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Esophageal squamous cell carcinoma (ESCC) is lethal as tumors are rarely detected at an
early stage and have a high recurrence rate. There are no particularly useful biomarkers for
the prognostic prediction of ESCC. Circulating tumor DNA (ctDNA) is becoming an
important biomarker for non-invasive diagnosis and monitoring tumor prognosis. Here, we
aimed to analyze variations in plasma cell-free DNA (cfDNA) amount to search for minimal
residual disease (MRD). Plasma and white blood cells (WBCs) of 60 patients were
collected before tumor resection and a week after surgery. Tumor specimens were also
collected as formalin-fixed paraffin-embedded (FFPE) samples. All samples were
extracted to analyze the genetic alterations of 61 genes using capture-based next-
generation sequencing (NGS). Tumor variants were detected in 38 patients with ESCC,
and the two driver genes with the highest mutation frequency were TP53 and PIK3CA. Of
the pre-surgical plasma cfDNA samples, 73.7% of identified variants matched the tissue.
In patients who did not receive adjuvant therapy after surgery, postoperative cfDNA-
positive patients had shorter overall survival (hazard ratios (HR), 25.8; 95% Cl, 2.7-242.6;
P = 0.004) and were more likely to relapse than postoperative cfDNA-negative patients
(HR, 184.6; 95% ClI, 3.6-9576.9; P = 0.01). Detection of ctDNA after surgical tumor
excision is associated with tumor relapse and disease-specific survival, and can be used
as a prognostic biomarker for MRD detection in ESCC.

Keywords: esophageal squamous cell carcinoma, circulating tumor DNA, next-generation sequencing, minimal
residual disease, prognostic marker

INTRODUCTION

Esophageal cancer is lethal and is the sixth leading cause of cancer-related death (1), in which
esophageal squamous cell carcinoma (ESCC) accounts for approximately 90% of cases (2). The
preferred treatment strategy for locally advanced disease includes neoadjuvant therapy plus surgery
(3); however, relapse following complete resection of ESCC remains common. It has been reported
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that 40% to 50% of patients with supposedly localized esophageal
cancer suffer from recurrence or metastasis within two years after
surgery (4-6), and the median survival after recurrence is only 8
months (7). Nevertheless, even in early-stage patients, relapse can
occur within two years after surgery. A reason for early relapse in
ESCC patients might be occult minimal tumor cell dissemination
already present at the time of surgery, which is undetectable by
current clinical radiologic and routine histopathological methods
(6). Therefore, predicting recurrence when tumors are still
minimal or occult may enhance the survival rates of patients
with ESCC (8). Accurate identification of biomarkers to assess
tumor burden and early detection of tumor recurrence is critical
to ensure timely and effective therapy (9).

Currently, several prognostic factors have been accepted for
clinical application, such as lymph node status and tumor stage;
however, disease status and clinicopathological status cannot
clearly identify which patients have a higher risk of recurrence (7,
10). Moreover, protein biomarkers have limited sensitivity and
specificity, and their expression levels are easily affected by other
factors. Therefore, there remains a need to identify better
prognostic markers that can be used in biological fluids (11).

Circulating tumor DNA (ctDNA) in the blood is small DNA
fragments released upon apoptosis or necrosis of primary and
metastatic tumor cells (12, 13). The short half-life of cfDNA
endows it with the potential to dynamically monitor changes in
tumor burden (14). In recent years, ctDNA detected using next-
generation sequencing (NGS) has been used to assess the
presence of minimal residual disease (MRD), thereby predicting
the risk of disease recurrence in a variety of solid tumors, such as
lung cancer (15), breast cancer (16), and colorectal cancer (17).
However, there are relatively few studies on ctDNA in ESCC.

In this study, tumor and matching plasma samples from 60
esophageal patients were collected and sequenced using a
capture-based 61 gene panel. Our research aims to explore the
utility of NGS-based cfDNA analysis to identify biomarkers with
prognostic information on recurrence and survival.

MATERIALS AND METHODS

Subjects Enroliment

This study took place in the Department of Thoracic Surgery,
Changhai Hospital, Shanghai, from August 2015 to December
2016. The inclusion criteria were as follows: Pathologically
confirmed patients with ESCC who 1) underwent surgery; 2) did
not undergo any anti-tumor treatment before the first blood
collection; 3) had no history of other malignancies. The study was
conducted in accordance with the Declaration of Helsinki Principles
and approved by the Institutional Review Board of Changhai
Hospital. Informed consent was obtained from all subjects.

Sixty patients were initially enrolled; two patients who were
subsequently diagnosed with adenosquamous esophageal
carcinoma or esophageal small cell carcinoma, three patients
whose FFPE samples were not available, and two patients with
insufficient tissue samples were excluded from the study (Figure 1).
Surgery was performed via the Sweet, Ivor-Lewis, or McKeown
procedure with/without lymphadenectomy.

Sample Collection and DNA Extraction
Tumor tissue samples were collected from patients with ESCC via
surgery, and FFPE sections were prepared by the pathology
department according to the standard procedures of our
hospital (18). For each patient, 10 ml of venous blood sample
was obtained at two time points, the day before surgery and one
week post-surgery, in plastic K,EDTA tubes (BD, Franklin Lakes,
NJ, USA). Blood samples were centrifuged at 1,900 xg for 10 min
at 4°C, and the upper phase of plasma and white blood cells
(WBCs) from the middle phase were collected in new Eppendorf
tubes. The upper plasma was further centrifuged at 4°C and
16,000 xg for 10 min to pellet the remaining cells. All tubes were
labeled with the matching patient ID and the sample collection
date, and then immediately stored at —80°C until DNA extraction.
The time interval between sample collection and freezing was 4 h.
cfDNA was isolated from 3 to 5 ml plasma using the QIAamp
Circulating Nucleic Acid Kit (QIAGEN, Hilden, Germany)
following the manufacturer’s protocol. cfDNA concentration
was measured using a Qubit fluorometer 3.0 (Life
Technologies, Grand Island, NY) and the cfDNA fragments
were quantified using a 2100 bioanalyzer (Technologies, Palo
Alto, CA). Genomic DNA (gDNA) was extracted from WBCs or
FFPE samples using the QIAamp DNA Blood Mini Kit
(QIAGEN) and TIANquick FFPE DNA Kit (TIANGEN,
Beijing, China) according to the manufacturer’s instructions.
Isolated cfDNA and gDNA were stored at —80°C until use.

NGS of gDNA and cfDNA
Plasma cfDNA, gDNA from FFPE specimens and WBCs were all
sequenced using capture-based targeted NGS (19). All
sequencing was performed at the Shanghai Yunsheng Medical
Laboratory Co., Ltd. Briefly, gDNA was sonicated into fragments
with a peak fragment size of approximately 200 bp. After
sonication, 100 ng of fragmented gDNA was used for standard
NGS library construction using KAPA library preparation kit
(KAPA Biosystems, Boston, MA, USA) following the
manufacturer’s protocol. The gDNA NGS library was captured
using a panel consisting of 61 cancer-related genes (19) of clinical
significance, followed by sequencing with 101 bp paired-end runs
on an Illumina HiSeq 2500 (Illumina, San Diego, CA, USA).
Generally, sequence reads collected from HiSeq were aligned to
the hg19/GRCh37 reference genome using the Burrows-Wheeler
Alignment tool (20). Duplicate removal, single nucleotide
variants, and indel calling were performed using VarDict (21).
Variant annotation and filtering were based on the GEMINI
analysis (22). Somatic mutations specific to tumors were noted
when they met all the following criteria: 1) Not detected in the
gDNA of white blood cells; 2) not present in the 1000G data; 3)
mutant allele frequencies (MAF) > 5%; 4) at a locus with depth
coverage of >200 both in FFPE and WBC gDNA.

cfDNA analysis was also carried out using the Accu-Act panel.
Firefly NGS assay based on circularized and tandem error
correction cfDNA technology (Yunsheng Medical Laboratory,
Shanghai, China) was performed as previously reported (19).
NGS libraries were sequenced on an Illumina HiSeq 2500, and
unique sequencing reads were identified using the Firefly
proprietary algorithm. WBC gDNA sequencing data were used
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FIGURE 1 | Overview of patient enrollment and sample collection.

to filter germline mutations and clonal hematopoietic mutations.
For candidate cfDNA variant detection, the following criteria were
applied: 1) No germline or clonal hematopoietic mutations; 2) not
present in the 1000G data; 3) MAF > 0.02%; 4) variant-supporting
consensus reads of >3.

Statistical Analysis

Disease-free survival (DFS) was determined from the time of
surgery to cancer relapse or the last follow-up, and overall
survival (OS) was defined as the time from surgery to death or
the last follow-up. Median DFS and OS and 95% confidence
intervals (95% CI) were observed using the Kaplan-Meier
method, and survival curves of different groups were analyzed
using the log-rank test. Cox proportional hazards model was
used to identify factors affecting prognosis, and it was used to
create survival hazard ratios (HRs). The level of statistical
significance was set as two-sided at p < 0.05. Statistical analysis
was performed using SPSS 26.0 software package (IBM Corp.,
Armonk, NY) and figures were established using version 8.0
GraphPad Prism (GraphPad Software, San Diego, CA).

RESULTS

Clinicopathologic Characteristics
Patient enrollment and study overview are described in Figure 1;
53 subjects were eligible for data analysis. The patient and

pathological characteristics are presented in Table 1 and
Figure 2A. The median age at the time of diagnosis was 65
years (range, 46-79 years), 44 (83.02%) patients were male, and
nine (16.98%) were female. Patients with a history of both
smoking and drinking accounted for 41.51%, with the
remaining patients with a history of smoking (16.98%) or
drinking (5.66%) or non-smokers and non-drinkers (35.85%).
Based on the 8th edition of the AJCC/UICC staging system,
tumor stages 0 to I, II, and III were represented as follows:
22.64% (N = 12), 41.51% (N = 22), and 35.85% (N = 19),
respectively. Most tumors (69.81%) originated from the middle
thoracic esophagus, 71.70% was medium differentiated, 24.53%
showed angiolymphatic invasion, and 81.13% showed
neurological invasion. The median value of the maximum
tumor diameter was 3.5 cm (range, 0.9-9 cm) (Supplementary
Table S1). TP53 expression was detected in 56.60% of patients
using immunohistochemistry (IHC). None of the enrolled
patients received neoadjuvant therapy, and 19 (35.85%)
patients received adjuvant treatment.

Mutational Landscape of ESCC in FFPE
and Pre-Surgical cfDNA

Tumor gDNA in FFPE, as well as pre-surgical and post-surgical
plasma cfDNA, of 53 patients with ESCC were analyzed using
Accu-Act NGS (Supplementary Table S2). The average
sequencing depth of FFPE, WBCs, pre-surgical cfDNA, and post-
surgical cfDNA were 528x, 877x, 9274x, and 8482x, respectively.
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TABLE 1 | Patient characteristics.

Variable Case (n = 53) Percentage
Age
Median (range) 65 (46-79)
Gender
Male 44 83.02%
Female 9 16.98%
Tobacco and alcohol use
Both 22 41.51%
Tobacco only 9 16.98%
Alcohol only 3 5.66%
None 19 35.85%
TNM stage
0-1 12 22.64%
I 22 41.51%
Il 19 35.85%
Tumor location
Upper 4 7.55%
Middle 37 69.81%
Lower 12 22.64%
Tumor differentiation
G1 5 9.43%
G2 38 71.70%
G3 7 13.21%
NA* 3 5.66%
Angiolymphatic invasion
Yes 13 24.53%
No 40 75.47%
Neurological invasion
Yes 43 81.13%
No 10 18.87%
Maximum tumor diameter
Median (range) 3.5 (0.9-9)
Surgery procedure
Sweet 4 7.55%
Ivor lewis 40 75.47%
Mckeown 9 16.98%
P53 status
Positive 30 56.60%
Negative 23 43.40%
Adjuvant therapy
Chemotherapy 7 13.21%
Radiochemotherapy 6 11.32%
Radiotherapy 6 11.32%
No 29 54.72%
NA* 5 9.43%

*NA, not available.

A total of 71.7% (38/53) of the ESCC tissue specimens showed at
least one mutation. Seventy-one tumor-specific somatic mutations
among 16 genes in 38 FFPE samples were identified, including
genes with recurrent somatic alterations, such as TP53 (58.49%),
PIK3CA (16.98%), EGFR (7.55%), PTCHI (5.66%). PTCHI, and
TP53 mutations often co-occurred, and 15 FFPE specimens did not
have any mutations (Figure 2B). TP53 and PIK3CA mutations
were present in 58.49% (31/53) and 16.98% (9/53) of the tissue
samples, respectively. Comparison of TP53 and PIK3CA mutation
status between tissues and c¢fDNA is summarized in
Supplementary Table S3. Among TP53 or PIK3CA mutant
tumors, the cfDNA mutation detection sensitivity was 71.0% (22/
31) for TP53 and 66.7% (6/9) for PIK3CA. The overall sensitivity of
detecting the mutations on these two genes in cfDNA was 70.0%

(Supplementary Table S4). No significant difference was found in
the mutation frequency of TP53 and PIK3CA between different
smoking and drinking groups (Supplementary Table S5).

Post-Surgical cfDNA Status

and Prognosis

In our study, three subjects could not be followed up, five
patients had unknown DEFS, and 21 recurrence and 20 death
events due to tumor progression were investigated. The follow-
up time ranged from 1.5 to 50.67 months, with a median of 34.8
months. We used tumor-specific mutation as a molecular
marker, and 38 subjects were successfully stratified by
postoperative ctDNA-positive (ctDNA+) and negative
(ctDNA-) ctDNA status. Six of these 38 patients (15.8%) had
tumor-specific mutations in their post-surgical plasma
(ctDNA+). Table 2 summarizes the variants and MAFs
identified in ctDNA+ cases. Six ctDNA+ subjects developed
five relapse and death events, with a relapse rate of 83.3% and
a mortality rate of 83.3%.

To eliminate the effect of adjuvant therapy, we explored the
ability of postoperative ctDNA status to predict recurrence in
patients with ESCC who did not receive adjuvant treatment. Of
the 38 patients with tumor-matching cfDNA variants, 60.5% (23/
38) did not receive adjuvant therapy, and ctDNA was detected
postoperatively in four of 23 patients (17.4%), relapse was
investigated in three of four patients (75%), and death
occurred in all four cases (100%). The remaining 19 of 23
(82.6%) subjects were postoperative ctDNA-, where disease
recurrence was recorded in two (10.5%) patients, with one
documented death. cfDNA variants were present in the blood
plasma of patient #3 before surgery, with only one matching
mutation (PIK3CA: p.Y644H, 2.78%) in the postoperative blood,
while the variant was not detected in the tumor. For patient #17,
pre-surgical cfDNA analysis showed GNAQ p.F220L (0.36%)
and PIK3CA p.A598 (3.9%) variants while these mutations were
not detected in the FFPE tumor sample, and the MAF of the two
alterations was 0.1% and 2.32%, respectively (Supplementary
Table S6).

In this cohort, we also explored the correlation between the
clinical risk factors associated with patient prognosis.
Clinicopathological variables were not significantly associated
with DFS, whereas tumor location, tumor stage, and tumor
angiolymphatic invasion were significantly associated with OS
in univariate analysis (Table 3). Postoperative ctDNA status had
a more notable impact on DFS and OS than any other
clinicopathological risk factor. Patients with postoperative
ctDNA+ status had a markedly shortened DFS compared to
those with ctDNA- status (HR, 27.5; 95% CI, 2.8-273.1; P =
0.005, Figure 3A). The OS of patients with postoperative
ctDNA+ status was 7.30 months whereas that of those with
postoperative ctDNA- status was not reached (HR, 27.6; 95% CI,
2.9-259.1; P = 0.004; Figure 3B). After a multivariable
adjustment, postoperative cfDNA+ patients were more likely to
relapse than postoperative cfDNA- patients (HR, 184.6; 95% CI,
3.6-9576.9; P = 0.01), and the OS was also shortened (HR, 25.8;
95% CI, 2.7-242.6; P = 0.004).
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(B) Mutation landscape of FFPE samples. FFPE, Formalin-Fixed Paraffin-Embedded; ESCC, esophageal squamous cell carcinoma; IHC, immunohistochemistry.

DISCUSSION

In this study, we applied capture-based NGS to a panel consisting
of 61 cancer-related genes of clinical significance to detect the
matching FFPE tissues, pre- and postoperative plasma cfDNA,
and WBC samples from 53 patients with ESCC. Our study
showed that TP53 and PIK3CA were frequently altered in
patients with ESCC. Somatic mutations were detectable in pre-
surgical plasma cfDNA of patients with stage 0-III ESCC, and at
a lower MAF in several post-surgery cfDNA samples. This
demonstrated that ctDNA detection after ESCC resection
indicated MRD and identifies patients at high risk of
recurrence and death.

We found that TP53 and PIK3CA were the two most
prominent mutated genes in the FFPE samples. The mutation

rate of TP53 in tumor samples was only 58.49%, which is lower
than reported mutation frequency, mainly due to panel coverage
(not all exons of TP53 were included) and small sample size. The
mutational spectrum of TP53 is diverse in human cancers, apart
from the “hotspot mutations” (23). The reported mutation rate
of ESCC varies in different studies, ranging from 20% to 93%,
which is mainly determined according to the sequencing panel
coverage, methods used, and tumor stage (23-29). We identified
more variants in pre-surgical cfDNA specimens compared with
tumors, indicating spatial intratumoral heterogeneity in ESCC;
Hao et al. also illustrated this (30).

Postoperative adjuvant therapy is recommended to eliminate
micrometastases and MRD (31). Although in recent decades, an
increasing number of immunohisto- or cytochemical and nucleic
acid-based procedures have been developed, it has been reported

TABLE 2 | Tumor-specific variants of post-surgical plasma cfDNA.

Patient ID Gene Amino acid Nucleotide alteration Chromosome Tumor FFPE Pre-surgical Post-surgical
variation alteration gDNA MAF cfDNA MAF cfDNA MAF
CHEO04 FBXW7 FBXW?7:p.D440N NM_033632.3:¢c.1318G>A chrd:g.153249460C>T 61.60% 2.14% 0.59%
CHEO19 PTEN PTEN:p.R130Q NM_000314.6:¢.389G>A chr10:9.89692905G>A 156.53% 5.72% 0.18%
TP53 TP53:p.R273H NM_000546.5:¢.818G>A chr17:9.75677120C>T 34.95% 4.05% 0.87%
PDGFRA PDGFRA:p.? NM_006206.4:¢c.“12G>A chrd:g.55161451G>A 17.16% 2.96% 0.10%
TERT NA NM_198253.2:¢c.2654+10G>A chrb:9.1266569C>T 7.03% 1.05% 0.24%
CHEO21 PTCH1 NA NA chr9:9.98278972T>C 71.49% 44.24% 39.03%
CHEO024 TP53 TP53:p.E294* NM_000546.5:¢.880G>T chr17:9.7577058C>A 52.96% 8.35% 3.79%
CHEO36 TP53 TP53:p.W146* NM_000546.5:¢c.438G>A chr17:9.7578492C>T 8.58% 4.07% 4.31%
CHEO41 PIK3CA PIK3CA:p.H1047R NM_006218.3:¢.3140A>G chr3:9.178952085A>G 37.67% 0.62% 0.04%

cfDNA, cell-free DNA; gDNA, genomic DNA; MAF, mutant allele frequency.
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TABLE 3 | Prognosis analysis by clinicopathological variables and postoperative ctDNA status in patients not treated with adjuvant therapy.

Parameter Univariate analysis Multivariate analysis
DFS os DFS os
HR P value HR P value HR P value HR P value
(95% ClI) (95% CI) (95% Cl) (95% ClI)

Gender 0.05(0-10.8) 0.72 0.05 (0 - 15.0) 0.726 / 0.839 / 0.613
Age 1.1(1.0-1.3 0.138 1.0(0.912-1.2) 0.564 / 0.070 / 0.111
Smoking 0.73 (0.1 - 4.0 0.713 0.2(0-16.2 0.252 / 0.979 / 0.301
Alcohol 3.2(10.6-17.9) 0.176 7.4 (0.9 -64.0 0.069 / 0.194 / 0.147
Tumor location 3.7 (0.7 - 20.8) 0.135 6.1 (1.028 - 35.9) 0.047 / 0.108 / 0.951
Maximum tumor diameter 1.2(0.6-24) 0.602 1.2(0.708 - 2.2) 0.454 / 0.286 / 0.768
Tumor stage 2.0(0.9-4.2) 0.069 3.1 (1.147 - 8.5) 0.026 / 0.373 / 0.622
Histological grade 1.0(0.2-54) 1.00 1.1(0.178 - 6.4) 0.944 / 0.326 / 0.866
Depth of submucosal invasion 1.6 (0.6 - 4.8) 0.37 2.3(0.66 - 8.3) 0.188 / 0.926 / 0.625
Angiolymphatic invasion 4.1 (0.7 - 24.8) 0.126 6.5 (1.075 - 39.0) 0.041 / 0.614 / 0.552
Postoperative ctDNA status 27.5 (2.8 -273.1) 0.005 27.6 (2.9 - 259.1) 0.004 184.6 (3.6-9576.9) 0.01 25.8 (2.7-242.6) 0.004

CtDNA, circulating tumor DNA; DFS, disease-free survival; OS, overall survival.
The bold values indicate statistically significant differences.

that the occult tumor cell detection rates for lymph nodes of
patients with esophageal cancer without overt lymph node
metastases (pNO) was 26% to 56% (32, 33). Therefore, there is
no reliable tool to assess MRD to tailor adjuvant therapy as early
as possible. In addition, for ESCC, there is no effective tool to
monitor early relapse without imaging. Previous studies have
illustrated that ctDNA can be detected in most advanced-stage
cancer patients with high sensitivity (34). Detection of ctDNA
after resection can indicate MRD or even predict clinical
recurrence and poor outcomes for different types of cancers
(35, 36). Early detection of tumor relapse and a tool to evaluate
treatment efficacy in ESCC would allow us to optimize
individualized therapeutic strategies for patients. In the
absence of effective prognostic biomarkers in ESCC (37),
analysis of ¢fDNA may provide an easily accessible source of
information to supervise tumor burden after surgery.

In our study, we detected a series of tumor-specific somatic
mutations in the preoperative plasma cfDNA for the majority of
patients with stage 0 to III ESCC using as little as 3 ml of blood.

The overall sensitivity of TP53 and PIK3CA detection in plasma
cfDNA was 70%, which is lower than the detection sensitivity
reported for lung cancer (19). The median MAF of pre-surgical
plasma cfDNA variants was 0.17%, which was also lower than
that reported in lung cancer, even though we utilized the same
NGS assay (19). The sensitivity of ¢fDNA assays depends not
only on preanalytical and analytical factors but also on the rate at
which ctDNA is released from the tumor, the so-called “ctDNA
shed” (38). Considering that we used the same plasma detection
panel (Accu-Act) and platform (Firefly) as Xu et al. (19), tumor
biology may determine sensitivity. Low tumor load may be one
of the reasons why there are few successful MRD reports in
ESCC compared to lung cancer or colorectal cancer. It has also
been shown that gastroesophageal ctDNA has a relatively low
number of mutant fragments (34).

In our study, six patients (three with stage IIB, two with stage
IITA, and one with IIIB) had detectable tumor-matching variants
in their post-surgical ¢fDNA samples, with a relapse rate of
83.3%. In the six ctDNA+ patients, 50% had residual TP53
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mutations. However, our data showed that tissue P53 THC status
and TP53 mutation status of tumor samples did not affect the
prognosis (Supplementary Figure 1). However, 50% (3/6) of the
ctDNA+ cases had residual TP53 mutations. This might indicate
that monitoring the changes in TP53 mutations via plasma
cfDNA is a potential approach to predict MRD or recurrence.
Some cases in Ueda’s study demonstrated this possibility (9). In
addition, this requires the detection of all TP53 exons to ensure
the detection of more cases.

Among the patients who were not treated with adjuvant
therapy, four were ¢fDNA+, which demonstrated 100%
sensitivity to predict recurrence, and 75% (3/4) of the patients
relapsed within one year. This finding also demonstrates that
postoperative plasma cfDNA positivity is an independent
disadvantage for patients with ESCC. Hsieh et al. revealed that
higher cfDNA levels are associated with tumor relapse and
shorter DFS after esophagectomy in patients with ESCC (39).
Recently, a study described that ctDNA detection in patients who
received chemoradiotherapy without surgery is associated with
tumor progression and disease-specific survival, with predicted
progression in 71% of patients. Another study also indicates that
ctDNA detection post-chemoradiotherapy can predict tumor
progression by an average of 2.8 months earlier than PET-CT
imaging (40). Furthermore, adjuvant chemotherapy (ACT) can
eliminate the residual disease in up to 30% of postoperative
ctDNA+ patients, and therefore, can be a treatment option for
ctDNA+ patients with CRC (41). Both studies and our results
illustrate that ctDNA analysis could be used to identify patients
at high risk for tumor progression.

Moreover, Zhang et al. explored the ¢fDNA mutation
signature of patients with ESCC who were responsive and non-
responsive to neoadjuvant chemotherapy (NAC). It was
illustrated that the driver gene molecular mutation burden
(MMB) of the responsive group was significantly higher than
that of the non-responsive group and that the plasma cfDNA
MMB and CNVs may be used to predict the response of ESCC
patients to NAC (42). Likewise, a study with a cohort of patients
with early breast cancer who received NAC found that ctDNA
levels after two cycles of NAC predict the local tumor response to
NAC treatment, and positive baseline ctDNA is significantly
associated with worse DFS and OS (43). In colorectal cancer,
ctDNA analysis of post-chemotherapy plasma revealed that
ctDNA+ patients were more than 40 times more likely to
experience disease recurrence than ctDNA- patients (17). Raja
et al. demonstrated that early reduction in ctDNA MAF may be a
useful predictor of long-term benefit from immunotherapy in
patients with lung and bladder cancer, and the decrease in mean
MAF may precede radiographic change in tumor volume by one
year (44). Pretreatment ctDNA levels also appear to be
prognostic and help predict the dynamics of durvalumab
treatment in 16 advanced tumor types as reported in a
previous study (45). In patients with urothelial bladder
carcinoma, the ctDNA-NGS approach could predict metastatic
relapse and monitor therapeutic efficacy (46). Furthermore,
plasma ctDNA is a potential biomarker for multiple cancers
with high sensitivity and specificity (47-50).

There are two strategies to monitor tumor MRD: Tumor-
informed (fixed or personalized) assay and tumor-agnostic
approach (also called tumor-naive or plasma-only approach).
The former approach, based on tumor sequencing, can accurately
filter non-tumor-derived mutations, such as germline mutations
and clonal hematopoiesis (CH). The fixed tumor-informed assay
utilized in the present study may lead to a certain percentage of
false negatives, even though it is moderately cost-effective and has
a decent turn-around time (TAT). Signatera demonstrated that a
personalized tumor-informed assay can improve sensitivity and
specificity in lung cancer, CRC, and breast cancer (51, 52).
Compared with the fixed strategy, it can help the patient save
42% (lead time 264 vs 187 days) more time to adopt a suitable
treatment (51). However, the clinical application of this approach
could be limited due to the unavailability of sufficient tumor
samples, long development period of a personalized panel for
each patient, and high cost. The tumor-agnostic approach
represented by Guardant Reveal only requires plasma cfDNA
sequencing using a fixed panel; it reduces cost and TAT and is
more suitable for clinical application. The disadvantage of this
method is the lack of sensitivity, which can be promoted by
analyzing multiple biomarkers, like ctDNA mutation and ctDNA
methylation. The potential shortcoming of the tumor-agnostic
approach is that it may result in false positives when an
inappropriate variant filter strategy is used. In the present
study, we used a tumor-informed assay with a fixed panel,
which showed 60% sensitivity and 95.45% specificity in the
cohort that did not receive adjuvant therapy, as well as a
tumor-agnostic approach in the same cohort, which showed
80% sensitivity and 63.64% specificity (Supplementary Table
§7). Interestingly, we found some TP53 variants derived from
CH. Mutations originating from CH could lead to faulty
reporting and incorrect treatment strategies when tumor-only
sequencing is used (53). An increasing number of studies confirm
that TP53 mutation has a prognostic value in esophageal cancer
(23, 54, 55), attention should be paid to the CH phenomenon.
cfDNA-leukocyte paired sequencing is essential to accurately
identify the source of the genetic variation, and more attempts
and efforts are still needed to evaluate MRD in esophageal cancer.

Even though the sample size in our study was not large
enough, this is the first study to date to analyze pre-surgical and
post-surgical cfDNA in more than 50 patients with stage 0-IIT
ESCC. However, other studies have mainly concentrated on
patients with stage II-III ESCC (9, 56). Accurate detection of
MRD can guide individual and personalized management of
patients with early-stage ESCC. As MRD detection after surgical
resection remains challenging, there is still much work to do.
Limitations of this study are that blood collection time points
may seem inadequate, as longitudinal blood collection at
multiple time points (including time points before and after
adjuvant therapy) was also required to demonstrate how early
ctDNA indicates relapse and the extent to which adjuvant
therapy can eliminate the residual disease in patients with
ESCC. We could not explore the potential value of ctDNA at
the time of adjuvant treatment because of the lack of sample
availability. We have ongoing studies (ChiCTR2000034355) to
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explore these. Second, this study was initiated in 2015, and the
postoperative blood collection time was one week after surgery.
With the improvement of cfDNA research, it has been shown in
multiple studies that there is an initial spike in ¢fDNA following
surgery due to trauma-induced cfDNA, and it takes 3 to 4 weeks
for cfDNA levels to return to stasis (57). Trauma causes
increased cell death and has been associated with increased
levels of wild-type ¢fDNA in the blood. This would cause a
low ctDNA content in the circulation, increasing the limit of
detection for the ctDNA detection (17, 57, 58). In this study, we
found 15 patients whose cfDNA concentration post-surgery was
higher than that before surgery (Supplementary Table S1). To
reduce the impact of trauma-induced cfDNA on ctDNA
detection, a distant timepoint, such as 3 to 4 weeks, may be
more appropriate for reliable MRD detection in solid tumors.
We have noticed this before and used one month (+ 1 week) as
the first time point post-surgery in our ongoing study. Third, the
sensitivity of our NGS assay was lower than that reported in a
previous study, possibly due to limitations in the NGS panel we
selected. High alteration rate genes identified by WGS/WES,
such as KMT2D, FATI, FAT3, NRF2, and EP300 (24, 59) were
not included in our panel. At the same time, we should consider
the cost of sequencing, as the detection rate was 83% even though
a 483 cancer-related gene-containing panel was used (14). The
gene panel needs to be optimized and specified for ESCC in
future research. Fourth, despite the relatively larger number of
patients in this study, our conclusions are still limited by the
small number of postoperative ctDNA+ patients; further large-
scale trials are still needed.

In conclusion, the results of our study indicate that ctDNA
analysis is a valuable method for risk stratification of patients
with resectable ESCC. Specifically, the detection of ctDNA
variants in postoperative plasma is strongly prognostic for DFS
and OS.
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