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Solid tumors account for the overwhelming majority of
cancer-related deaths, reflecting our inability to cure metastatic
disease in these patients.1 Many of these cancers are diagnosed
at a locoregional stage, when there is still the potential of cure,
but they often recur as a result of undetected micrometastatic
disease.1,2 After regional therapies with curative intent, these pa-
tients undergo further adjuvant systemic therapies to improve
survival through eradication of these micrometastases. Adjuvant
therapies have shown improvement in long-term outcomes and
have arguably contributed more to the improvement of survival
than palliative therapies, albeit with varying degrees of success
across tumor types.2 Despite this, drug development is over-
whelmingly focused on the metastatic setting where advances are
most often incremental; only in a minority of cases are the ad-
vances substantial. The pace of improvements in adjuvant therapies
has unfortunately been critically slow. For example, in non–small-
cell lung cancer, two decades of research have resulted in an ab-
solute increase in 5-year survival of 4% to 5%, and the 5-year
survival rates for patients with stage II and IIIA disease continue to
be dismally low at 30% to 40%.3 In colon cancer, the 5-year
survival rate of high-risk subgroups such as patients with stage IIIC
disease treated with the current standard of care is as low as 53%.4

Similarly, for breast cancer, the 5-year survival rate of patients with
stage III disease is only approximately 50%.5 The case of resectable
pancreatic adenocarcinoma is particularly dismal, with 5-year
survival rates for these patients of 10% to 20%.6 Clearly, the status
quo for adjuvant therapy for solid tumors is not adequate and
needs a major overhaul.

What are the obstacles in the development of novel adjuvant
therapies? Perhaps the most critical one is that any current adjuvant
trial design mandates large sample sizes and long periods of follow-
up. These requirements stem from two main factors. First is the
inability to definitively identify patients at risk for recurrence,
which leaves us with the current paradigm of “treat all to save
a few.” As a result, the absolute risk reduction is low and the
number needed to treat is high for adjuvant trials. Second, we lack
validated surrogate end points for survival in this setting, and
therefore, most adjuvant trials are designed with the primary end
point of either disease-free or overall survival, which both require
long follow-up. The net effect is a high barrier to the conduct of

adjuvant studies as a result of the associated costs and risks. A key
limitation is our inability to establish proof of concept in the
adjuvant space (analogous to phase IB or II studies in the meta-
static setting) before embarking on these large, expensive ran-
domized studies. As a result, adjuvant studies commonly test drugs
that are active in the metastatic setting, although extensive fun-
damental work suggests important differences between clinically
overt and micrometastatic disease. For instance, in colorectal
cancer, agents active in the advanced setting have failed in adjuvant
trials cumulatively including more than 15,000 patients.7-14 Here,
we propose that circulating tumor DNA (ctDNA) has the potential
to radically change this approach and accelerate adjuvant drug
development.

A rapidly increasing body of work has established that ctDNA
drawn after completion of curative therapies can identify patients
for whom there remains evidence of residual, radiographically
occult cancer (Table 1). This state of minimal residual disease
(MRD) can be considered analogous to persistent detection of
myeloma cells by flow cytometry or polymerase chain reaction
(PCR) techniques (below the limit detected by cytomorphology) or
to patients with testicular cancer who fail to normalize their tumor
markers despite radiographic complete response. These data
consistently show that ctDNA has a remarkably high positive
predictive value (ie, almost all patients with positive ctDNA assay
eventually develop clinical recurrences). Studies evaluating serial
samples also suggest that although pretreatment ctDNA levels are
not prognostic, serial sampling in the adjuvant setting may im-
prove overall sensitivity. Assays for ctDNA detection include tar-
geted methods based on PCR for known variants such as digital
PCR and beads in emulsions and flow cytometry. Although they
are cost effective and relatively rapid without the need for bio-
informatic analyses, they allow monitoring of only known aber-
rations. Other next-generation sequencing methods (targeted to
a panel of genes as in AmpliSeq [Thermo Fisher Scientific, Wal-
tham, MA], Safe-Sequencing System, and Cancer Personalized
Profiling by Deep Sequencing) do not need prior knowledge of the
molecular alterations for testing but require comparison with
tumor sequencing results to reduce false-positive results.24 An
overview of the different platforms and tumor types in which they
have been evaluated is provided in Table 1 and detailed in prior
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reviews.25,26 Although these studies have been done with relatively
small sample sizes and varying platforms and methodologies,
systematic reviews and meta-analyses combining their data facil-
itate more reliable and categorical conclusions about the prog-
nostic effects and clinical utility of ctDNA.27-29 They have also
provided the preliminary data required to launch larger, pro-
spective, and confirmatory trials to firmly establish the clinical
utility and validity of ctDNA as a marker for MRD.

Meanwhile, leveraging lessons we have learned from these
trials, we propose that small, proof-of-principle, phase II adjuvant
studies with novel therapies could be conducted in a populationwith
detectable disease by ctDNA after curative therapies. These studies,
which could be conducted with cohorts of less than 100 patients,
would foster rapid progress in the adjuvant space by allowing a lower
bar for drug entry. In this setting, evaluation of novel agents can be
done efficiently in those at the highest risk of recurrence, while
sparing toxicities in those who are not at high risk of recurrence.

As an extension of this logic, clearance of ctDNA may be used
as a surrogate end point under the assumption that this is necessary
(albeit insufficient as of now) for eventual cure. Although expe-
rience from developing biomarkers in the adjuvant setting thus far
has shown that the majority of these biomarkers tend to be
prognostic with limited predictive value, recent data from an
adjuvant colon cancer trial suggest that, in contrast, evaluating
serial ctDNA statusmay in fact serve as a real-timemarker of adjuvant
therapy efficacy. In this trial, in patients whose ctDNA cleared with
adjuvant therapy, there was a trend toward a better 2-year relapse-free
survival (hazard ratio, 3.6; P 5 .06).20 Conversely, patients who were
ctDNAnegative but turned positive at the end of adjuvant therapy had
worse 2-year relapse-free survival (hazard ratio, 6.6; P , .001). It is
also crucial that, simultaneously, a longer term goal of validation of
clearance of ctDNA as a formal surrogate biomarker of survival be
undertaken, similar to the development of pathologic complete re-
sponse in breast cancer and complete response rate at 30 months in
follicular lymphoma as surrogate end points.30-33

We envision that future adjuvant trials may adopt more novel
study designs. There are two potential approaches. The first approach
is to direct postoperative ctDNA-positive patients who were deemed

low risk (by conventional approaches such as staging or histopa-
thology) to adjuvant chemotherapy. The DYNAMIC study (Circu-
lating Tumor DNA [ctDNA] Analysis Informing Adjuvant
Chemotherapy in Stage II Colon Cancer; Australian New Zealand
Clinical Trials Registry identifier: ACTRN12615000381583) is
randomly assigning patients with stage II colon cancer to adjuvant
therapy according to the standard-of-care approach versus based on
ctDNA results. The primary outcome of the study is to evaluate
whether the adjuvant therapy strategy based on ctDNA results affects
the number of patients treated with chemotherapy and improves
recurrence-free survival. An NRG/NCTN Oncology phase II and III
study under development, (CR 1643) aims to enroll patients with
resected stage II colon cancer deemed suitable for observation by
their physicians; patients will be randomly assigned to observation
or adjuvant therapy based on ctDNA results. The primary objective
of the phase II portion is to evaluate the rate of ctDNAclearance with
adjuvant therapy, whereas the primary objective of the phase III
portion is to evaluate recurrence-free survival in ctDNA-positive
patients who do and do not receive adjuvant chemotherapy.

The second approach is to escalate therapy for patients with
ctDNAdespite completion of adjuvant chemotherapy. As discussed
earlier, current data show that this would provide a lead time to
diagnosis of recurrence of several months over conventional
surveillance. Is there a survival benefit in initiating therapy early,
before imaging scans show definite evidence of relapse? One could
argue, on the basis of conventional wisdom, that because MRD
represents lower volume metastatic disease it would be better to
proceed with early initiation of therapy rather than waiting until
disease is radiographically evident. However, the persistence or
reappearance of MRD could also represent a fundamental inability
to completely eradicate disease as a result of the intrinsic disease
biology, and perhaps one would simply diagnose these patients
earlier without effect on long-term outcome.31 One potential
option would be to consider a clinical trial where ctDNA-positive
patients who have completed adjuvant therapy are randomly
assigned to immediate initiation of novel therapy versus a delay in
treatment until radiographic progression. The c-TRAK TN trial
(ClinicalTrials.gov identifier: NCT03145961) is evaluating this

Table 1. Characteristics of Key Retrospective Adjuvant Studies Incorporating ctDNA

Cancer Type
Cancer
Stage

No. of
Patients ctDNA Collection ctDNA Detection PPV/NPV (%)

Sensitivity/
Specificity (%)

Breast31 I-III 55 After surgery (single) or
every 6 months (serial)

ddPCR Single: 86/80
Serial: 100/90

Single: 50/96
Serial: 80/100

Colon32 II 230 After surgery (single) or every
3 months (serial)

Safe-SeqS 100/91 48/100

Colorectal33 II-III 145 Single sample, after surgery CAPP-Seq 100/93 57/100
Colorectal34 I-IV 44 After surgery (single) or serial ddPCR 100/100 100/100
Colorectal35 IV 54 Single sample, after surgery Guardant360 digital

sequencing test
91/92 47/92

Colon21 III 95 Serial during adjuvant
chemotherapy

Safe-SeqS Postoperative: 48/84
Postadjuvant: 67/85

Postoperative: 43/87
Postadjuvant:

48/93
Rectal36 II-III 159 Multiple time points including

after surgery
Safe-SeqS 58/80 33/86

Lung37 I-III 24 — Multiplex PCR 93/90 93/90
Lung38 I-III 37 Single sample, after curative

therapy
CAPP-Seq NR 93/96

Abbreviations: CAPP-Seq, Cancer Personalized Profiling by Deep Sequencing; ctDNA, circulating tumor DNA; ddPCR, digital droplet polymerase chain reaction; NPV,
negative predictive value; NR, not reported; PCR, polymerase chain reaction; PPV, positive predictive value; Safe-SeqS, Safe-Sequencing System.
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concept by randomly assigning patients with triple-negative breast
cancer who are ctDNA positive after completion of primary
treatment based on serial ctDNA screening done every 3 months 2:
1 to pembrolizumab versus observation.

Several other questions remain unanswered that future trials
will also need to focus on. What are the best time points and
diagnostic platforms to maximize sensitivity of ctDNA detection?
What are the patterns of recurrence (oligometastatic vs not) in
ctDNA-positive patients? Is there a role for preemptive locore-
gional therapies in patients in whom radiographic recurrence is not
yet apparent? Can the genomic profiling data provided by ctDNA
be used to guide therapies in this setting? What proportion of
aberrations detected by ctDNA are driver versus passenger alter-
ations? Most, if not all, of these questions can be tested quickly in
the previously described ctDNA-based adjuvant phase II trials
before confirmatory phase III trials as needed. As is abundantly
clear from prior experience, it is rare that one solution fits all in
oncology, and each tumor type will likely require different study
designs, novel therapies, and/or different end points.

Although ctDNA holds immense potential, it is important to
acknowledge its limitations. Current ctDNA assays have modest
sensitivity in the adjuvant setting, ranging from 50% to 60%
(Table 1). This is not surprising given that ctDNA constitutes only
a small portion of the total circulating free DNA. Furthermore,
concentrations of ctDNA correlate strongly with tumor volumes,
which are low after resection of all visible disease.34,35 Further
technologic advances or combination with orthogonal method-
ologies may improve this to a certain extent; perhaps the most
practical way for now would be to consider serial monitoring.35

As sensitivity increases with future assays, the possibility of
false-positive results will also need to be considered, especially
age-related somatic mutations leading to hematopoietic clonal
expansions.34,36,37 In addition, most mutations are not cancer
specific, and therefore, ctDNA may not always accurately identify
the primary site. These issues are mitigated to a large extent in the
adjuvant setting where patient-specific analyses based on se-
quencing of the resected primary tumor are typically used. Finally,
tumor DNA may not enter the bloodstream from sanctuary sites
such as the brain and the testes, and thus, tumors involving these
areas could be missed. Looking beyond these logistical issues,
several key methodologic questions remain unanswered. For ex-
ample, should ctDNA measurement be a binary (positive vs neg-
ative) or a continuous (volume) variable? The multitude of ctDNA
assays available and the pace at which they continue to evolve
unfortunately make standardization of data across studies difficult.
This highlights the urgent need to develop preanalytic standards and
rigor in establishing references, as done by the InternationalMyeloma
Working Group for the evaluation of MRD in myeloma.38

In summary, ctDNA shows great promise in adjuvant therapy.
The time is now to launch collaborative efforts involving re-
searchers, pharmaceuticals, the National Institutes of Health and
the U.S. Food and Drug Administration to incorporate new ideas
and novel approaches to harness the full potential of ctDNA for the
betterment of our patients.
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