based approaches with pathological complete 
response and event-free or OS.

ICIs are incorporated into adjuvant therapeutic strat-
egies,11 88 89 where the risk of serious immune-related 
adverse effects and financial toxicity must be balanced 
with potential therapeutic benefit, highlighting a need 
for improved high-risk patient assessment strategies. To 
this end, leveraging ctDNA to detect MRD associated 
with micrometastatic disease prior to development of 
overt metastases may provide a way forward to maxi-
mize the clinical efficacy of immunotherapy for patients 
with early-stage disease (figure 2). Postoperative ctDNA 
detection can be used to identify patients with MRD and 
an increased risk of disease relapse, and to enrich for 
the subset of patients most likely to benefit from adju-
vant immunotherapy. ctDNA studies in patients with 
colorectal and urothelial carcinomas have shown that 
MRD can be detected as early as 3 days postoperatively 
using tumor-agnostic ctDNA profiling.90–92 This outlines 
an important clinically actionable window of opportu-
nity to select patients for adjuvant immunotherapy to 
prevent disease relapse in selected patients, while spare 
treatment-related toxicity in others.90 For patients with 

Figure 2  Potential applications of ctDNA to guide clinical decision-making in patients receiving immunotherapy. In patients 
with early localized disease, ctDNA analyses at the time of clinical diagnosis can enable the stratification of high-risk individuals 
towards neoadjuvant treatment with ICI. Furthermore, the detection of ctDNA after treatment with curative intent, which 
is indicative of MRD, could aid in the identification of high-risk patients that could benefit from adjuvant immunotherapy. 
Longitudinal ctDNA assessment can also inform optimization of therapy duration and guide maintenance therapy. In patients 
with metastatic disease, blood-based assessments of predictive genomic biomarkers of ICI response, including bTMB and 
MSI, can improve the selection of patients for immunotherapy regimens. Longitudinal monitoring of ctDNA levels during 
immunotherapy can expedite clinical response assessments and allow for pseudoprogression to be accurately identified and 
distinguished from true disease progression. Finally, in refractory disease, ctDNA tracking can be used to detect the emergence 
of resistance mutations leading to molecular progression prior to radiologic progression. bTMB, blood TMB; ctDNA, cell-free 
tumor DNA; ICI, immune checkpoint inhibitors; MRD, minimal residual disease; MSI, microsatellite instability.
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operable urothelial carcinoma in the IMvigor010 trial 
(NCT02450331), the presence of ctDNA post-operatively 
was associated with improved disease-free and OS in the 
atezolizumab arm versus the observation arm, demon-
strating the utility of ctDNA in identifying high-risk 
patients and informing therapeutic interventions that 
improved outcomes.92 Similarly, for patients with local-
ized stage I-III lung cancer treated with curative intent, 
ctDNA-confirmed MRD identified 100% of cases who 
ultimately relapsed and preceded radiographic progres-
sion in 72% of patients, with a median lead time of 
5.2 months, opening a window of therapeutic opportu-
nity for ICI approaches.58 Nevertheless, the verdict as 
to whether detectable ctDNA at the MRD timepoint is 
predictive or prognostic is still out. In exploratory anal-
yses of the IMpower010 study, adjuvant atezolizumab 
improved disease-free survival independent of ctDNA 
clearance for patients with NSCLC,93 highlighting the 
need for further exploration of the predictive nature 
of ctDNA MRD. ctDNA-based MRD detection has also 
demonstrated proof of concept for the selection of 
patients for consolidation ICI following chemoradiation 
therapy (CRT) in the locally advanced setting.94 In 65 
patients with stage IIB-IIIB NSCLC, of whom 28 received 
consolidation ICI following CRT, the kinetics of ctDNA 
after CRT and during early ICI treatment were associated 
with clinical outcomes as assessed for both PFS and OS.94

Recently, the DYNAMIC clinical trial investigated 
whether a ctDNA-guided approach could reduce the use 
of adjuvant chemotherapy without compromising the risk 
of recurrence for patients with stage II colon cancer. A 
lower percentage of patients in the ctDNA-guided arm 
received adjuvant therapy (15% vs 28% in the control 
arm), while at the same ctDNA-guided management was 
noninferior to standard management with respect to 
recurrence-free survival (93.5% vs 92.4%). These findings 
indicate that ctDNA may be used to guided therapeutic 
decision and tailor adjuvant chemotherapy to patients 
at highest risk for recurrence without compromising 
recurrence-free survival.95 It is important to acknowledge 
that in the ctDNA-guided group of the DYNAMIC trial, 
recurrence or death occurred in 6% of ctDNA-negative 
patients; therefore, a fraction of MRD ctDNA nega-
tive patients still experience disease recurrence despite 
the use of a tumor-informed sensitive ctDNA detection 
approach. Importantly, the clinical sensitivity of MRD 
is higher when longitudinal MRD assessment is imple-
mented compared with single MRD analysis, therefore, 
longitudinal monitoring may increase the probability of 
ctDNA detection and distinguish true MRD ctDNA posi-
tive cases.96 Overall, as ctDNA technologies continue to 
evolve we need to broaden our understanding of ctDNA 
negative MRD in the context of a given ctDNA assay, 
cancer lineage and therapeutic setting and design ctDNA 
interventional clinical trials based on landmark or longi-
tudinal ctDNA MRD detection.97

ctDNA-driven early on-treatment ICI response evaluation in 
the metastatic setting
A key application of ctDNA-based liquid biopsies in 
tailoring immunotherapy is to enhance the interpretation 
of patterns of tumor response and progression during 
treatment in the metastatic setting (figure 2). Accurately 
assessing the efficacy of systemic immunotherapy has 
proven a significant challenge due to limitations with 
radiographic response assessments.98 Monitoring of early 
on-therapy ctDNA kinetics can enable real-time circu-
lating tumor burden assessment and track tumor respon-
siveness to ICIs.23 99 100 There is an ever-increasing number 
of studies supporting the role of ctDNA molecular 
responses as an early endpoint for ICI response.83 100–105 
Different measures have been used to monitor circulating 
tumor burden during ICI including the mean106 107 or 
maximum28 106 108 mutant allelic fraction (MAF) of tumor-
derived alterations as well as MAFs of driver mutations.23 
Tumor-agnostic, white blood cell (WBC) DNA-informed 
approaches, can improve the specificity for tracking 
circulating tumor load, compared with plasma-only 
approaches.109–111 Matched next-generation sequencing 
of WBC DNA enables the identification and effective 
removal of germline alterations and importantly CH vari-
ants detected in plasma. Such approaches are particularly 
suitable for cell-free tumor burden tracking in the meta-
static setting, where tumor shedding and quantities are 
sufficient and can be captured by first-generation hybrid 
capture next generation sequencing assays without prior 
tumor profiling.

Persistent or increasing ctDNA levels following immu-
notherapy treatment have been widely associated with 
progressive disease.23 100–105 In patients with advanced 
solid tumors receiving pembrolizumab, rising ctDNA 
levels from baseline to 6–7 weeks on-therapy were shown 
to be predictive of therapeutic resistance, with a positive 
predictive value of 97.5%.83 Similar findings have been 
reported in patients in metastatic melanoma and gastric 
adenocarcinoma where rising ctDNA levels were shown 
to correlate with progressive disease assessed by radio-
graphic imaging112 and even precede radiologic progres-
sion with >3 months lead time.100 104

While ctDNA persistence or rise in ctDNA levels, 
uniformly signifies molecular progression, the defini-
tion of ctDNA molecular response is less clear and likely 
dependent on the NGS assay employed. Any ctDNA reduc-
tion,83 >50% reduction in ctDNA levels102 106 or complete 
elimination,15 23 have been proposed to determine 
ctDNA molecular response and have been variably asso-
ciated with ICI therapeutic response. Importantly, ctDNA 
complete elimination has also been associated with favor-
able long-term clinical outcomes in patients, suggesting 
that this metric may be the most accurate longitudinal 
predictor of durable clinical responses.23 92 94 101 113

Employing ctDNA dynamics as an early endpoint of 
ICI response can be particularly informative in situa-
tions where radiographic imaging fails to capture tumor 
regression, exemplified in pseudoprogression as well as 
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in characterizing the heterogenous nature of radiograph-
ically stable disease. ctDNA molecular response has been 
shown to distinguish patients with radiographically stable 
disease that attain long PFS, such that patients with stable 
disease that cleared ctDNA had significantly longer PFS 
compared with those that did not clear.23 These findings 
suggest that radiographic imaging failed to detect the 
magnitude of therapeutic response for some patients 
with stable disease as determined by imaging and that 
ctDNA response may be of particular value in assessing 
therapeutic response in this setting. Monitoring such 
changes in ctDNA kinetics may also help to differentiate 
pseudoprogression from true disease progression.114 115 
In patients with metastatic melanoma and radiographi-
cally progressive disease at first restaging on ICI, a greater 
than tenfold reduction in ctDNA levels within 12 weeks 
of treatment initiation was strongly predictive of pseudo-
progression, with 90% sensitivity and 100% specificity.114

ctDNA dynamics have also been shown to predict the 
therapeutic efficacy of other immunotherapies, including 
CD19-targeted chimeric antigen receptor (CAR)-T cell 
therapy in relapsed or refractory diffuse large B-cell 
lymphoma.116–119 Approaches using shallow whole 
genome sequencing for the analysis of genome-wide 
tumor-derived structural alterations have shown reduc-
tions in ctDNA levels in patients responding to CAR-T 
cell therapy and increasing ctDNA levels in patients 
who did not attain responses.117 ctDNA dynamics may 
correlate and could be combined with the abundance of 
CAR-T cell construct-derived DNA in peripheral blood.117 
Higher levels of CAR-T-derived DNA were observed in 
patients responding to axi-cel treatment, indicating a 
relative expansion of the CAR-T cell population.120 Simi-
larly, tracking of lymphoma-specific variable, diversity and 
joining gene segments has shown utility for predicting 
patient outcomes following CAR T-cell therapy.119 In 
this setting, higher pretreatment ctDNA concentrations 
and the persistence of detectable ctDNA following treat-
ment have been associated with progression after axi-cel 
infusion.119 Collectively, these findings demonstrate the 
expanding applications of liquid biopsies for therapeutic 
response across the spectrum of cancer immunotherapy.

In addition to the clinical value of longitudinal ctDNA 
assessment as a potential endpoint of ICI response, 
ctDNA molecular response can be used in early drug 
development to evaluate the therapeutic effect of novel 
treatments faster and more accurately compared with 
radiographic imaging, ultimately expediting drug devel-
opment. As a field, we have come to agree that ctDNA 
persistence or rise in ctDNA levels signifies molecular and 
clinical progression; therefore, ctDNA molecular progres-
sion can be used as a ‘quick fail’ approach to triage drugs 
in development unlikely to result in circulating tumor 
load clearance, which in turn would indicate unfavorable 
clinical outcomes. Evidentiary steps needed to explore 
the value of ctDNA in drug development and regulatory 
decision-making include further prospective analyses 
to evaluate the concordance between ctDNA molecular 

response and radiographic responses and the association 
of ctDNA response with long-term clinical outcomes. 
Harmonized definitions of ctDNA molecular response as 
well as pinpointing the optimal timing for assessment of 
ctDNA responses, are required to enable integration of 
liquid biopsies in precision immuno-oncology.

ctDNA-driven interventional clinical trials in immuno-
oncology
Given the evidence supporting ctDNA dynamics as an 
early endpoint for therapeutic response, an increasing 
number of clinical trials use liquid biopsies to guide adap-
tive immunotherapy-based interventions in solid cancers. 
These trials include ctDNA-guided intervention with 
ICIs in various clinical stages including early or locally 
advanced, resected or residual, and advanced or meta-
static solid cancers (table 2).

In the early stage setting, several randomized clinical 
trials are using ctDNA to select patients for adjuvant 
therapy or additional consolidative therapies for both 
resected and advanced/metastatic NSCLC. The Phase III 
MERMAID-1 clinical trial is using postoperative ctDNA-
based MRD to identify MRD-positive (MRD+) patients 
for randomization to durvalumab or placebo with 
chemotherapy (NCT04385368). The MERMAID-2 trial 
randomizes patients who become MRD+to durvalumab 
versus placebo during longitudinal surveillance after 
surgical resection (NCT04642469). For patients who 
are MRD+after consolidation chemotherapy and immu-
notherapy for unresectable stage III NSCLC, the non-
randomized NCT04585490 clinical trial is assessing 
ctDNA-driven treatment escalation. Similar MRD-based 
studies are conducted for patients with residual triple-
negative breast cancer after neoadjuvant therapy (PERSE-
VERE; NCT04849364) resected urothelial carcinoma 
after radical cystectomy (TOMBOLA; NCT04138628).

A burgeoning area of clinical research focuses on adap-
tive on-treatment clinical trials, where ctDNA molec-
ular response is used to guide therapeutic changes for 
patients with advanced/metastatic cancer.121 In BRAF 
V600E-mutated melanoma, the CAcTUS clinical trial 
is assessing longitudinal ctDNA level changes to inform 
when to switch from BRAF-targeted dabrafenib/trame-
tinib therapy to dual ICI with ipilimumab and nivolumab 
(NCT03808441). In NSCLC, ongoing clinical trials are 
utilizing early ctDNA dynamics on single-agent ICI to 
assess concordance of ctDNA molecular response with 
radiographic response, as well as consideration of esca-
lation with the addition of platinum-doublet chemo-
therapy (NCT04093167, NCT04166487). In the phase 2 
BR36 clinical trial of treatment-naïve patients with ALK 
and EGFR mutation negative metastatic NSCLC, serial 
ctDNA analysis is being used to determine the optimal 
timing for molecular response assessment, assess concor-
dance with radiographic responses and evaluate the 
correlation between depth of molecular responses and 
clinical outcomes including OS and PFS.122 In stage 2 
of the study, patients will be randomized to evaluate 
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the clinical benefit of treatment intensification based 
on ctDNA molecular responses (NCT04093167). Simi-
larly, a molecular response-adaptive approach is investi-
gated after 3 cycles of pembrolizumab monotherapy in 
a non-randomized fashion (NCT04166487). The ATLAS 
trial is evaluating the utility of ctDNA clearance to guide 
adaptive treatment of patients with metastatic NSCLC 
receiving dual nivolumab and ipilimumab treatment 
(NCT04966676); in this trial patients with increasing or 
stable ctDNA levels are considered for escalation with 
platinum doublet chemotherapy.

Barriers to adoption of ctDNA analyses in clinical cancer care
Despite the recent US Food & Drug Administration 
(FDA) approvals of rapid non-invasive comprehensive 
genomic profiling and companion diagnostic platforms, 
such as Guardant360 CDx123 and FoundationOne Liquid 
CDx,124 the adoption of liquid biopsies has been limited 
by several factors ranging from limitations in assay sensi-
tivity, access to these technologies, and financial toxicity 
concerns across a broader range of clinical applications. 
Significant variability within and across tumor types can 
be observed with regards to the amount of ctDNA that is 
shed, along with the burden and distribution of disease, 
which can also modify ctDNA detection.125 Somatic 
alterations derived from clonal haematopoiesis or other 
non-neoplastic tissue compartments, as well as germline 
alterations can complicate interpretation of liquid biopsy 
results.126

Practical operational challenges further limit the imme-
diate adoption of liquid biopsy in the clinic. Lack of vali-
dated decentralized testing approaches and clinical care 
pathways that facilitate ordering and reporting of liquid 
biopsies represent barriers to broader use in already 
complex electronic health records systems.127 Even when 
ordering systems are integrated, the costs and insurance 
coverage for patients undergoing liquid biopsy is still 
emerging for Medicare and commercial payors, can often 
be unclear, and are less established than tissue-based 
assessments. Lastly, even when liquid biopsy test results 
are readily obtained, the reports can be challenging to 
interpret for actionability and may require additional 
consultation with molecular pathologists and molecular 
tumor boards. These expert resources are often limited 
in availability and primarily located within academic 
medical canters, super-imposing the challenge of preci-
sion oncology disparities.

While liquid biopsy-based analyses for genotype-
matched therapy selection are the most well established, 
emerging ctDNA applications such as MRD detection in 
early-stage disease and molecular response monitoring 
in metastatic disease are less mature from a regulatory 
and routine cancer care perspective. The analytical and 
clinical validation framework for diagnostics approaches 
in these settings is currently being established by the US 
FDA128 and will require prospective, interventional clin-
ical trials to understand the clinical utility of quantitative 
assessments of ctDNA from a prognostic and predictive 

perspective to drive broader adoption in clinical manage-
ment (reviewed in depth in the review articles by Beaver 
and colleagues, as part of this JITC liquid biopsy special 
review series).

Future directions for liquid biopsies in the context of 
immunotherapy
The potential of ctDNA analyses may be enhanced 
through the characterization of additional hallmark 
cfDNA features using integrative approaches. To this end, 
the assessment of structural and fragmentation features 
of cfDNA, as well as tumor-derived epigenetic signatures 
and nucleosomal footprints associated with the landscape 
of transcriptionally active genes, may provide additional 
features to inform the optimized use of liquid biopsies 
for patient selection, risk stratification, and treatment 
response monitoring for ICIs (figure 3). Multiparameter 
liquid biopsy testing has shown promising potential for 
cancer early detection, where the combined assessment 
of circulating proteins129 or clinical risk factors130 along-
side mutations or fragmentation features in cfDNA has 
improved the sensitivity for detection of early disease. 
Similar approaches incorporating multiple non-invasive 
parameters (including baseline ctDNA measurements 
and on-therapy dynamic changes alongside pretherapy/
on-therapy peripheral blood CD8+T cell abundance) can 
leverage both tumor and immune response components 
to derive a unified definition of molecular response to 
ICI therapy (online supplemental table S1).23 73 Higher 
peripheral neutrophil-to-lymphocyte ratios have also 
been shown to correlate with longitudinal ctDNA trends 
and have been associated with poorer clinical outcomes 
following immunotherapy treatment (online supple-
mental table S1).109 131 ctDNA features may also be 
combined with circulating tumor cells or circulating 
extracellular particles (the latter reviewed in depth in 
the review article by Panabieres and Pantel, as part of this 
JITC liquid biopsy special review series).

To this end, the assessment of structural28 30 132 133 and 
fragmentation features of cfDNA,130 134 as well as tumor-
derived epigenetic signatures32 and nucleosomal foot-
prints associated with the landscape of transcriptionally 
active genes,34 135 136 may provide additional features to 
inform the optimized use of liquid biopsies for patient 
selection, risk stratification, and treatment response 
monitoring for ICIs. The ability to detect fragments of 
circulating microbiome DNA in peripheral blood has also 
been demonstrated in patients with melanoma, prostate 
and lung cancer137 and unveils new potential for liquid 
biopsies to characterize changes in the bacterial micro-
biome in the context of immunotherapy that may be 
reflective of clinical outcomes.

CONCLUSIONS
The value of landmark and longitudinal ctDNA profiling 
in immuno-oncology is supported by a growing number 
of studies in this rapidly evolving field. Liquid biopsies can 

https://dx.doi.org/10.1136/jitc-2022-005924
https://dx.doi.org/10.1136/jitc-2022-005924
https://dx.doi.org/10.1136/jitc-2022-005924
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be used to select and triage patients to therapeutic strate-
gies based on the accurate and rapid evaluation of tumor 
molecular profiling as well as tumor burden dynamics in 
response to treatment. Liquid biopsies provide important 

insights in tumor clonal stoichiometry and immunoed-
iting as cancer cells go through evolutionary bottlenecks 
in the context of immunotherapy. Are we ready to inte-
grate liquid biopsies in clinical immuno-oncology? We 

Figure 3  Leveraging the hallmarks of cfDNA to expand current and future uses in immuno-oncology. Multiple hallmark features 
of cfDNA can be harnessed through either baseline measurements or longitudinal analyses. Blood-based tumor mutational 
burden and MSI, the latter detected through changes in microsatellite length or MMR-induced frameshift alterations giving 
rise to a MSI-high (MSI-H) tumor genotype, have shown significant promise for non-invasive assessment in cases where the 
availability of tissue biopsies is limited. In tandem, longitudinal ctDNA tracking using sequence alterations, structural changes 
and tumor-specific phylogenetic profiling can enable quantitative assessment of changes in circulating tumor load and provide 
a key insight into tumor immunoediting during immunotherapy. Several emerging approaches have gained traction and may 
enhance the future potential of ctDNA testing in immuno-oncology. In this context, analyses of cfDNA epigenetic features, 
genome-wide chromatin accessibility and fragmentation profiles may be implemented in integrative multi-feature ctDNA 
methodologies to detect and track circulating tumor burden during immunotherapy. bTMB, microsatellite instability; cfDNA, cell-
free DNA; ctDNA, cell-free tumor DNA; MMR, mismatch repair; MSI, microsatellite instability.
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are close, but certainly there are critical questions that 
have to be answered first. Next-generation assay harmo-
nization and calibration for technical and biological 
noise in liquid biopsies remains an important next step. 
In our opinion, the most promising application of liquid 
biopsies is through assessment of longitudinal circulating 
tumor burden dynamics during therapy and we envision 
that several tumor-agnostic liquid biopsy assays, each 
one potentially coming with different thresholds and 
definitions of ctDNA molecular response would be used 
to guide immunotherapy escalation or de-escalation. 
Prospective testing in the clinical trial setting remains 
key to fully demonstrate the clinical utility of liquid biop-
sies for cancer immunotherapy and identify the clinical 
settings where ctDNA molecular responses are the most 
informative. To this end, we would like to highlight several 
national and international initiatives led by the Friends 
of Cancer Research,106 BloodPAC,138 the Foundation for 
the National Institutes of Health,139 European Society for 
Medical Oncology (ESMO),140 American Society of Clin-
ical Oncology (ASCO),141 the International Association of 
Liquid Biopsy,142 International Association for the Study 
of Lung Cancer (IASLC),143 the International Quality 
Network for Pathology, the European Cancer Patient 
Coalition and the European federation of Pharmaceu-
tical Industries and Associations144 that aim to tackle 
clinical, analytical, and technical challenges and through 
standardization and harmonization efforts and consensus 
guidelines enable the integration of liquid biopsies in 
precision immuno-oncology. We strongly believe that the 
future practice of precision immuno-oncology includes 
liquid biopsy approaches to enable making the earliest 
best decisions with precision for the increasing number 
of individuals receiving cancer immunotherapy.
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