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Methods—We performed deep sequencing (CAPP-Seq) analyses of plasma cell-free DNA
collected from 45 patients before and after chemoradiotherapy for esophageal cancer, as well as
DNA from leukocytes, and fixed esophageal tumor biopsies collected during
esophagogastroduodenoscopy. Patients were treated from May 2010 through October 2015; 23
patients subsequently underwent esophagectomy and 22 did not undergo surgery. We also
sequenced DNA from blood samples from 40 healthy individuals (controls). We analyzed 802
regions of 607 genes for single-nucleotide variants previously associated with esophageal
adenocarcinoma or squamous cell carcinoma. Patients underwent imaging analyses 6-8 weeks
after chemoradiotherapy and were followed for 5 years. Our primary aim was to determine
whether detection of circulating tumor DNA (ctDNA) following chemoradiotherapy is associated
with risk of tumor progression (growth of local, regional, or distant tumors, detected by imaging or

biopsy).

Results—The median proportion of tumor-derived DNA in total cell-free DNA before treatment
was 0.07%, indicating that ultrasensitive assays are needed for quantification and analysis of
ctDNA from localized esophageal tumors. Detection of ctDNA following chemoradiotherapy was
associated with tumor progression (hazard ratio, 18.7; P<.0001), formation of distant metastases
(hazard ratio, 32.1; A<.0001), and shorter disease-specific survival times (hazard ratio, 23.1; /<.
0001). A higher proportion of patients with tumor progression had new mutations detected in
plasma samples collected after chemoradiotherapy than patients without progression (P=.03).
Detection of ctDNA after chemoradiotherapy preceded radiographic evidence of tumor
progression by an average of 2.8 months. Among patients who received chemoradiotherapy
without surgery, combined ctDNA and metabolic imaging analysis predicted progression in 100%
of patients with tumor progression, compared with 71% for only ctDNA detection and 57% for
only metabolic imaging analysis (P<.001 for comparison of either technique to combined
analysis).

Conclusions—In an analysis of cell-free DNA in blood samples from patients who underwent
chemoradiotherapy for esophageal cancer, detection of ctDNA was associated with tumor
progression, metastasis, and disease-specific survival. Analysis of ctDNA might be used to
identify patients at highest risk for tumor progression.

Lay Summary

Azad et al. find that detection of tumor DNA in the blood of esophageal cancer patients is
associated with survival and may enable personalized treatment decisions.
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Introduction

Neoadjuvant chemoradiotherapy (CRT) followed by surgery is a standard approach for
treatment of localized esophageal cancers (ESCA) and has been shown to improve overall
survival compared to esophagectomy alone 1. Unfortunately however, a significant fraction
of patients treated with CRT and surgery will ultimately progress, with overall, distant, and
locoregional progression rates of 49%, 39%, and 22%, respectively 2. Additionally, in ESCA
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patients who have an excellent upfront response to CRT, particularly those achieving
complete responses prior to resection, surgery may not offer an additional survival benefit,
potentially warranting an active surveillance approach 37,

Such personalization of treatment would be facilitated by the identification of a biomarker
that can sensitively and noninvasively detect residual disease. Unfortunately, conventional
clinical assessment and imaging, such as endoscopy, endoscopic ultrasound, computed
tomography (CT), and magnetic resonance imaging (MRI) are currently not sufficiently
robust methods of gauging treatment response to CRT independently 8 9. Accordingly, there
is an unmet clinical need to identify biomarkers that could sensitively detect residual disease
and/or early progression in patients with ESCA.

Analysis of circulating tumor DNA (ctDNA) shortly after completion of curative intent
treatment is able to detect minimal residual disease (MRD) in several carcinomas, including
breast 19, colorectal 11, and lung cancers 12: 13, Preliminary studies in patients with localized
squamous ESCA have suggested feasibility of ctDNA 14 or total cell-free DNA analysis 1°.
However, no study to date has applied ultrasensitive next generation sequencing methods to
detect ctDNA MRD in ESCA patients receiving CRT and surgery. In this study we set out to
test if ctDNA analysis can predict recurrence in patients with localized ESCA earlier than
standard-of-care imaging. Additionally, we sought to explore whether integration of ctDNA
and metabolic imaging could further improve risk stratification.

Materials and Methods

Additional methodologic details can be found in the Supplemental Methods.

Study design and patient cohort

We prospectively enrolled patients with localized ESCA at the MD Anderson Cancer Center
from 5/2010 — 10/2015 with the objective of assessing the association between post-CRT
CtDNA detection and freedom from progression (FFP). Inclusion criteria were: age > 18
years with previously untreated stage IA to stage 111B EAC or ESCC being treated with
definitive intent, with CRT and surgery or CRT-alone. The follow up schedule included an
initial follow-up visit at 6-8 weeks from end of CRT with concurrent PET-CT or CT
imaging. Patients were then monitored every three months with CT or PET-CT for the first
year, every four months during the second year, and every six months in years three to five.
Patient demographics and clinical characteristics are summarized in Table S1.

The study statistical plan used the following assumptions: 1) 50% of patients will develop
recurrence (based on 2-year progression-free survival data from the CROSS trial
neoadjuvant chemoradiotherapy arm?); 2) Sensitivity of ctDNA MRD detection will be 75%
(conservative estimate based on 94% sensitivity observed in our recent study of localized
lung cancer); 3) Specificity of ctDNA MRD detection will be 90% (conservative estimate
based on 100% specificity observed in our recent study of localized lung cancer). Using
these assumptions, the risk of progression will be 88% versus 22% for patients with positive
versus negative ctDNA MRD. A total sample size of 26 patients will yield 95% power to
detect this difference with a one-sided alpha of 0.05.
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Eligible patients underwent a pre-treatment blood draw and genotyping with CAPP-Seq
applied to micro-dissected formalin-fixed, paraffin embedded (FFPE) tumor tissue from
pretreatment esophagogastroduodenoscopy (EGD) using matched germline DNA. Germline
DNA was extracted from the pre-treatment blood draw. Patients then received CRT, after
which a second blood draw was collected for the majority of patients (n = 32). The median
time between the pre- and post-CRT draws was 86 days (IQR, 76-92). Healthy adult blood
donors (n = 40) were recruited through the Stanford Blood Center (Table S5). All samples
were collected with informed consent and institutional review board approval in accordance
with the Declaration of Helsinki. All plasma samples were analyzed by CAPP-Seq as
previously described 1617, A total of 218 specimens were profiled, including plasma, tumor,
germline, and healthy control specimens. Healthy controls were only used to tune the
detection cut-off for the ctDNA biomarker, as detailed below and were not included in
survival analyses.

Criteria for tumor-informed ctDNA detection and post-CRT monitoring

Cell-free DNA from blood samples was analyzed for presence of mutations identified by
tumor genotyping. The set of mutations identified from tumor genotyping was assessed as a
group in blood samples according to a previously described Monte Carlo framework 17.
Detection was tuned for a specificity of 95% in a cohort of cell-free DNA from 20
independent healthy subjects using a receiver-operator curve, resulting in a ctDNA detection
index < 0.06 for detection. If ctDNA detection index was = 0.06, ctDNA was classified as
not detected at that time point. We report absolute ctDNA levels as haploid genome
equivalents per mL of plasma, the product of total plasma cell-free DNA concentration
(fluorometry by Qubit, ThermoFisher Scientific, Waltham, MA) and the relative ctDNA
concentration (mean allele fraction of somatic alterations). The ctDNA mutant allele fraction
was calculated by averaging the mutant allele fractions for all mutations derived from tumor
genotyping for that patient. All variant calls are listed in Table S9.

Somatic copy number alteration detection

Somatic copy number alterations (SCNASs) were called using method we previously
described 18. In brief, SCNAs were detected using a z-score based method which involves a
set of background samples to capture the region-specific variabilities across the targeted
regions. For each gene, we called focal amplifications and deletions using the targeted
regions as determined by the ESCA CAPP-Seq panel.

Criteria for putative emergent mutation detection

iDES-enhanced CAPP-Seq variant-calling was performed at the first post-CRT time point
with matched leukocyte DNA as previously described 6. Mutations were defined as putative
emergent mutations if they met the following criteria:

1. Non-synonymous

2. No variant reads in matched germline, pre-CRT plasma, or tumor and maximum
of 1 variant read in the plasma of 20 healthy controls
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3. >1500X deduped depth in pre- and post-CRT plasma, = 500X depth in matched
germline, = 100X depth in tumor

4. Recurrently mutated ESCA gene (> 5% of ESCA cBioportal samples) or = 2
duplex reads

5. Not in 7P53 (known clonal hematopoiesis-associated gene)

Statistics and analytic plan

Results

Our primary aim was to test the hypothesis that detection of ctDNA post-CRT is associated
with high risk of recurrence. The primary outcome was freedom from progression (FFP;
event defined as radiographic or clinical progression). To test the main hypothesis, we
employed the Kaplan—Meier method with log-rank test to estimate P values and the Cox
exp(beta) method to estimate hazard ratios. The relationship of ctDNA concentration as a
continuous variable with outcome was also assessed using Cox proportional hazards
regression.

In exploratory analyses we considered three additional survival endpoints, distant
metastasis-free survival (DMFS; event defined as distant recurrence or death), local
progression-free survival (LPFS; event defined as local progression or death), and disease-
specific survival (DSS; event defined as death from ESCA). For these analyses, we
performed Kaplan-Meier and Cox proportional hazards analyses as above using ctDNA as a
binary endpoint. To guard against guarantee-time bias,® we used landmark analysis with the
time of the post-CRT blood draw being considered the landmark.

We further constructed univariate Cox proportional hazards regressions models for baseline
patient and tumor features to test if these variables were associated with the primary
outcome (FFP). The Wald test was used to assess the significance of covariates, and hazard
ratios were calculated by exponentiation of the model coefficients. Multiple testing
adjustment was not performed for secondary analyses since they were exploratory.

Profiling of ctDNA in localized ESCA before chemoradiotherapy

We retrospectively analyzed plasma samples from patients with localized esophageal
adenocarcinoma (EAC, n = 35) and squamous cell carcinoma (ESCC, n = 10) who received
either CRT followed by esophagectomy (h = 23) or definitive CRT (n = 22). In total, we
profiled 213 blood and tissue samples from these patients and a control cohort of 40 healthy
adults. Clinical characteristics of the study cohort are depicted in Figure 1B and further
detailed in Table S1. Blood draws were performed before and after CRT, near the time of
computed tomography (CT) and positron emission tomography—CT (PET-CT) imaging (Fig.
1A). The median time between the pre- and post-CRT draws was 86 days (IQR, 76-92).

To interrogate the genetic alterations that are commonly found in ESCA, we developed a
185-kb cancer personalized profiling by deep sequencing (CAPP-Seq) panel targeting 802
regions from 607 genes harboring recurrent single-nucleotide variants (SNVs) in both EAC
and ESCC (Table S2) by applying our previously described panel design strategy 1617 to
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two published ESCA whole-exome datasets 20 21, We then used this panel to sequence
tumor DNA from micro-dissected pre-treatment esophagogastroduodenoscopy (EGD)
biopsy samples and matched leukocyte DNA (Table S3). /n silico validation of the
esophageal CAPP-Seq panel in independent ESCA whole exome sequencing data sets 22 23
predicted that = 1 mutation would be identified in 97.8% of EAC patients and 87.5% of
ESCC patients (Fig. S1). Corresponding with these expectations, we identified > 1 mutation
in 44 of 45 (97.8%) tumors from our cohort, with a median of four SNVs (range, 0-23) and
median of 0 copy number alterations (range, 0-3) per case (Fig. 1B, Fig. S1).Consistent with
previous studies of EAC and ESCC mutation profiles 29-23, commonly mutated genes in our
cohort included 7P53, ERBBZ, and CDKNZA.

We next applied our CAPP-Seq ESCA panel to cell-free DNA (cfDNA) extracted from pre-
and post-CRT plasma samples (Table S4). Here, we used two strategies, including one
informed by tumor biopsies, and a second approach naive to these variants and directly
identifying ctDNA in the blood. For the tumor-informed strategy, which is similar to that
used in prior ctDNA MRD studies in other tumor types0-13.24.25 \ve jdentified somatic
variants in tumor biopsies after consideration of germline alleles within matched leukocytes.
We then applied a tumor-informed ctDNA detection approach that employs a previously
described Monte Carlo-based framework to determine if a blood sample contains ctDNA 17.
Using this approach, we detected ctDNA in 27 patients before CRT (Fig. 1B) for a pre-
treatment sensitivity of 60%. Specificity was 95% based on analysis of cell-free DNA from
20 independent healthy subjects profiled with the same esophageal CAPP-Seq assay (Table
S5). In patients with detectable ctDNA, a median of two mutations were detected at a
median relative ctDNA concentration of 0.065% (range, 0-0.91%) and median absolute
ctDNA concentration was 1.7 haploid genome equivalents per milliliter (hRGE/mL) (range,
0-65.2). ctDNA concentrations in stage 111 EACs were significantly lower than those we
observed in stage 111 lung adenocarcinomas (P = .009, Fig. 1C), even when considering only
driver mutations28 (P=.004; Fig S2A), or normalizing by PET-CT-based metabolic tumor
volume (P=.04; Fig. S2E). Notably, we found that patients with ESCC had on average 7-
fold higher ctDNA levels than patients with EAC (P = .01; Fig. 1D and Fig. S3), consistent
with observations of higher ctDNA shedding in lung squamous cell carcinomas compared to
lung adenocarcinomas 13. In a multivariable regression model accounting for histology, pre-
CRT metabolic tumor volume (MTV), age, sex, and nodal involvement, histology (f = 11.0,
P=.03)and pre-CRT MTV (B = 0.3, P=.002) were independently associated with absolute
ctDNA concentration. Absolute pre-CRT ctDNA concentration (in hGE/mL) was strongly
correlated with MTV at diagnosis (p = 0.60, £<.001; Fig. 1E), while relative ctDNA
concentration (variant allele fraction, VAF) did not (p = 0.29, £=.13; Fig. S4). This
observation likely reflects the fact that relative ctDNA concentration can be affected by
changes in the amount of cfDNA contributed by non-malignant cells. Pre-CRT MTV (OR =
1.16, P=.02) and age (OR = 0.91, P=.048) were associated with detection of ctDNA pre-
CRT (Table S6).

To further explore factors affecting detectability of mutations in plasma, we next asked
whether lower VAF tumor mutations were less likely to be detected in plasma than higher
VAF tumor mutations. Among patients with detectable ctDNA, we observed that tumor VAF
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was significantly higher for mutations present in cfDNA compared to mutations that were
not. This was true in both pre- or post-CRT plasma (P =.01; 2-way ANOVA; Fig. 2A.

Prognostic utility of tumor-informed post-CRT ctDNA detection in localized ESCA

Next, we evaluated the prognostic value of ctDNA detection following CRT in patients for
whom a post-CRT blood draw was obtained (EAC, n = 23; ESCC, n = 8). We detected
tumor-informed ctDNA at the post-CRT time point in five patients (16.1%). All five patients
had EAC histology and were treated with definitive CRT alone. Consistent with pre-CRT
CtDNA assessments, 7P53was the most common mutation detected in plasma (Fig. 2B).
Median post-CRT relative ctDNA concentration was 0.02% (IQR, 0.008% - 0.03%) and
absolute ctDNA concentration was 0.98 hGE/mL (IQR, 0.36 — 1.16). Patients with
detectable ctDNA post-CRT also had significantly increased risk of disease progression (HR
18.7, P<.0001; Fig. 2C), distant metastasis (HR 32.1, £<.0001; Fig. 2D), and disease-
specific death (HR 23.1, < .0001; Fig. 2E), compared to patients with undetectable ctDNA
after CRT. Detection of ctDNA post-CRT was not associated with increased risk of local
progression (P=0.17, Fig. S5), although this analysis may have been impacted by 55% of
patients undergoing surgery after CRT. We further observed that consideration of ctDNA as
a continuous variable (hnGE/mL) was also associated with increased risk of disease
progression (HR 1.62, P=.007).

Putative emergent mutations following CRT may be associated with disease progression

Among ESCA patients undergoing neoadjuvant therapy, recent evidence from a study
comparing tissue samples before and after chemotherapy suggests that new mutations may
emerge following treatment 27. We conducted an exploratory analysis to determine if we
could observe a similar phenomenon using ctDNA. For this analysis, we performed tumor-
naive genotyping on post-CRT plasma to identify nonsynonymous mutations that were not
observed in pre-CRT plasma and tumor. In order to minimize the likelihood of detecting
mutations due to clonal hematopoiesis 28 2%, we excluded mutations in 7253, the only gene
in our panel implicated as being recurrently involved in clonal hematopoiesis as well as any
mutations that were also observed in the matched leukocyte sample (see Methods).

Using this approach, we observed new nonsynonymous mutations in the post-CRT plasma of
4 out of the 10 patients who progressed (Fig. 3A, B). Two new nonsynonymous mutations
were detected in the post-CRT plasma of one patient (EP30) (Fig. 3A, B) who did not
progress. Notably, unlike the other four patients with putative emergent mutations, EP30
underwent surgery 28 days following the post-CRT blood draw and was found to have
residual tumor cells. A follow up blood draw from this patient taken after surgery did not
contain these or any other new mutations. We therefore speculate that resection may have
removed all residual tumor in this patient. Progressors were significantly more likely to have
new mutations detected following CRT than non-progressors (P =.027, Fig. 3B). Figure 3C
illustrates the clinical course of a patient with Stage Il EAC who was treated with definitive
CRT. Of five mutations found in the patient’s tumor, one (DCLK K207M) was detected
following CRT. Emergent mutation analysis revealed a new ARID1A G696V mutation that
was absent from the pre-CRT plasma, tumor, and matched leukocyte DNA. This patient
developed distant metastasis 75 days following detection of this emergent variant.
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To further explore the potential utility of emergent mutation analysis we combined tumor-
informed and tumor-naive detection and considered plasma samples as positive if ctDNA
was detected using either approach. As above, we found that ctDNA detection at the MRD
timepoint was strongly prognostic for FFP (HR 13.2, £< .0001, Fig. 3D), DMFS (HR 28.0,
P<.0001, Fig. S6A), and DSS (P < .0001, Fig. S6B). In univariable and multivariable Cox
regressions, ctDNA detection at the MRD timepoint was independently associated with
inferior FFP (HR 15.3, £=.0012; Table S7-8). Taken together, our findings suggest that
residual ctDNA after CRT for ESCA is a strong negative prognostic marker and enables
identification of patients at risk for developing recurrence.

Post-CRT ctDNA detection enables earlier identification of recurrence compared to PET-CT

Recurrence was detected significantly earlier with ctDNA than standard-of-care PET-CT (P
=.0026; Fig. 4A). Detection of ctDNA preceded recurrence detected by PET-CT in 70% of
patients with an average lead time of 114.9 days (standard error of the mean, 32.9; Fig. 4B).
For example, patient EP58 presented with stage 111A EAC and had detectable pre-treatment
ctDNA (Fig. 4C). The first post-CRT PET/CT at 36 days after completion of therapy
revealed partial response to therapy and ctDNA was detectable in the blood draw at this
time. At the subsequent follow up, 131 days after CRT, the patient was found to have distant
metastasis to the liver. In contrast, patient EP29 presented with stage 11B EAC, was treated
with neoadjuvant CRT, and noted to have an equivocal post-CRT PET/CT (65 days post-
CRT). ctDNA from a blood draw at this same timepoint was undetectable. This patient went
on to receive esophagectomy (81 days post-CRT) and histological analysis revealed a
pathologic complete response (pCR) (Fig. 4D). The patient remains disease free two years
post-CRT. ctDNA detection may enable earlier identification of distant metastasis compared
to standard-of-care imaging.

Integration of ctbNA and PET-CT in patients receiving definitive CRT

Although the preferred treatment for localized ESCA is CRT followed by surgery, a
significant subgroup of patients are medically unfit to undergo surgery or refuse it and for
these patients, definitive CRT is an accepted treatment option 3% 31, In our cohort, we
identified 12 patients receiving only CRT with both ctDNA and PET-CT evaluable following
treatment (EAC, n = 10; ESCC, n = 2). Among these patients, those with detectable ctDNA
at the MRD timepoint had a significantly higher risk of disease progression (HR 6.4, P=.
009; Fig. 5A) and disease-specific death (HR 9.1, £=.015; Fig. 5B). Post-CRT ctDNA
detection enabled robust detection of distant metastasis (4/4 patients) but was less
informative for detection of isolated locoregional recurrence (1/3 patients, Fig. S7A).

Given the observation that ctDNA analysis appeared to be more sensitive for prediction of
future distant metastasis than local recurrence, we hypothesized that integration of ctDNA
with an imaging biomarker capable of detecting residual local disease would further improve
performance. Prior studies have suggested that changes in FDG uptake on PET-CT after
treatment for localized ESCA are associated with response to therapy and survival 32734, In
an exploratory analysis, we idenitifed a cutpoint for total lesion glycolysis (TLG) that
optimally stratified patients who recurred from those who did not. Specifically, we employed
a leave-one-out croos-validation approach to identifiy a percent TLG change (ATLG) of
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-48.5% as best predicting ultimate recurrence (Supplementary Methods). ATLG displayed a
sensitivity of 57.1% and specificity of 100% for recurrence prediction, compared to a
sensitivity of 71.4% and specificity of 100% for ctDNA. Integration of ctDNA and PET-CT
improved performance to a sensitivity of 100% and specificity of 100%, significantly higher
than either ctDNA or ATLG alone (P < .001; Fig. 5C).

Patients with detectable ctDNA post-CRT or ATLG = —48.5% had significantly increased
risk of disease progression (P=.001; Fig. 5D), death from ESCA (P=.026; Fig. 5E), and
local progression (P=.02; Fig. S7B), compared to patients with undetectable ctDNA and
ATLG < -48.5%. Figure 5F illustrates the case of a patient with Stage 1A ESCC treated
with definitive CRT who had detectable ctDNA pre-treatment and was negative by the
integrated metric post-CRT. This patient remains disease free nearly three years after
diagnosis. These preliminary data suggest that an integrated ctDNA-imaging biomarker may
allow effective risk stratification of patients treated with CRT alone.

Discussion

Aggressive treatment with trimodality therapy consisting of CRT and esophagectomy
confers a significant survival benefit but also results in considerable morbidity3°: 36, For
example, in the pivotal ChemoRadiotherapy for Oesophageal cancer followed by Surgery
Study (CROSS), 29% of all patients (ESCC, 49%; EAC, 23%) had a pCR following CRT %,
suggesting that these patients may be candidates for treatment de-escalation. Conversely, the
CROSS trial also demonstrated an overall long-term recurrence rate of ~50% 2, indicating
that a significant fraction of patients could potentially benefit from further escalation of
therapy. Therefore, biomarkers that can distinguish between patients at highest risk for
recurrence despite trimodality therapy from those with complete response to CRT alone are
a major unmet need.

Our results suggest ctDNA analysis appears to be a useful approach for risk stratification of
patients with ESCA. Specifically, we found that detection of ctDNA MRD following CRT
was strongly prognostic for FFP and DSS. Moreover, ctDNA detection post-CRT was more
strongly predictive of distant metastasis, the most common pattern of recurrence after
trimodality therapy 2, than local progression. However, it should be noted that the results for
patient EP30 suggest that post-CRT ctDNA may also be able to detect local residual disease
in some cases. In this case, mutations detected following CRT were absent in post-surgery
plasma and this patient did not develop recurrence, suggesting resection contributed to
oncologic control. We also found that ctDNA detection post-CRT was able to detect
recurrence nearly three months earlier than PET-CT imaging. In an exploratory analysis of
patients receiving CRT-alone, we found that integration of ctDNA analysis and PET-CT
response assessment may allow identification of patients who could avoid esophagectomy.

We observed a pre-CRT median ctDNA VAF of 0.07% (IQR, 0.03 — 0.14), which after
adjusting for volume is nearly 10-fold lower than in our recent study of localized lung cancer
even after controlling for tumor volume 2. This suggests that ESCAs shed low amounts of
ctDNA and that ultrasensitive approaches such as CAPP-Seq will be required to reliably
detect ctDNA in patients with localized disease. It is important to note that our approach is
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unique compared to most other currently available ctDNA detection assays because it
involves a tumor mutation-informed bioinformatic approach that maximizes sensitivity
while maintaining high specificity. The low levels of ctDNA we observed suggest that
ctDNA detection methods based only on plasma analysis (i.e. tumor-naive) may be
insufficiently sensitive to robustly detect ctDNA in localized ESCA.

Our observation of low ctDNA levels in localized ESCA has important implications for
future studies. Notably, the median ctDNA VAF we observed in localized ESCA (0.07%), is
below the reported detection limits of most commercially available ctDNA assays.
Sensitivity for ctDNA detection is determined by 1) sequencing depth (i.e. amount of
cfDNA); 2) number of mutations tracked; and 3) assay background.18 Potential approaches
for increasing sensitivity include increasing sequencing panel size or designing personalized
ctDNA assays based on exome or whole genome sequencing of tumor tissue to track more
mutations as we and others have previously reported for other tumor types.13: 16

To our knowledge, this is the first study to systematically evaluate the prognostic utility of
CtDNA in a cohort of patients with localized ESCA treated with CRT and esophagectomy.
Few studies have focused on analysis of ctDNA in ESCA 3740 Two of these focused solely
on copy number variants and reported associations between CNVs and survival outcomes
40,41 \We instead focused on detection of SNVs since these have a lower limit of detection
than CNVs 18 and are thus better suited for the low levels of ctDNA observed in our early
stage cohort. Two other studies utilized NGS-based methods for ctDNA detection, though
both focused on ESCC, included advanced stage patients, had smaller sample sizes, and did
not explore utility of ctDNA for detection of MRD after CRT 14 42, Our findings of the
strong prognostic power of residual ctDNA after CRT is consistent with recent studies in
other solid tumors and supports the broad utility of ctDNA for MRD detection 10-12. 25,

Based on our findings, response assessment via integration of ctDNA and imaging
biomarkers appears a promising strategy for risk stratification in localized ESCA treated
with CRT. Our data suggest that ctDNA analysis following CRT has high sensitivity for
detection of occult disseminated disease but is less sensitive for detection of residual
locoregional tumor deposits. Explanations for this observation include that micro metastases
shed more ctDNA than residual local disease, or that the total burden of micro metastases
tends to be greater than that of residual local disease. Imaging-based response assessment,
such as analysis of ATLG, may be complementary by allowing identification of patients with
incomplete local responses. Patients with favorable ctDNA and imaging responses may
therefore be ideal candidates for personalized treatment approaches attempting to avoid
esophagectomy. Since our analysis was exploratory, future studies will be needed to validate
our findings, including the ATLG cut-point. Given prior challenges in finding reproducible
PET-CT based predictors of local recurrence & 9, the combination of MRI-based response
assessment with ctDNA should also be investigated. Addtionally, it would be interesting to
explore combining ctDNA analysis with other potential clinical or molecular predictors of
outcome in multiparmeter models that might further improve outcome prediction.

Limitations of our study include that it was retrospective and had a relatively modest cohort
size. However, due to the large hazard ratio associated with ctDNA MRD in our prior study

Gastroenterology. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Azad et al.

Page 11

of localized lung cancer!? that served as the basis for our statistical design, the number of
patients analyzed was larger than the required sample size. Furthermore, the number of
patients we analyzed is consistent with those evaluated for ctDNA MRD in recent studies of
other tumor types10-13.24.25 Additionally, we had to employ leave-one-out cross-validation
in the exploratory anlaysis integrating ctDNA with PET-CT. While this is a commonly used
approach for establishing sensitivity and specificity in cohorts of this size, our findings
should be considered exploratory and hypothesis generating and future studies in
independent cohorts will be required to validate our findings. Separately, we were unable to
explore the potential utility of other collection time points such as early during CRT or after
completion of surgery due to lack of sample availability. Future studies should explore these
time points. We also were unable to compare the performance of ctDNA with protein-based
biomarkers, such as CA19-9, and suggest this should be done in future studies. Lastly, our
observation of putative emergent mutations in a subset of patients must be interpreted with
caution given that we cannot be entirely certain that these mutations are originating from
tumor cells. However, given the strong association with disease recurrence it seems likely
that the majority of emergent mutations arise from clonal selection of residual tumor cells.
Future studies investigating emergent mutations should profile metastatic/recurrent tumor
deposits in addition to pre- and post-treatment plasma samples to conclusively establish the
presence of these mutations in tumor cells.

In conclusion, we found that post-CRT ctDNA analysis can identify patients with localized
ESCA at markedly increased risk of recurrence and death. Moreover, we explore integration
of ctDNA and imaging assessment of local treatment response which may allow
identification of patients treated with CRT who could be candidates for active surveillance
instead of esophagectomy. Prospective studies will be required to validate our findings and
to test the clinical utility of such personalized treatment approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What You Need to Know
BACKGROUND AND CONTEXT

Biomarkers are needed to identify patients at risk of tumor progression following
chemoradiotherapy for localized esophageal cancer. These might help identify at risk of
tumor progression and in selection of therapy.

NEW FINDINGS

In an analysis of tumor DNA, germline DNA, and plasma cell-free DNA from patients
who underwent chemoradiotherapy for esophageal cancer, detection of tumor DNA in
blood (circulating tumor DNA, ctDNA) was associated with tumor progression,
metastasis, and shorter survival times.

LIMITATIONS

This was a retrospective analysis; prospective studies and validation in independent
cohorts are required.

IMPACT

Assays to measure ctDNA in blood samples of patients who underwent
chemoradiotherapy for esophageal cancer might be used to identify those at highest risk
for tumor progression.
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Figure 1. Pre-CRT assessment of ctDNA in patients with locally advanced ESCA.
(A) Study overview of forty-five patients with EGD-proven locally advanced ESCA enrolled

in the study. Plasma samples were collected before and after chemoradiotherapy (CRT).
Following CRT, patients either underwent esophagectomy (n=23) or no further treatment
(n=22). (B) Clinical characteristics and tumor genotyping results. Pre-CRT ctDNA detection
status and clinical characteristics, where each column is a patient and each row is a
parameter (e.g. histology). Similarly, the associated co-mutation plot depicts patient-level
mutational profiles of 45 tumors from patients with esophageal cancer genotyped by our
ESCA-specific NGS panel. Genes mutated in at least 5% of the patients in our cohort are
depicted. The fraction of tumors with mutations in each gene is denoted on the left. (C)
Comparison of absolute ctDNA concentration between Stage 111 esophageal adenocarcinoma
(EAC, n=16) and Stage Il lung adenocarcinoma (LUAD, n=10). Pvalue calculated by the
Mann-Whitney test. (D) Pre-treatment ctDNA concentration in esophageal adenocarcinoma
(EAC, n=23) and esophageal squamous cell carcinoma (ESCC, n=7) patients. Patients were
included if tumor-informed mutations were detected either pre- or post-CRT. Data represent
mean + SEM. P value was calculated by the Mann-Whitney test. (E) Correlation of ctDNA
concentration (haploid genome equivalents per mL, hGE/mL) with pre-CRT metabolic
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tumor volume (MTV) measured by PET-CT, stratified by histology. P value and p were
calculated by Pearson correlation.
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Figure 2. Detection of tumor-informed mutations following chemoradiotherapy is strongly
prognostic.

(A) Tumor variant allele fraction (VAF), stratified by whether and at which time point a
patient had detectable ctDNA (x-axis categories) and further stratified by whether a given
mutation was detectable in plasma (column colors). P value calculated by a 2-way ANOVA
and was significant for difference based on if a mutation was detected in plasma (P = .01),
but not for if a patient was detected pre- or post-CRT. (B) Tumor mutations detected in
plasma pre- and post-CRT. Denominator is the total number of patients with detectable
CtDNA, pre- and post-CRT (n=27 and n=5, respectively). Genes depicted were mutated in
more than 5% of tumors in cBioportal ESCA datasets. (C-E) Kaplan—Meier analyses
comparing patients with detectable and undetectable ctDNA in the post-CRT sample using
tumor-informed ctDNA detection for (C) freedom from progression (P<.0001, HR = 18.7
(95%Cl, 1.1-316.5)), (D) distant metastasis-free survival (P<.0001, HR = 32.1 (95%Cl, 1.8—
559.2)) and (E) disease-specific survival (P <.0001, HR = 23.1 (95%Cl, 2.0-273.5)).
ctDNA negative (17=26) versus ctDNA positive (7= 5). Time (days) was measured from the
landmark (post-CRT blood draw). One patient was excluded from this analysis due to an
event that occurred prior to the post-CRT blood collection. P values and hazard ratios were
calculated from the log-rank test.
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Figure 3. Putative emergent mutations following CRT may be associated with disease
progression.

(A) In five patients we detected six new nonsynonymous mutations in post-CRT plasma that
were absent pre-CRT. Column dot plots indicates allele fractions of both tumor-informed
(circles) and emergent (squares) mutations. These mutations were absent in pre-CRT plasma
and matched germline, tumor, and in 20 healthy controls. (B) Presence of putative emergent
mutations in patients who developed disease progression (progressors; 7= 10) versus those
who did not (non-progressors; /7= 20). P value derived from Fisher’s exact test. (C) Patient
(EP32) with non-FDG avid stage Il EAC treated with CRT-alone who developed an
emergent AR/D1A G696V mutation following CRT. This patient went on to develop distant
metastasis (para-aortic lymph node). (D) Kaplan—Meier analysis of freedom from
progression (P < .0001, HR = 13.2 (95%Cl, 2.3-75.1)) comparing patients with or without
detectable ctDNA post-CRT (n=8 and 23, respectively). Detectable ctDNA is defined as
detection of tumor-informed or putative emergent mutations following CRT. Time (days)
was measured from the landmark (post-CRT blood draw). P values and hazard ratios (HR)
were calculated from the log-rank test. AF, allele fraction; CRT, chemoradiotherapy; IMRT,
intensity modulated radiotherapy; EAC, esophageal adenocarcinoma.
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Figure 4. ctDNA allows earlier and more robust detection of recurrence compared to PET-CT

imaging.

(A) Kaplan—Meier analysis for event-free survival (P = .0026), comparing ctDNA detection
at the post-CRT time point with standard-of-care PET-CT imaging (n=10). Time to event
(days) was measured from end of CRT. P values and hazard ratios (HR) were calculated
from the log-rank test. (B) Column dot plot of the lead time to radiographic recognition of
recurrence for ctDNA detection (n=7), with the bars representing mean (114.9) and standard
error of the mean (32.9). (C) Patient (EP58) with stage I11A EAC with partial response to
CRT on surveillance imaging and a decrease in post-CRT MTV but had increased levels of
CtDNA post-CRT and experiences distant liver metastasis. (D) Patient (EP29) with stage 1B
EAC with equivocal surveillance imaging, increased post-CRT MTV, and undetectable post-

CRT ctDNA who achieves long-term survival.
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Figure 5. Integrating ctDNA and ATLG enables improves detection of recurrence among
patients receiving CRT alone.

Kaplan—Meier analysis for (A) freedom from progression (P=.0093, HR 6.4 (95% CI 1.2—
33.1)) and (B) disease-specific survival (P=.015, HR 9.1 (95% CI 1.4-60.8)) stratified by
post-CRT ctDNA detection among patients receiving CRT alone (n=12). Time to event
(days) was measured from post-CRT PET imaging. P values and hazard ratios (HR) were
calculated from the log-rank test. (C)Mean sensitivity and specificity of ctDNA, ATLG, and
both, for any recurrence detection (n=12). ATLG is defined as the percent change in TLG in
response to CRT. Mean and standard deviation calculated using leave-one-out approach. P
values calculated by the Mann-Whitney test. Kaplan—Meier analysis for (D) freedom from
progression (P=.0011) and (E) disease-specific survival (P=.026) stratified by integration of
CtDNA detection and ATLG at the post-CRT time point (n=12). Patients in the red curve
(n=7) either had detectable ctDNA following CRT or had ATLG = —48.5% while patients in
the blue curve (n=5) had undetectable ctDNA after CRT and had ATLG < —48.5%. Time to
event (days) was measured from post-CRT PET imaging. P values were calculated from the
log-rank test. Hazard ratios are not reported as they are undefined given the absence of any
events in the ctDNA and ATLG negative group. (F) Patient (EP34) with stage 1|1A ESCC
treated with CRT-alone who achieved long-term survival with no evidence of disease. Patient
had detectable ctDNA pre-treatment and remains undetectable following CRT.
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