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Abstract
Background  Although neoadjuvant chemotherapy and immunotherapy show promise in treating oesophageal 
squamous cell carcinoma (OSCC), long-term survival data are limited. This randomized, multicenter phase 2 
study evaluated the efficacy of perioperative Nivolumab with chemotherapy, followed by surgery and adjuvant 
immunotherapy, in patients with locally advanced resectable OSCC, and explored the prognostic role of circulating 
tumor DNA (ctDNA) status.

Methods  In this trial, participants recruited from five centers were randomly assigned in a 2:1 ratio to receive either 
perioperative Nivolumab or a placebo in addition to chemotherapy (cisplatin and paclitaxel), followed by minimally 
invasive esophagectomy. For those who did not achieve a pathological complete response (pCR), adjuvant treatment 
with Nivolumab was administered. The main measure of success was the pCR rate, with secondary endpoints 
including the R0 resection rate, event-free survival, and overall survival. All outcomes and safety measures were 
assessed based on the intention-to-treat population. ctDNA levels were monitored as exploratory endpoints.
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Introduction
Oesophageal cancer poses a significant health risk 
globally. East Asia records the highest incidence rates 
worldwide for both men and women, with oesophageal 
squamous cell carcinoma (OSCC) being the predomi-
nant histological subtype [1]. The standard treatment 
for locally advanced resectable OSCC is neoadjuvant 
chemoradiotherapy (nCRT) with surgery, improving sur-
vival over surgery alone [2, 3]. However, the JCOG1109 
and our phase 3 CMISG-1701 trials showed no signifi-
cant improvement in overall survival (OS) with nCRT 
over neoadjuvant chemotherapy (nCT), despite better 
local tumor control [4, 5]. This suggested that improv-
ing systemic treatment may improve long-term survival. 
In East Asia, nCT has been extensively adopted, showing 
significant results, particularly for patients with multiple 
lymph node metastases where radiotherapy is not feasi-
ble [6–8]. The advent of immunotherapy has transformed 
the treatment landscape for esophageal cancer. Immune 
checkpoint inhibitors (ICIs), such as programmed cell 
death protein-1 and its ligand (PD-1/PD-L1), have been 
effective in treating advanced or metastatic esophageal 
cancer [9–11]. Therefore, combining ICIs with nCT may 
improve systemic treatment survival outcomes.

A regimen combining nCT and nivolumab, an anti-
PD-1 antibody, has improved pathological complete 
response (pCR) rates and extended OS in resectable 
non-small-cell lung cancer (NSCLC) [12, 13]. In esopha-
geal cancer, however, the effectiveness of neoadjuvant 
immunotherapy (nIT) is still under investigation, await-
ing more conclusive data. The initial pilot study com-
bining nivolumab with nCT in 2019 enrolled sixteen 
patients with stage II/III esophageal/gastroesophageal 
junction (E/GEJ) cancer and achieved a pCR rate of 40% 
[14]. A phase 2 trial (NICE) updated its two-year follow-
up data, showing two-year OS and PFS of 78.1% and 
67.9%, respectively [15]. The ESCORT-NEO/NCCES01 

trial, China’s first phase 3 trial combining ICI with nCT, 
reported preliminary results with pCR rates of 28.0% and 
15.4% in the ICI plus nCT groups, significantly higher 
than the 4.7% in the nCT-only group, meeting the pri-
mary pCR endpoint. However, data on event-free sur-
vival (EFS) remains immature [16]. Current trials lack 
long-term survival data, highlighting the need for robust 
evidence on the optimal ICI and nCT combination and 
its potential to enhance survival. Further, the Check-
mate-577 trial highlighted ICIs’ role in adjuvant therapy 
for non-pCR patients after nCRT [17], raising questions 
about their necessity in neoadjuvant therapy and tumor 
regression.

The ability to predict the effectiveness of neoadjuvant 
therapy and swiftly detect relapses could improve sur-
vival rates. Monitoring minimal residual disease (MRD) 
through circulating tumor DNA (ctDNA) has been linked 
to early recurrence and poorer prognosis across various 
cancer types [18–21]. Specifically in esophageal cancer, 
patients with detectable ctDNA post-chemoradiotherapy 
exhibited notably reduced PFS and worsened OS [22]. 
Furthermore, preliminary findings from a phase Ib trial 
on esophageal/gastroesophageal junction (E/GEJ) cancer 
indicated that patients with undetectable ctDNA levels 
before and after nIT experienced extended recurrence-
free survival (RFS) and OS. These reports suggest that 
ctDNA clearance might reflect neoantigen-specific T-cell 
responses [23].

Building on the findings described above, we initiated a 
two-arm, multicenter, randomized, double-blind phase 2 
study to compare the efficacy of systemic treatment com-
bining nCT with immunotherapy against nCT alone for 
OSCC patients. We also conducted exploratory analyses 
to investigate the monitoring of ctDNA dynamics as a 
systemic biomarker for assessing pathological response 
and predicting survival outcomes.

Results  Ninety patients were enrolled and randomized to Nivolumab or placebo plus chemotherapy. The pCR rate 
was slightly higher in the Nivolumab group (15%) compared to the control group (13.3%) (relative risk, 1.13; 95% CI, 
0.38 to 3.36). No significant differences were observed in R0 resection rates (96.4% vs. 96.6%; P > 0.05). The median 
follow-up duration was 24.9 months (interquartile range: 22.8 to 26.7 months). Two-year event-free survival rates were 
63.11% in the Nivolumab group versus 60.47% in the chemo group (hazard ratio, 0.97; 95% CI, 0.49 to 1.92). Two-year 
overall survival rates were 83.32% and 79.4%, respectively (hazard ratio, 0.82; 95% CI, 0.29 to 2.31). All participants were 
ctDNA positive at baseline, but post-treatment, 89% of the Nivolumab group and 62.5% of the placebo group turned 
ctDNA negative (P = 0.01). Those negative for ctDNA at all testing points showed significantly better disease-free 
survival (P < 0.001).

Conclusions  Perioperative Nivolumab plus chemotherapy is a viable and safe option for systemically treating locally 
advanced resectable OSCC. Monitoring minimal residual disease through ctDNA could be potentially valuable for 
assessing the effectiveness of adjuvant therapy and for prognostic evaluation in a systemic manner.

Trial registration  ClinicalTrials.gov registration NCT05213312.

Keywords  Oesophageal squamous cell carcinoma (OSCC), Perioperative immunotherapy, Nivolumab, Chemotherapy
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Methods
Study design, eligibility criteria and participants
This phase 2, randomized, prospective, double-blind 
study enrolled 90 patients at five hospitals in China (Clin-
icalTrials.gov registration: NCT05213312, preregistered 
in December 2021). The primary protocol and all amend-
ments received approval from the Institutional Review 
Board (IRB) of Zhongshan Hospital affiliated with Fudan 
University (B2022-004R) and from the IRBs of each par-
ticipating institution. The study was performed following 
the Declaration of Helsinki and adhered to international 
standards of good clinical practice. Eligible partici-
pants were aged 18 to 75 years, diagnosed with stage II-
III OSCC in the thoracic cavity based on the American 
Joint Commission on Cancer (AJCC) eighth edition stag-
ing system, and had histologically confirmed disease. 
Patients who had previously received anti PD-1/PD-L1 
therapy or who had unqualified stages or histology were 
excluded.

The determination of sample size is described in the 
supplementary appendix and other details of the study 
protocol have been published previously [24]. The first 
and last participants were enrolled on May 15, 2022, and 
November 28, 2022, respectively.

Trial treatments
Based on prior completion of the treatment regimen by 
patients with OSCC and NSCLC in our center, as well 
as efficacy in other pre-trials, we ethically considered 
randomizing more patients to the Nivo + chemo group, 
which had better efficacy. Consequently, patients were 
randomly assigned in a 2:1 ratio to either the nivolumab 
plus chemotherapy group (arm A, Nivo + chemo group) 
or the placebo plus chemotherapy group (arm B, control 
group), followed by minimally invasive esophagectomy 
(MIE) (Figure S1).

In arm A (Nivo + chemo group), a fixed dose of 360 mg 
nivolumab (Bristol Myers Squibb) was administered 
intravenously on day 1, followed by cisplatin (80 mg/m2, 
Pfizer) and paclitaxel (175 mg/m2, Bristol Myers Squibb) 
on day 2. In arm B (control group), patients received 
cisplatin and paclitaxel at the same doses as that in the 
Nivo + chemo group. Following protocol, all enrolled 
patients were scheduled to receive two cycles of neo-
adjuvant therapy and then undergo MIE after a waiting 
period of four to six weeks. All MIE procedures were per-
formed using the McKeown three-stage esophagectomy 
technique (cervical, thoracic, and abdominal incisions) 
with comprehensive two-field lymph node dissection 
covering the mediastinum and upper abdomen. Cervi-
cal lymph node dissection was additionally performed 
for tumors located in the upper one-third of the thoracic 
esophagus.

After MIE, adjuvant immunotherapy was applied for 
non-pCR patients. The regimen included a 240 mg dose 
of nivolumab biweekly for sixteen weeks, followed by 
480 mg every four weeks until disease progression, unac-
ceptable toxicity, or one-year post-operation (a total of 
sixteen doses).

Endpoints
The primary endpoint was the rate of pCR, defined as 
the absence of any viable tumor cells in both the primary 
tumor site and retrieved lymph nodes following neo-
adjuvant treatment. Secondary endpoints included the 
R0 resection rate, which indicates no vital tumor at the 
proximal, distal, or circumferential resection margins; 
EFS, the time from randomization to the occurrence of 
any event such as death, disease progression and addi-
tion of new treatments; disease-free survival (DFS), the 
time from surgery to the disease recurrence; and OS, the 
time from randomization until death from any cause. 
Additional secondary endpoints were the occurrence of 
treatment-emergent adverse events (AEs). The severity 
of adverse reactions, except those related to surgery, was 
assessed using the National Cancer Institute Common 
Terminology Criteria for Adverse Events (NCI-CTC AE 
v5.0). Moreover, biomarkers including PD-L1 expression 
and MRD were evaluated in tumor microenvironment 
and peripheral blood samples to correlate with clinical 
outcomes.

CtDNA sample collection, processing and sequencing
Tumor samples for Whole Exome Sequencing (WES) 
were obtained through endoscopic biopsy of the pri-
mary esophageal tumor lesion before the initiation of 
neoadjuvant treatment. Only samples with a tumor cell 
content of ≥ 30% were included in the study. Genomic 
DNA (gDNA) was extracted from formalin-fixed, par-
affin-embedded (FFPE) tumor tissue specimens using 
the MagPure FFPE DNA/RNA LQ kit (Magen, Guang-
zhou, China). Peripheral blood genomic DNA was also 
extracted from EDTA-anticoagulated peripheral whole 
blood or buffy coat samples using the MagPure Univer-
sal DNA Kit (Magen, Guangzhou, China), following the 
manufacturer’s instructions. DNA samples that passed 
the quality criteria were subjected to WES library prepa-
ration, exome capture, quantification, and sequencing 
on a NovaSeq 6000 platform (Illumina, San Diego, CA, 
USA), using with 2 × 151  bp paired-end reads, targeting 
a mean coverage of 500x for tumor samples and 150x for 
the paired normal samples, as previously reported [25].

Peripheral blood samples (approximately 20 mL) were 
collected at each predefined time point using Cell-Free 
DNA BCT tubes (Streck, La Vista, NE, USA). Plasma-
derived cell-free DNA (cfDNA) was extracted employ-
ing the QIAamp Circulating Nucleic Acid Kit (Qiagen). 
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Following quality assessment, the cfDNA samples were 
subjected to the PROPHET (Patient-specific pROgnostic 
and Potential tHErapeutic marker Tracking) assay for the 
detection of MRD. High-depth unique molecular identi-
fier (UMI)-based sequencing was performed on Illumi-
na’s NovaSeq 6000 platform in San Diego, CA, US, with 
the sequencing protocol specifying 2 × 151 bp paired-end 
reads, aiming for a raw sequencing depth of 100,000x for 
personalized panels.

All sample collection procedures adhered to standard 
clinical protocols, and written informed consent was 
obtained prior to the sample collection.

Personalized ctdna assay for MRD detection
The analyses of WES read data were conducted using 
the Illumina DRAGEN Bio-IT Platform (Illumina, Inc., 
San Diego, CA, US). The DRAGEN Bcl Convert pipe-
line v3.7.4 was utilized to generate FastQ files from raw 
BCL data. Fastp v0.23.0 was employed to trim adapt-
ers, and reads shorter than 50  bp were removed. The 
clean reads were then aligned to the human reference 
genome (NCBI GRCh37; hg19), with PCR duplicates 
marked for subsequent filtering. For quality control of 
all samples captured by the Human Core Exome panel, 
tumor and paired normal alignments were assessed for 
various QC parameters using in-house software to evalu-
ate capture efficiency, coverage uniformity, and library 
complexity. Then single nucleotide variants (SNVs) and 
insertions/deletions (INDELs) were identified. Vari-
ants were considered valid if supported by at least five 
reads and a variant allele frequency (VAF) of at least 3%. 
Variants occurring with a population frequency greater 
than 0.5% in tumors were discarded as potential single-
nucleotide polymorphisms (SNPs). Germline mutations 
were filtered by comparing the tumor VAF fold change 
to the matched normal VAF, removing those with a fold 
change < 3 or both VAFs > 10%. Variant annotation was 
performed using ANNOVAR [26] and SnpEff v4.3 [27]. 
Following internal guidelines, up to 50 high-priority vari-
ants with a minimum VAF of 3% were selected, excluding 
those in repetitive areas, regions with > 75% GC content, 
or homologous sequences. An in-house biotinylated cap-
ture probe pool was subsequently designed for each per-
sonalized panel.

cfDNA was sequenced using these personalized pan-
els, and sequencing data were processed through UMI 
adapter extraction, mapping, and filtering. The statis-
tical significance of detected somatic mutations was 
evaluated using a Poisson distribution [25] considering 
mutations significant at a p-value below 0.05. The over-
all significance of the samples was determined through 
a chi-square test. A ctDNA MRD-positive status was 
defined as having at least two significant mutations with 
a sample-level p-value below 0.005. The ctDNA fraction 

in plasma was estimated by evaluating multiple loci using 
the maximum likelihood (ML) method, as previously 
described [25].

Statistical analyses
All statistical analyses were performed using R software 
(version 4.2.1). A two-sided P-value of less than 0.05 was 
deemed significant unless stated otherwise. For continu-
ous variables, an independent t-test was used for nor-
mally distributed data, while the Wilcoxon rank-sum 
test or Kruskal-Wallis test was applied for non-normally 
distributed data. Categorical variables were analyzed 
with Fisher’s exact test. Spearman’s correlation was uti-
lized to explore potential associations. Kaplan–Meier 
(KM) curves and the log-rank test were applied to assess 
two-year EFS, DFS and OS. Hazard ratios (HR) and 95% 
confidence intervals (CI) were derived from univari-
able Cox proportional-hazards regression. Multivariable 
Cox regression was conducted to investigate the impact 
of clinical variables on survival outcomes. The median 
follow-up time was calculated using the reverse KM 
method [28].

Results
Patient characteristics
A total of 91 patients were initially recruited, with one 
being excluded for not meeting the inclusion criteria. 
This left 90 patients who were randomized to receive 
neoadjuvant therapy: 60 in the Nivo + Chemo group and 
30 in the control group. Of these, 89 patients (98.9%) 
completed the neoadjuvant treatment as scheduled. Five 
patients in the Nivo + Chemo group did not proceed to 
surgery (Fig. 1). Specific reasons included three patients 
opting out of surgery, one experiencing disease pro-
gression that rendered them ineligible for surgery, and 
one patient passing away due to unrelated causes. The 
patient’s demographic and clinical characteristics are 
shown in Table 1.

Efficacy and surgical outcomes
The result of primary endpoint was negative. In the 
Nivo + Chemo group, nine patients (15%, 95% CI: 7.1 to 
26.57%) achieved pCR, compared to four patients (13.3%, 
95% CI: 3.76 to 30.72%) in the control group, with no sig-
nificant difference (P > 0.05), nor in the subgroups anal-
ysis (Table S1 and Figure S2). The number of patients 
showing complete tumor regression at the primary site 
(ypT0) was slightly higher in the Nivo + Chemo group at 
11 (18.33%, 95% CI: 9.52 to 30.44%) compared to 6 in the 
control group (20%, 95% CI: 7.71 to 38.57%). The major 
pathological response (MPR) rate was the same in both 
groups at 33.3% (Table 2).

The pathological outcomes for both groups are summa-
rized in Table  3. The R0 resection rate was comparable 
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in the two groups (Nivo + chemo vs. chemo, 96.4% vs. 
96.6%, P = 1). Table S2 provides details on patients who 
did not achieve R0 resection and their subsequent treat-
ments. Postoperative nodal staging revealed a signifi-
cantly higher rate of negative retrieved lymph nodes in 
the Nivo + Chemo group compared to the control group 
(69.1% vs. 43.3%, P = 0.021).

In the control group, all patients proceeded to sur-
gery, while in the Nivo + Chemo group, 55 patients 
(91.7%) underwent surgical procedures. The median time 
between the end of neoadjuvant therapy and surgery was 
33 days, with an interquartile range of 31 to 35 days (Table 
S3). Surgical outcomes are detailed in Table 4. Intraoper-
ative estimated blood loss was lower in the Nivo + Chemo 
group compared to the control group (74.62 ± 38.17 mL 
vs. 117.86 ± 88.42 mL, P = 0.003). There were no differ-
ences between the groups in operative duration, length 
of postoperative hospital stays, or number of lymph 
nodes retrieved (all P > 0.05). The postoperative ypTNM 

pathological staging is presented in Table S4. Postopera-
tive complications occurred in 20 patients (36.4%) in the 
Nivo + Chemo group and 8 patients (26.7%) in the control 
group (Table S5). One patient from each group passed 
away during the perioperative period (within 30 days 
post-surgery) due to severe infections.

For patients who did not achieve a pCR, adjuvant 
monotherapy with nivolumab was implemented accord-
ing to the study protocol. In the Nivo + Chemo group, 
54.3% (25 out of 46) completed the adjuvant therapy, 
receiving an average of 11.7 cycles. In the control group, 
57.7% (15 out of 26) completed their treatment, averag-
ing 12.9 cycles. The reasons for discontinuing adjuvant 
therapy are detailed in Table S6. Patients who completed 
adjuvant therapy achieved better DFS than those who 
discontinued the treatment (P < 0.0001, HR, 10.62, 95% 
CI, 4.39 to 25.72, Figure S3A). However, there was no sig-
nificant difference in DFS between those who completed 
adjuvant therapy and those who achieved pCR (P > 0.05, 

Fig. 1  Study Flowchart (CONSORT diagram)

 



Page 6 of 16Jiao et al. Molecular Cancer          (2025) 24:143 

HR, 2.02, 95% CI, 0.27 to 15.05). Among those who com-
pleted 16 cycles of adjuvant therapy in the control group, 
optimal DFS was observed (P < 0.0001, Log-rank for 
trend P = 0.0412). However, patients in the Nivo + Chemo 
group who did not complete adjuvant therapy had a 
lower median DFS compared to their counterparts in the 
control group (7.23 vs. 9.27 months, Figure S3B).

The median follow-up duration was 24.9 months 
(interquartile range: 22.8 to 26.7 months). As of the data 
cutoff, a total of 36 events were recorded, consisting of 23 
events in the Nivo + Chemo group and 13 in the control 
group. There were 22 instances of disease recurrence (14 
in the Nivo + Chemo group versus 8 in the control group) 

and 14 deaths (8 in the Nivo + Chemo group versus 6 in 
the control group). Median EFS was reached in the con-
trol group (27.43 months), but there was no significant 
advantage observed in the Nivo + Chemo group com-
pared to the control group in terms of EFS, DFS, or OS 
(Fig. 2). The overall two-year rates for EFS, DFS, and OS 
were 63.11%, 65.54%, and 83.32% in the Nivo + Chemo 
group, compared to 60.47%, 58.56%, and 79.4% in the 
control group, respectively.

Evaluation of personalized ctdna panels based on tumor 
tissue-based WES
A total of 324 blood samples were collected and 
sequenced from 65 patients to assess the prognos-
tic potential of ctDNA-based MRD in patients with 
OSCC who underwent neoadjuvant therapy (Fig.  3A). 
The demographic and baseline clinical characteristics, 
such as age, sex, and TNM stage, were similar between 
the ctDNA-evaluable group and the intention-to-treat 
(ITT) population (P > 0.05, Table S7). The numbers for 
the blood samples collected at each time point includ-
ing baseline (before neoadjuvant treatment), post-neo-
adjuvant therapy, post-surgical landmark point (within 2 
months after surgery), and during follow-up were 64, 63, 
43, and 154, respectively (Fig. 3A). The WES analysis of 
the biopsy specimens highlighted TP53 as the most com-
monly mutated gene in OSCC patients (Fig.  3B), which 
was consistent with the previous studies [29, 30]. To 
track ctDNA-based MRD, 2,533 variants were selected 
to design personalized panels, with the majority (2,139 or 
84.4%) being patient-specific mutations (Fig. 3C).

Initially, all patients (100%) tested positive for ctDNA. 
The ctDNA levels were correlated with the sizes of the 
primary tumors at baseline (R = 0.29, P = 0.029, Fig. 3D). 
However, no significant differences in ctDNA lev-
els were observed among patients with different clini-
cal TNM stages, pCR status, or tumor regression grade 
(TRG) groups (all P > 0.05, Fig. 3E-G), indicating that the 

Table 1  Baseline characteristics of ITT patients
Nivo + chemo Chemo

Characteristic (n = 60) (n = 30)
Age (%) 62.59 ± 7.48 65.10 ± 6.42
< 65 years 33 (55) 16 (53.3)
≥ 65 years 27 (45) 14 (46.7)
Gender (%)
Female 10 (16.7) 4 (13.3)
Male 50 (83.3) 26 (86.7)
Tumor location (%)
Upper thoracic 9 (15) 4 (13.3)
Middle thoracic 34 (56.7) 16 (53.3)
Lower thoracic 17 (28.3) 10 (16.7)
BMI (%) 22.63 ± 2.87 23.72 ± 2.50
≤ 25 42 (70) 20 (66.7)
> 25 10 (16.7) 8 (26.7)
NA 8 (13.3) 2 (6.6)
ECOG (%)
0 6 (10) 1 (3.3)
1 54 (90) 29 (96.7)
Median tumor diameter (mm) 14.84 ± 5.21 14.78 ± 6.35
Median tumor length (mm) 46.80 ± 18.76 45.44 ± 17.31
Clinical stage (%)
cII 10 (16.7) 5 (16.7)
cIII 50 (83.3) 25 (83.3)
RECIST (%)
PR 52 (86.7) 26 (86.7)
SD 4 (6.7) 4 (13.3)
PD 3 (5) 0
NA 1 (1.6) 0
PD-L1 expression – TPS (%)
TPS < 1% 30 (50) 1 (3.3)
TPS 1–49% 15 (25) 2 (6.7)
Non-evaluable 15 (25) 27 (90)
PD-L1 expression – CPS (%)
CPS < 1 12 (20) 0
CPS ≥ 1, < 5 20 (33.3) 0
CPS ≥ 5, < 10 7 (11.7) 2 (6.7)
CPS ≥ 10 6 (10) 1 (3.3)
Non-evaluable 15 (25) 27 (90)
Abv: BMI, body mass index; ECOG, Eastern Cooperative Oncology Group

Table 2  Pathological complete response
Nivo + chemo Chemo

outcomes (n = 60) (n = 30) p
pCR 9 4 0.832
pCR rate, % (95% CI) a 15 (7.1–26.57) 13.33 (3.76–30.72)
Rate-diff, % (95% CI) b 1.67 (-16.08–15.37)
RR (95% CI) 1.13 (0.38–3.36)
ypT0 11 6 0.849
ypT0 rate, % (95%CI) a 18.33 (9.52–30.44) 20.00 (7.71–38.57)
MPR 20 10 1
MPR rate, % (95%CI) a 33.33 (21.69–46.69) 33.3 (17.29–52.81)
Abv: pCR, pathological complete response; CI, confidence interval; RR, relative 
risk; MPR, major pathological response

a. Clopper-Pearson method

b. Newcombe-Wilson method
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baseline ctDNA status was not predictive of pathological 
response.

The association between preoperative ctDNA-based 
MRD and pathological response was then explored. All 
patients (11/11, 100%) who achieved a pCR had undetect-
able ctDNA levels, while 25% (13/52) of those who did 
not achieve pCR showed positive ctDNA, though this dif-
ference was not statistically significant (P = 0.1, Fig. 4A). 
Preoperative ctDNA status showed a strong association 
with different TRG groups (P = 6.2e-4, Fig.  4B). Figure 
S4A illustrates the changes in ctDNA levels from baseline 
to the preoperative period across pCR and TRG catego-
ries, highlighting the link between preoperative ctDNA 
status and pathological response. The ctDNA fraction at 
the preoperative timepoint significantly increased with 
higher TRG levels (P = 0.016, Figure S4B).

No difference in survival was observed between 
patients who achieved a pCR and those who did not, 
within both the ctDNA-evaluated and ITT populations 
(Fig. 4C and Figure S4C). However, patients with detect-
able preoperative ctDNA had significantly poorer DFS 
(P < 0.001; HR, 4.29, 95% CI, 1.68 to 10.93, Fig. 4D) and 
displayed a tendency towards worse OS (P = 0.097; HR, 
3.31, 95% CI, 0.74 to 14.84, Figure S4D). Among patients 
who did not achieve pCR, those with positive preopera-
tive ctDNA also had significantly worse DFS (P = 0.0041, 

Fig.  4E). A similar trend was also observed for OS 
(P = 0.25, Figure S4E). Multivariable Cox regression anal-
ysis confirmed that positive preoperative ctDNA status is 
an independent prognostic factor for poorer DFS, even 
after adjusting for traditional clinical variables (P < 0.001, 
Fig.  4F). These results implied that preoperative ctDNA 
status may be a more reliable prognostic biomarker than 
traditional tumor pathological response evaluations.

The relationship between preoperative ctDNA sta-
tus and pathological outcomes was also investigated. 
Patients with detectable preoperative ctDNA predomi-
nantly presented with advanced ypT (III) and ypN (II/
III) stages (Fig.  4G and H), which implied the presence 
of MRD for these patients. Neither pCR status nor TRG 
showed a significant association with treatment modality 
when comparing the Nivo + chemo group with the con-
trol group (Fig. 4I and Figure S4F). The negative rate of 
MRD was significantly higher in the Nivo + Chemo group 
compared to the control group (89% vs. 62.5%, P = 0.02, 
Fig. 4J).

Landmark ctdna status and longitudinal monitoring 
correlated with prognosis and adjuvant treatment efficacy
A total of 43 plasma samples were collected within two 
months post-R0 resection, serving as the landmark time-
point for analysis; 11 of these (25.6%) tested positive for 

Table 3  Pathological outcomes
Nivo + chemo Chemo

outcomes (n = 55) (n = 30) p
R0 resection (%)a 53 (96.4) 29 (96.6) 1
Tumor regression gradea

1 (Residual tumor 0) 11 (20) 6 (20) 0.688
2 (Residual tumor 1–10%) 9 (16.4) 5 (16.7)
3 (Residual tumor 11–50%) 12 (21.8) 4 (13.3)
4 (Residual tumor > 50%) 23 (41.8) 15 (50)
Lymph nodes involvedb

ypN0 38 (69.1) 13 (43.3) 0.021*
ypN+ 17 (30.9) 17 (56.7)
ypTNM stageb

I 27 (49.1) 11 (36.7) 0.088
II 11 (20) 2 (6.7)
III 15 (27.3) 14 (46.6)
IV 2 (3.6) 3 (10)
a. Chi-square test

b. Fisher exact probability test

Table 4  Surgical outcomes
Nivo + chemo Chemo

Outcomes (n = 55) (n = 30) p
Surgical time, mean (SD), min 231.44 ± 49.85 227.61 ± 48.56 0.741
Estimated blood loss, mean (SD), mL 74.62 ± 38.17 117.86 ± 88.42 0.003*
Postoperative hospital stays, mean (SD), d 10.71 ± 10.23 8.83 ± 2.73 0.335
Retrieved lymph nodes, mean (SD), No 28 ± 11.91 25.07 ± 10.08 0.256
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ctDNA. Patients with non-pCR and TRG4 had a higher 
incidence of positive landmark MRD and elevated 
ctDNA levels (Fig.  5A and Figure S5A&B). Landmark 
ctDNA patients exhibited significantly poorer DFS 
(P < 0.001; HR, 10.89, 95% CI, 3.22 to 36.83, Fig. 5B) and 
OS (P < 0.001, Figure S5C). Among non-pCR patients, 
those with positive landmark ctDNA had significantly 
worse DFS (P < 0.001, Fig. 5C) and OS (P = 0.0032, Figure 
S5D). The landmark ctDNA status was confirmed as an 

independent prognostic factor for DFS (P < 0.001) even 
after adjusting for clinical confounders (Fig.  5D). The 
landmark ctDNA status had a higher negative predictive 
value (0.88 vs. 0.8) and positive predictive value (0.73 vs. 
0.62) than the preoperative ctDNA status in predicting 
relapse (Fig. 5E), indicating it as a precise DFS prognostic 
biomarker.

Patients with positive landmark MRD predominantly 
had ypTNM stages III/IV (P < 0.001, Fig. 5F), suggesting 

Fig. 2  Kaplan-Meier (K-M) curves of event-free survival (EFS), disease-free survival (DFS) and overall survival (OS). (A) K-M curves for EFS between patients 
in the Nivo + chemo and control group (intention-treat, ITT population). EFS at two-year was 63.11% and 60.47% in the Nivo + chemo group and the con-
trol group (hazard ratio[HR], 0.97, 95%CI, 0.49 to 1.92). The median EFS was 27.43 months in the control group and was not reached in the Nivo + chemo 
group. (B) K-M curves for DFS between patients underwent surgery in the Nivo + chemo and control group. DFS at two-year was 65.54% and 58.56% in 
the Nivo + chemo group and control group (HR, 0.78, 95%CI, 0.38 to 1.6). The median DFS was 25.7 months in the control group and was not reached in 
the Nivo + chemo group. (C) K-M curves for OS between patients in the Nivo + chemo and control group (ITT population). OS at two-year was 83.32% in 
Nivo + chemo group and 79.4% in control group (HR, 0.82, 95%CI, 0.29 to 2.31). The median OS were not reached in both groups
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a higher likelihood of residual MRD despite surgery. 
We then classified patients into three groups based on 
changes in ctDNA status from preoperative to land-
mark: consistently negative (n = 31), converted to posi-
tive (n = 4), and consistently positive (n = 7) (Figure S5F). 
As expected, patients with consistently negative ctDNA 
exhibited the best prognosis for both DFS (P < 0.0001, 
Fig. 5G) and OS (P < 0.0001, Figure S5E) than those with 

converted positive and consistent positive ctDNA status, 
most of which were of ypTNM III/IV stages (P < 0.0001, 
Fig. 5H). These findings underscore the significant prog-
nostic value of landmark ctDNA assessment.

We expanded our personalized MRD panel to include 
post-surgery blood samples for ongoing monitoring. 
Patients with both landmark and follow-up samples were 
analyzed, yielding 149 longitudinal samples from 43 

Fig. 3  Overview of the ctDNA analysis design and baseline ctDNA status. (A) Flow diagram of the ctDNA analysis design. (B) Genomic profile of the top 
30 mutated genes for OSCC from the WES data. (C) Pie chart of the proportion of selected variants in personalized panels that were shared by patients. 
(D) Scatter plot between primary tumor size and baseline ctDNA fraction calculated by Spearman correlation (R = 0.29, P = 0.029). (E) Violin plot of the 
baseline ctDNA fraction for different pre-treatment clinical stage of tumor. (P = 0.52, Wilcoxon test). (F) Violin plot of the baseline ctDNA fraction for dif-
ferent operation pCR status. (P = 0.74, Wilcoxon test). (G) Violin plot of the baseline ctDNA fraction for different TRG stages. (P = 0.43, Kruskal-Wallis test)
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individuals. Any patient testing MRD positive at any time 
after surgery was classified as longitudinally MRD posi-
tive. A swimmer plot illustrates the treatment regimens, 
ctDNA statuses over time, and recurrence outcomes for 
each patient (Fig.  6A). Thirteen patients had longitudi-
nally MRD positive, among them 10 relapsed. Conversely, 
of the 30 patients who consistently tested negative for 
longitudinal ctDNA, only 1 relapsed (Fig.  6A). Patients 
with positive longitudinal ctDNA status had worse DFS 
(P < 0.0001; HR, 19.65, 95% CI, 4.26 to 90.58) and OS 

(P = 0.0032) compared to those with a negative longitu-
dinal ctDNA status (Fig.  6B). The longitudinal ctDNA 
status was independently associated with DFS after 
adjusting for other clinical variables (Fig. 6C).

At the landmark timepoint, no difference in DFS and 
OS was observed between patients with negative land-
mark ctDNA who received adjuvant therapy and those 
who did not (Fig.  6D). Since all patients with positive 
landmark ctDNA were non-pCR and received adjuvant 
therapy, comparing outcomes based on adjuvant therapy 

Fig. 4  Preoperative ctDNA status correlates with tumor regression and prognosis. (A) Comparison of preoperative ctDNA status in pCR and non-pCR. P 
values were calculated by Fisher’s exact test. (B) Comparison of preoperative ctDNA status in TRG 1–4 group. P values were calculated by Fisher’s exact 
test. (C-D) Kaplan-Meier (K-M) curves for disease-free survival (DFS) between distinct pCR (left) and preoperative ctDNA status (right). P values were 
calculated by log-rank test and hazard ratios (HR) were estimated by Cox proportional hazards model. (E) K-M curves for DFS analysis between patients 
stratified by pCR and preoperative ctDNA status. P values were calculated by log-rank test. (F) Coefficients of multivariable Cox model with clinical risk 
factors and preoperative ctDNA status. (G-H) Comparison of preoperative ctDNA status between different pathological tumor and nodal stages (ypT and 
ypN). P values were calculated by Fisher’s exact test. (I-J) Proportion of patients for pCR and preoperative ctDNA status in different arms of neoadjuvant 
therapy (Nivo + chemo vs. Chemo). P values were calculated by Fisher’s exact test
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was not possible in this subgroup. Among the 34 patients 
who underwent adjuvant therapy and had both land-
mark and at least one subsequent MRD assessment, ten 
tested ctDNA positive at the landmark timepoint, and 
24 tested negative (Fig.  6E). Among these ten patients, 
eight remained ctDNA-positive after adjuvant therapy, 
and seven of these experienced disease recurrence dur-
ing follow-up. The remaining two patients, who turned 
ctDNA-negative following adjuvant therapy, did not 
experience any relapse. Among the 24 patients with nega-
tive landmark ctDNA, 22 remained consistently negative 
without relapse, while the two who turned positive both 
experienced recurrence (Fig.  6E). These results implied 

the significant potential of longitudinal ctDNA monitor-
ing in assessing the effectiveness of adjuvant treatment.

Discussion
Neoadjuvant immunotherapy has proven effective across 
various cancers, and its role in OSCC is evolving from 
second-line to first-line treatment [31–33]. This trial 
evaluated perioperative nivolumab combined with che-
motherapy, confirming feasibility and safety while signifi-
cantly enhancing ctDNA clearance. This is the first study 
to assess this regimen in locally advanced OSCC while 
employing ctDNA-based MRD detection to monitor 
adjuvant therapy efficacy.

Fig. 5  Prognostic prediction by landmark MRD status. (A) Comparison of landmark ctDNA status between pCR and non-pCR patients. P values were 
calculated by Fisher’s exact test. (B) Kaplan-Meier (K-M) curves between patients with different landmark ctDNA status for DFS. P values were calculated 
by log-rank test and HR were estimated by Cox proportional hazards model. (C) K-M curves for DFS analysis between patients stratified by pCR and land-
mark ctDNA status. P values were calculated by log-rank test. (D) Coefficients of multivariable Cox model with clinical risk factors and landmark ctDNA 
status. (E) Statistics of NPV and PPV for recurrence prediction by MRD at preoperative and landmark timepoints. (F) Comparison of landmark ctDNA status 
in different postoperative pathological stage of tumor. P values were calculated by Fisher’s exact test. (G) K-M curves for DFS analysis between patients 
stratified by ctDNA status from preoperative to landmark timepoint including consistent negative, converted positive and consistent positive. P values 
were calculated by log-rank test. (H) Comparison of patients stratified by ctDNA status from preoperative to landmark timepoint in different postoperative 
pathological stage of tumor. P values were calculated by log-rank test
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The primary endpoint, the difference in pCR rates 
between the two groups, was not statistically signifi-
cant (15% vs. 13.3%, P = 0.832). The pCR rate in our 
Nivo + chemo group aligned closely with that of the ICIs 

plus TP (paclitaxel plus cisplatin) group reported in the 
ESCORT-NEO trial. A limited two-cycle preoperative 
treatment, chosen for safety, may have contributed to 
the lower pCR rate compared with studies using three to 

Fig. 6  Dynamic monitoring of longitudinal MRD. (A) Swimmer plot for 43 enrolled patients with distinct treatment options, ctDNA status at each time 
and recurrence status for longitudinal monitoring. (B) K-M curves between patients with different longitudinal ctDNA status for DFS and OS. P values 
were calculated by log-rank test and HR were estimated by Cox proportional hazards model. (C) Coefficients of multivariable Cox model with clinical risk 
factors and longitudinal ctDNA status. (D) K-M curves for DFS and OS between patients stratified by landmark ctDNA status and whether or not receiving 
adjuvant therapy. P values were calculated by log-rank test. (E) Sankey plot of ctDNA status at landmark and the follow-up monitoring timepoints, and 
the recurrence status for 34 patients receiving adjuvant therapy

 



Page 13 of 16Jiao et al. Molecular Cancer          (2025) 24:143 

four cycles. Furthermore, the choice of the combination 
nCT regimen is critical; nab-TP, favored for its solubility 
and reduced risk of allergic reactions, has demonstrated 
higher pCR rates than TP in both the ESCORT-NEO 
study (28.0% vs. 15.4%) and other retrospective analyses 
(36.7% vs. 21.4%, P = 0.018) [16, 34].

The control group’s pCR rate was 13.3%, higher than 
reported in other studies using the same TP regimen [4, 
16, 35], likely due to the small sample size (n = 30) and the 
use of a higher cisplatin dose (80 mg/m²) than is typical 
for Asian populations. Although increasing the nCT dos-
age may elevates pCR rates, it also increases the risk of 
treatment-related adverse events from cumulative toxic-
ity, and the precise mechanism underlying the observed 
increase remains unclear.

While pCR rate serves as a valuable short-term indi-
cator, its ability to predict long-term survival benefits is 
still uncertain [36–38]. Trials such as CMISG-1701 and 
JCOG1109 have shown that higher pCR rates following 
nCRT group do not necessarily correlate with improved 
OS [5]. In our study, no significant differences were 
observed in two-year OS, EFS, or DFS between the two 
groups, possibly because of similar pathological out-
comes and the administration of adjuvant immunother-
apy to patients who did not achieve pCR. Our results, 
consistent with the Checkmate577 trial, showed longer 
DFS in patients who completed adjuvant therapy (HR, 
10.62; 95% CI, 4.39 to 25.72), with disease progression 
as the main reason for discontinuation (59.4%, 19/32) 
[17]. Additionally, we observed that patients in the con-
trol group who completed adjuvant therapy had better 
DFS outcomes compared to those in the Nivo + chemo 
group. This may be due to treatment resistance from 
earlier immunotherapy administration, following tumor 
immune cell depletion [39, 40].

Radical surgical resection remains the definitive 
method for confirming residual tumor, while both MIE 
and open resection are involved in significant anatomi-
cal alterations and reconstructions. Accurately predicting 
tumor regression preoperatively can guide treatment and 
help preserve cancer patients’ quality of life [41, 42]. Liq-
uid biopsy, through dynamic ctDNA monitoring, offers a 
promising solution [19, 23]. In our study, the PROPHET 
method which has previously demonstrated superior 
sensitivity and prognostic ability compared to fixed 
panel analyses, achieved a 100% baseline ctDNA-MRD 
positivity rate [25]. In the preoperative ctDNA assess-
ments, we noted a higher clearance rate of ctDNA in 
the Nivo + chemo group (89% vs. 62.5%). However, only 
22% (11/50) of patients with negative preoperative MRD 
successfully achieved pCR. Immunotherapy induces a 
specific tumor immune response, which may contribute 
to tumor cell eradication and suppression [43, 44]. This 
suggests that neoadjuvant therapy may eliminate hidden 

tumor foci in circulation, while primary tumor foci may 
not spread tumor cells. Interestingly, in a small cohort of 
OSCC patients treated with anti-PD-L1 or placebo com-
bined with TP, all MRD-negative patients achieved a pCR 
(10/10), which was much higher than our proportion 
(100% vs. 22%) [45]. Thus, the ability of ctDNA to predict 
pCR merits further exploration.

Despite the accuracy of ctDNA analysis in detecting 
cancer recurrence, its cost is significantly higher than 
that of routine blood tests and radiographic evaluations. 
Optimizing the timing of ctDNA testing could reduce 
unnecessary sampling and thereby lessen both the physi-
cal and financial burdens on patients. Our monitoring of 
ctDNA-based MRD at multiple treatment stages showed 
that preoperative, landmark, and longitudinal ctDNA 
statuses were associated with recurrence, with MRD-
negative patients enjoying longer DFS. These observa-
tions are consistent with previous studies in curative or 
locally advanced OSCC, where early ctDNA clearance 
was linked to improved progression-free survival and 
reduced recurrence risk [46, 47].

In addition to correlating with survival, ctDNA effec-
tively predicts recurrence. In the preSINO trial, ctDNA-
positive cases had a higher rate of postoperative distant 
recurrence than negative patients (15.1% vs. 3.3%) [48]. 
Similarly, in stage 2–3 gastric cancer, patients with 
positive ctDNA after adjuvant chemotherapy faced 
a markedly increased recurrence risk (HR = 14.99, 
95% CI = 3.08–72.96) [49]. Moreover, during adjuvant 
nivolumab therapy, continuous ctDNA monitoring 
revealed an increasing HR (9.43, 16.37, 28.62) over time 
for patients with positive MRD status. Notably, MRD-
negative patients receiving adjuvant therapy achieved 
superior DFS and OS, suggesting that sustained ctDNA 
clearance may be a beneficial effect of such treatment.

Collectively, these findings support the potential of 
MRD as a surrogate endpoint for predicting long-term 
survival outcomes, although assay sensitivity is cru-
cial. Efforts to enhance sensitivity have focused on in 
vitro improvements, such as optimizing sample volume, 
library preparation, and bioinformatics analysis [50]. 
Martin-Alonso et al. developed two intravenous priming 
agents that temporarily slow cfDNA clearance in vivo, 
enhancing ctDNA concentrations and improving detec-
tion sensitivity for small tumors in mice by over 60% 
[51]. Nevertheless, challenges remain in standardizing 
ctDNA testing across platforms, managing high costs, 
and addressing ethical considerations.

This study has several limitations. First, because the 
primary endpoint was not met, additional follow-up is 
required to determine whether immunotherapy con-
fers long-term survival benefits. Second, the COVID-19 
pandemic impeded the collection of valid baseline tis-
sue samples for some patients, limiting their inclusion 
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in MRD assessments. Finally, the relationships among 
ctDNA-MRD, pCR rate, and prognosis require further 
analysis and validation in larger phase 3 studies, and 
the underlying molecular mechanisms linking immu-
notherapy to ctDNA clearance warrant more in-depth 
investigation.

In conclusion, combining perioperative nivolumab with 
chemotherapy presents a viable and safe systemic treat-
ment option for OSCC. MRD detection using ctDNA 
offers potential insights into the efficacy of adjuvant 
therapy and prognosis through systemic monitoring. 
This method could be instrumental in predicting early 
recurrence and facilitating the initiation of timely inter-
ventions. Compared with nCT alone, immunotherapy 
combined with nCT did not improve the pCR rate but 
demonstrated a superior effect on ctDNA clearance, sug-
gesting the ability of ctDNA serving as a biomarker for 
preoperational evaluation.
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