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Abstract

Background Molecular residual disease (MRD) is a well-established prognostic biomarker in
non-small cell lung cancer (NSCLC) following radical resection. This study aimed to explore
the applicability of the circulating tumor DNA (ctDNA)-derived MRD status in determining
adjuvant therapy in patients with stage IB-IIIB NSCLC.

Methods Patients with stage IB-IIIB NSCLC were retrospectively enrolled into standard
management group or to the MRD-guided group. The standard management group received
standard treatment according to pathological type, stage, and molecular subtype. The MRD
guidance group have additionally incorporated postoperative MRD results. The primary
endpoint of this study was the 2-year recurrence-free survival (RFS) rate.

Results A total of 80 patients were included in this study. The 2-year RFS rate was 78%
(95% CI, 66-92) in the MRD-guided group versus 53% (95% CI, 40-72) in the standard
management group (hazard ratio [HR], 0.289; 95% CI, 0.144-0.579; P <0.001). The 2-year
overall survival (OS) rate of two groups was 95% (95% CI, 88—-100) and 76% (95% CI, 63—
92), respectively, and the corresponding HR was 0.104 (95% CI, 0.039-0.281; P <0.001).
Conclusions Our study provides ctDNA-MRD-guided adjuvant therapy significantly
improved RFS in patients with stage IB-IIIB NSCLC.

Key words molecular residual disease, non-small cell lung cancer, adjuvant therapy,

recurrence-free survival, circulating tumor DNA.
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Introduction

In solid tumors, molecular residual disease (MRD) refers to tumor-derived molecular
abnormalities that remain after treatment but are undetectable by conventional imaging or
laboratory methods. Liquid biopsy techniques, such as circulating tumor DNA (ctDNA)
analysis, can identify MRD, which serves as a biomarker for assessing tumor persistence and
predicting clinical progression [1]. Many studies have shown that high-sensitivity methods
such as next-generation sequencing (NGS) can be used to evaluate the MRD status of lung
cancer patients by detecting circulating tumor DNA (ctDNA) in blood samples [2-6]. The
postoperative ctDNA-MRD status can be used to effectively identify patients at high risk of
recurrence, while persistently negative MRD results may reflect potential curing [5, 7, §]. In
addition, observational studies have shown that for postoperative MRD-positive patients,
adjuvant therapy can improve the recurrence-free survival (RFS) of patients, whereas patients
with negative postoperative MRD do not benefit from adjuvant therapy [5, 7-9]. The results
of the LUNGCA study [10] revealed that for patients without targetable mutations in their
tumor tissues, adjuvant chemotherapy failed to significantly prolong the RFS among MRD-
positive patients before they underwent adjuvant therapy. Conversely, among postoperative
MRD-positive patients whose primary tumors harbored targetable mutations, tyrosine kinase
inhibitor (TKI) therapy significantly improved RFS, whereas chemotherapy failed to provide
a benefit. These results indicate that for MRD-positive patients, the treatment regimen should
be selected according to tumor gene mutation status to ultimately improve survival.

Currently, no published prospective interventional studies have utilized MRD to guide
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postoperative adjuvant therapy in early-stage lung cancer. Therefore, prospective studies
using MRD to guide postoperative treatment decisions in patients with early-stage NSCLC
are urgently needed. The LUNGCA study [5, 10], initiated in 2017, has demonstrated the
technical reliability of the MinerVa NGS platform for MRD detection. In this retrospective
observational study, the postoperative and dynamic ctDNA-MRD status of patients was
detected using the MinerVa technology platform. MRD status was combined with the
pathological type, stage, and molecular subtype of the patients to explore the application
value of a comprehensively assessed treatment strategy in guiding adjuvant therapy decisions

for patients following radical resection for stage IB-IIIB NSCLC.

Materials and Methods

Study design and patient cohort

This retrospective, observational, single-center, and exploratory study aimed to investigate
whether comprehensive treatment regimens designed on the basis of postoperative MRD
status combined with pathological type, stage, and molecular subtype could increase RFS in
patients with early-stage NSCLC. This study enrolled 80 patients with stage IB-IIIB NSCLC
who underwent radical surgery in the Department of Cardiothoracic Surgery of Guiqgian
International Hospital from December 2019 to February 2023. The main inclusion criteria
were an age between 18 and 80 years, a pathological diagnosis of stage IB-IIIB NSCLC
(according to the 8th edition of the American Joint Committee for Cancer (AJCC) staging
system), and an Eastern Cooperative Oncology Group (ECOG) performance-status score of

0-2. Patients were required to have complete medical records, medication histories and
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follow-up data. Patients in the MRD group were additionally required to have serial MRD
testing results. The main exclusion criteria were a history of other known primary tumors or
the presence of other tumors; severe organ dysfunction (such as of the heart, liver, or kidney);
prior treatment with therapies relevant to the investigational drugs (such as osimertinib or
immune checkpoint inhibitors); severe immune-related diseases (such as autoimmune
diseases); pregnancy or lactation; and other serious diseases or conditions that did not

conform with the objectives or protocols of the study.

Sample collection

Surgically resected (and subsequently paraffin-embedded) tumor tissue specimens and
control blood samples were collected from all enrolled patients for tumor molecular mutation
detection. Tumor tissues were also used for immunohistochemical detection of PD-L1
expression. Blood samples from patients in the MRD-guided group were collected at
landmark timepoints (approximately 1 month after surgery to before adjuvant therapy), and
20 ml of blood was collected for MRD detection approximately every 3 months or 6 months

after surgery until recurrence/metastasis or up to 24 months after surgery.

Next-generation sequencing and ctDNA analysis
DNA extraction from tumor tissues and blood, library construction, and next-generation
sequencing (NGS) were performed by Genecast Biotechnology Co., Ltd. (a CAP-certified

laboratory). Hybridization capture was performed using a 2.4-MB NGS panel covering 769
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cancer-related genes. The average sequencing depth for core region tissues was 6500x, that
for blood cells was >4400%, and that for plasma was 58000%. ctDNA MRD detection was
performed using the MinerVA platform from Genecast Biotechnology Co., Ltd. Detailed
experimental procedures and data analysis methods can be found in publications related to
the LUNGCA study [5, 10].

A tumor-informed analysis strategy was employed for MRD detection. For single-
nucleotide variants and insertion/deletion mutations (SNVs/InDels), each candidate ctDNA
mutation was statistically tested against the internal noise baseline constructed from negative
data to exclude technical artifacts. A mutation was considered positive if the P value was
<0.05. The combined P values of the sample levels were further calculated. A plasma sample
was considered positive when the combined P value was <0.01. For gene fusion, if at least
one crossing point completely matched the reference sequence of the fusion gene in the

paired tissue sample, the plasma sample was determined to be positive.

Immunohistochemical staining

PD-L1 expression was measured using a Dako 22C3 kit (Dako; Agilent Technologies, Inc.).
The tumor proportion score (TPS), which refers to the ratio of PD-L1-positive tumor cells to
the total number of visible tumor cells, was calculated. The combined positive score (CPS)
was calculated as the ratio of PD-L1-positive cells (the sum of the numbers of tumor cells,

lymphocytes, and macrophages) to the total number of visible tumor cells multiplied by 100.
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Procedure

Patients were enrolled to either the MRD-guided group or the standard management group,
with stratification based on pathological type and stage. The standard management group
received standard treatment designed on the basis of the pathological type, stage, and
molecular subtype of the patients; the medication regimens (including cycles) of the patients
were developed with reference to the National Comprehensive Cancer Network (NCCN) and
Chinese Society of Clinical Oncology (CSCO) guidelines. Patients in the MRD-guided group
underwent blood MRD detection after surgery (landmark timepoint) and approximately every
3 or 6 months after surgery until recurrence/metastasis or up to 24 months after surgery. The
treatment plan was developed on the basis of a comprehensive assessment of the patient’s
landmark ctDNA-MRD test results and pathological type, stage, and molecular subtype. If
the plasma of landmark ctDNA-MRD test result was positive, the patient received
appropriate targeted therapy or immunotherapy based on the tumor genetic profile. That is,
patients with ALK fusions receive second-generation ALK-TKIs, those with EGFR driver
mutations receive third-generation EGFR-TKIs, and those without driver gene alterations
receive immunotherapy combined with chemotherapy. The treatment duration was planned
for a predefined period (e.g., up to 2-3 years for targeted therapy) or until disease
recurrence/unacceptable toxicity, with the MRD status being one of the considerations for
treatment continuation. If the results of the landmark plasma ctDNA-MRD test were
negative, the patients receive conventional chemotherapy. However, if the patient requests

targeted therapy or immunotherapy, after shared decision-making, those with EGFR driver
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alterations may receive third-generation EGFR-TKIs, while those who are EGFR-negative or
ALK fusion-negative may receive immunotherapy combined with chemotherapy.

The chemotherapy regimen for lung adenocarcinoma (AP regimen) was pemetrexed
combined with platinum (cisplatin/carboplatin). The specific dosages were 500 mg/m? for
pemetrexed, 200—400 mg/m? for carboplatin, and 50—100 mg/m? for cisplatin administered by
intravenous (IV) infusion every 3 weeks (q3w) for 4—6 consecutive cycles. The chemotherapy
regimen for lung squamous cell carcinoma (nab-PP) was albumin-paclitaxel combined with
platinum (cisplatin/carboplatin). The specific dosages were 100 mg/m? for albumin-
paclitaxel, 200-400 mg/m? for carboplatin, and 50-100 mg/m? for cisplatin, administered by
IV infusion q3w for 4-6 consecutive cycles. For patients with wild-type EGFR and ALK, the
immune checkpoint inhibitor treatment regimen included atezolizumab (1200 mg) or
pembrolizumab (200 mg), administered by IV infusion q3w. For EGFR mutation-positive
patients (19del/L858R/T790M), the third-generation EGFR-TKI osimertinib was used in
targeted therapy at a dose of 80 mg administered orally once daily. Patients with ALK fusion

were treated with alectinib (600 mg) administered orally twice daily with meals.

Endpoints

The primary endpoint was the 2-year RFS rate. In this study, RFS was defined as the time
from the start of surgical resection to the first recorded occurrence of disease recurrence or
death due to any cause, whichever occurred first. Secondary endpoints included the 2-year

overall survival (OS) rate, and median RFS, as well as the 2-year RFS rates and 2-year OS



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

rates of the ctDNA-MRD-positive and ctDNA-MRD-negative patients in the MRD-guided

group. The overall OS data will be reported in future analyses.

Statistical analysis

In this study, the R language (maftools package) was used to plot the mutation landscapes of
the patients to determine the distribution of high-frequency mutated genes and mutation
types. Kaplan—Meier survival curves were plotted on the basis of the RFS and OS of the
patients using the survival and survminer packages in R language, and the log-rank test was
used to assess the survival differences between different groups. A pooled graph was
generated to show the MRD detection time and status, treatment method, recurrence time,
and survival status of each patient. Appropriate statistical methods were used to compare the
distributions of different clinical characteristics (such as age, ECOG PS score, and
pathological type) between the groups: continuous variables were compared with the t test,
and categorical variables were compared with the chi-square test or Fisher’s exact test, as
appropriate. The time between MRD positivity detection and recurrence according to patient
imaging was calculated. In the subgroup analysis, the paired t test was used to assess
differences between the patient subgroups. For all tests, P < 0.05 was considered to indicate

statistical significance.

Ethics Statement
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This clinical trial was approved by the Ethics Committee of Guiqian International Hospital
(Approval Number: 2023 Ethics Review No. 01). Clinical trial number: not applicable. All
procedures were performed in accordance with the Declaration of Helsinki. Written informed

consent was obtained from all participants or their legal representatives.

Results

Patient characteristics

A total of 91 patients with stage IB-IIIB NSCLC who underwent radical surgery between
December 2019 and February 2023 were enrolled. Three patients with multiple primary lung
cancers, two patients with compound cancers, two patients with a previous history of
malignant tumors, and four patients who refused chemotherapy were excluded. A total of 80
patients were therefore ultimately included into the MRD-guided group (n=40 patients) and
the standard management group (n=40 patients) according to pathological type and stage (Fig
1).

The median age of the patients in the MRD-guided group was 58 years. This group
consisted of 16 female patients (40%) and 24 male patients (60%), and 23 patients (57.5%)
had a history of smoking. A majority of patients in the MRD-guided group (87.5%) had an
ECOG PS score of 0 or 1; 8 patients had stage IB disease, 1 had stage I1A disease, 9 had stage
IIB disease, 20 had stage IIIA disease, and 2 patients had stage I1IB disease. A total of 31
patients had lung adenocarcinoma, accounting for 77.5%; the remaining 9 patients had lung

squamous cell carcinoma (22.5%; Table 1).
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The average age of the patients in the standard treatment group was 61 years. This
group consisted of 18 females (45%) and 22 males (55%) were included; among them, 18
patients (45.0%) had a history of smoking. A total of 92.5% of the patients in this group had
an ECOG PS score of 0 or 1; 8 patients had stage IB disease, 2 had stage IIA disease, 11 had
stage IIB disease, 16 had stage IIIA disease, and 3 patients had stage I1IB disease. Thirty
patients had lung adenocarcinoma, accounting for 75%; 9 patients had lung squamous cell
carcinoma (22.5%), and 1 patient had adenosquamous carcinoma (Table 1). The baseline
characteristics were well-balanced between the two groups, with no significant differences

identified (Table 1 and Table S1).

Tissue specimen and blood sample analysis

The details of the gene mutations in the tumor tissues of the patients are shown in Fig
2. The most commonly mutated genes were EGFR (58%), TP53 (56%), KRAS (16%),
CDKN2A (14%), NTRK3 (12%), BRAF (11%), RB1 (11%), and RBM10 (11%). The tumor
gene mutation spectra of the two groups were similar. The details of PD-L1 expression in the
two groups of patients are shown in Table S1. In the MRD-guided group, 9 patients (22.5%)
had positive landmark MRD results, and 31 patients (77.5%) had negative landmark MRD

results (Table S1).

Patient treatment details

All patients in this study received adjuvant therapy. The median time from surgery to

11
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the initiation of adjuvant therapy was 30 days (IQR, 22-40) in the MRD-guided group and 32
days (IQR, 22-39) in the standard management group. The mean treatment duration was 205
days in the MRD-guided group and 214 days in the standard management group (P=0.384).
Within the MRD-guided group, the mean treatment duration was significantly longer in the
landmark MRD-positive subgroup (466 days) than in the landmark MRD-negative subgroup
(193 days; P=0.00018) (Table 2 and Table S2).

As mentioned above, the MRD-guided group included 9 landmark MRD-positive
patients. Among them, 4 patients had EGFR p.L.858R mutations in their tumor tissues and
received third-generation EGFR-TKI treatment after chemotherapy; 2 patients exhibited ALK
fusion and received second-generation ALK-TKI targeted treatment after chemotherapy. The
remaining 3 patients had no targetable driver mutations and low expression levels of PD-L1
(CPS: 2, 5, and 8; TPS: 1% in two patients and <1% in the other patient). Treatment for these
patients involved adjuvant chemotherapy combined with an immune checkpoint inhibitor.
Among the 31 patients with negative landmark MRD status, 15 (15/31, 48.4%) received
chemotherapy alone, 4 received chemotherapy followed by third-generation EGFR-TKI
targeted therapy, and 12 received chemotherapy combined with immunotherapy (Table S1).
In the standard management group, 15 patients (37.5%) received chemotherapy alone, 15
patients (37.5%) received chemotherapy combined with immunotherapy, 1 patient (2.5%)
received sequential chemotherapy followed by ALK-TKI targeted therapy, and 9 patients
(22.5%) received third-generation EGFR-TKI targeted therapy after chemotherapy (Table

S1).

12
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The treatment-related adverse events (AEs) in both groups were mainly grade 1-2. In
the MRD-guided group, grade 1-2 AEs occurred in 39 patients (97.5%), and one patient
(2.5%) experienced a grade 5 AE (immune-mediated myocarditis) resulting in death. In the
standard management group, 36 patients (90%) had grade 1-2 AEs, 3 (7.5%) had a grade 3
AE, and 1 patient (2.5%) had a grade 5 AE, immune-related pneumonia, which resulted in the
patient’s death. There was no difference in the incidence of AEs between the two groups (P =
0.304) (Table 2). In the MRD-guided group, the AEs in the positive and negative landmark
MRD subgroups were also mainly grades 1-2. In the positive landmark MRD subgroup, 5
patients (55.6%) had grade 1 AEs, and 4 patients (44.4%) had grade 2 AEs; in the negative
landmark MRD subgroup, 11 patients (35.5%) had grade 1 AEs, and 20 (64.5%) had grade 2
AEs. There was no difference in the incidence of AEs between the two subgroups (P = 0.413)

(Table S2).

Efficacy according to treatment group

The median follow-up time was 1048 (192—-1529) days in the MRD-guided group and 730
(237-1528) days in the standard management group (Table 2). In the MRD-guided group, 10
patients experienced radiologic recurrence/metastasis or death. The sites of
recurrence/metastasis were the lung in 1 patient, the brain in 1 patient, the bone in 1 patient,
the lymph nodes (metastasis) in 2 patients, and the thoracic cavity in 1 patient; three patients
experienced multiple organs recurrences/metastases, while the location of

recurrence/metastasis could not be defined in one patient who died. In the standard
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management group, 23 patients experienced radiologic recurrence/metastasis or death. The
locations of recurrence/metastasis were the lung in 8 patients, the brain in 1 patient, the bone
in 1 patient, the lymph nodes (metastasis) in 1 patient, and the pleura in 1 patient; seven
patients experienced multiple organs recurrences/metastases, and four patients died without
having their sites of recurrence/metastasis defined (Table 2). The median RFS in the MRD-
guided group and the standard management group were not reached and 26.3 (21.7—could not
be calculated [NC]) months, respectively. The 2-year RFS rate in the MRD-guided group and
the standard management group were 78% (95% CI, 66-92) and 53% (95% CI, 40-72),
respectively. These data indicate that compared with standard management, MRD guidance
significantly reduced the risk of disease recurrence by approximately 71% (total hazard ratio
[HR] 0.289, 95% CI, 0.144-0.579; P < 0.001) (Fig 3A and Table 2). The median OS of the
MRD-guided group was not reached, and that of the standard management group was 34.7
(29.3—[NC]) months. The 2-year OS rate of the MRD-guided group and the standard
management group was 95% (95% CI, 88—100) and 76% (95% CI, 63-92), respectively, and
the overall HR was 0.104 (95% CI, 0.039-0.281; P <0.001), corresponding to a reduction in

the risk of death with MRD guidance by approximately 89.6% (Fig 3B and Table 2).

Efficacy in the MRD-guided subgroups
Among the patients with landmark MRD positivity, 5 experienced relapse/metastasis
according to their imaging results or death. The sites of recurrence/metastasis were the lymph

nodes (metastasis) in 1 patient; three patients experienced multiple organs

14
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recurrences/metastases, and 1 patient died before their site(s) of recurrence/metastasis could
be identified. Five landmark MRD-negative patients experienced recurrence/metastasis on the
basis of their imaging results or death. The locations of recurrence/metastasis were the lung
in 1 patient, the brain in 1 patient, the bone in 1 patient, the lymph nodes (metastasis) in 1
patient, and the thoracic cavity in 1 patient; 1 patient died due to the original tumor (Table
S2). The 2-year RFS rates of patients with negative and positive landmark ctDNA-MRD
results were 84% (95% CI, 72-98) and 56% (95% CI, 31-100), respectively. The median
RFS of the landmark ctDNA-MRD-negative subgroup was not reached, and that of the
landmark ctDNA-MRD-positive subgroup was 31.7 (95% CI, 18.9-NC) months; the total HR
for RFS between the two groups was 0.247 (95% CI, 0.052—1.170; P=0.016) (Fig 3C and
Table S2). The median OS was not reached in either the ctDNA-MRD-negative or ctDNA-
MRD-positive subgroups, while the 2-year OS rates were 97% (95% CI, 91-100) and 86%
(95% CI, 63—-100), respectively. The corresponding HR was 0.261 (95% CI, 0.009-7.985; P =
0.31) (Fig 3D and Table S2).

For MRD-negative patients at the landmark time point in the MRD-guided group, we
compared the additional RFS benefit of EGFR-TKI versus chemotherapy in those with EGFR
mutations and found no difference between the two groups (Fig S1 A) (HR (95% CI) = 0.69
[0.06, 7.59]; P=0.758). Likewise, in MRD-negative patients without EGFR mutations or
ALK fusions, we compared immunotherapy versus chemotherapy and also observed no RFS
benefit (Fig S1 B) (P =0.999). These findings indicate that in landmark MRD-negative

patients, neither targeted therapy nor immunotherapy provides additional RFS benefit,
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regardless of the presence of actionable driver mutations, which is consistent with previously
reported observational studies.

In the MRD-guided group, among the 10 patients who experienced tumor
metastasis/recurrence or death, MRD was positively detected at least once before recurrence,
metastasis, or death in 7 patients, while for 2 patients (P24 and P29), MRD was positively
detected immediately after recurrence. For both of these patients, the time between MRD
testing prior to recurrence and recurrence confirmation was 4 months, which may have led to
underdetection of MRD. The median lead time in which MRD detected recurrence earlier
than imaging was 76 days (Fig 4A). Among the 9 MRD-positive patients in the MRD-guided
group at the landmark time point, 3 received adjuvant immunotherapy and 6 received
adjuvant targeted therapy. We present the changes in ctDNA concentration during treatment
for the two groups. CtDNA concentration (hGE/ml) fluctuated markedly in patients receiving
immunotherapy, whereas they remained generally low in those receiving targeted therapy
(Fig 4B).

In the landmark MRD-positive subgroup, 6 patients were positive for MRD during
follow-up dynamic monitoring, among whom 3 experienced recurrence, metastasis or death,
indicating that the MRD-positive patients had a high risk of recurrence and that any patients
exhibiting MRD positivity should be closely monitored and followed up even after intensive
treatment. Seven of the landmark MRD-negative patients were MRD-positive on follow-up
dynamic monitoring, four of whom experienced recurrence, metastasis or death. This finding

indicates that even in patients with landmark MRD negativity, dynamic ctDNA-MRD
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monitoring can identify those at potential risk of recurrence in a timely manner (Fig 4C and
Table S3). In two patients who initially tested MRD-negative but later converted to positive
before recurrence, we compared the plasma ctDNA mutation profile at recurrence with that of
the original tumor (Fig S2). No plasma-naive mutations were detected, and all mutations

identified in plasma originated from the tumor tissue.

Discussion
Currently, the choice of postoperative adjuvant therapy for NSCLC mainly involves
consideration of pathological type, stage, molecular subtype, and clinical risk factors;
however, some patients still experience recurrence or death. The utility of MRD-guided
therapy is increasingly recognized in other malignancies. For instance, in stage II colorectal
cancer, downgrading treatment based on negative postoperative ctDNA-MRD test results
reduced the administration of unnecessary adjuvant chemotherapy for approximately half of
the patients while unaffecting the 5-year RFS or OS rates [11, 12]. However, to date, no
large-scale prospective interventional studies have investigated MRD-guided adjuvant
therapy for lung cancer patients. Despite its exploratory nature, this study addresses a critical
evidence gap in lung cancer and provides a foundation for designing larger prospective trials
and potentially informing clinical practice.

At the time of this study, adjuvant immunotherapy and targeted therapy for NSCLC
were not included in the guidelines for treating NSCLC; nevertheless, targeted therapy and

immunotherapy have shown good efficacy in the treatment of advanced lung cancer. In this
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study, targeted and immunotherapeutic interventions were retrospective reviewed. For
patients negative for tumor driver genes, the treatment regimen could be chemotherapy
combined with immunotherapy, while for those with positive tumor driver genes, sequential
targeted therapy, which may include chemotherapy. Compared with the standard treatment
group, the MRD-guided group showed significant improvements in RFS and OS, indicating
that comprehensive treatment involving comprehensive clinical information and molecular
mutations combined with dynamic ctDNA-MRD data indeed improved patient survival. In
the MRD-guided group, 9 MRD-positive patients received adjuvant targeted therapy or
immunotherapy, while in the MRD-negative group, nearly half of the patients received only
chemotherapy; nevertheless, the RFS of the MRD-negative patients was significantly better
than that of the MRD-positive patients, suggesting that high -risk patients identified by MRD
screening indeed have a very high risk of recurrence. For MRD-positive patients, intensive
treatment was performed mainly through dynamic monitoring of MRD status to determine
whether the treatment time should be extended. More treatment regimen optimization or
exploration is needed to reduce recurrence in MRD-positive patients.

Many studies have confirmed that the postoperative, dynamic monitoring of ctDNA in
NSCLC can effectively predict the risk of tumor recurrence [2-8]. In this study, although
some patients in the MRD-guided group were positive for MRD during the monitoring
process, none experienced recurrence, reflecting the value of the dynamic monitoring of
MRD status. Meanwhile, in the standard treatment group, 23 patients experienced recurrence

or metastasis, and 14 patients died. Although more intense treatment and extended treatment
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391

cycles were associated with an increased risk of treatment-related adverse events, the overall
number of treatment-related adverse events was not significantly different. As postoperative
adjuvant immunotherapy and its targeted application are standardized in treatment guidelines,
the grades of AEs faced by intensive treatment are expected to decrease.

Among the MRD-negative patients who recurred, two tested MRD-positive prior to
radiological recurrence, while three remained MRD-negative until recurrence was detected.
This suggests that the 6-month monitoring interval for MRD-negative patients might have
been too long to reliably detect MRD lead-time in all cases.

This study has several limitations. It is a retrospective analysis with a non-prospective,
non-interventional design. The sample size is moderate, and this is a single-center exploratory
study. Furthermore, although a statistically significant overall survival (OS) benefit was
observed, the median OS in the MRD-guided group was not reached, indicating that longer

follow-up is required to fully characterize its long-term survival benefit.

Conclusions
Although this study has several limitations, our findings demonstrate that ctDNA-MRD-
guided adjuvant therapy significantly improves RFS in patients with stage IB-IIIB NSCLC,

which may providing implications for the design of future large interventional MRD studies.
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NSCLC non-small cell lung cancer
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Tables

TABLE 1 | Patient characteristics at baseline.

Abbreviation: MRD, molecular residual disease; ALK, anaplastic lymphoma kinase; EGFR,
epidermal growth factor receptor; CT, chemotherapy; TKI, tyrosine kinase inhibitor; ICB,

immune checkpoint blockade.
TABLE 2 | Tumor recurrence and death events.

Abbreviation: MRD, molecular residual disease.NR, not reached.NC, could not be
calculated.CI, denotes confidence interval. RFS, recurrence-free survival. OS, overall

survival.

Figures

Fig. 1 Study flow chart and patient enrollment. NSCLC, non-small cell lung cancer; MRD,
molecular residual disease; ctDNA, circulating tumor DNA; NGS, next-generation
sequencing; CT, chemotherapy; TKI, tyrosine kinase inhibitor; ICB, immune checkpoint
blockade.

Fig. 2 Heatmap of the top 30 mutated genes from the tumor tissues of the patients. MRD,
molecular residual disease.

Fig. 3 Kaplan—Meier analysis of survival outcomes in the MRD-guided and standard
management groups. (A) Kaplan—Meier curves of RFS in the MRD-guided and standard
management groups. (B) Kaplan—Meier curves of OS in the MRD-guided and standard
management groups. (C) Kaplan—Meier curves of RFS stratified by landmark ctDNA status.
(D) Kaplan—Meier curves of OS stratified by landmark ctDNA status. MRD, molecular
residual disease; RFS, recurrence-free survival; OS, overall survival.

Fig. 4 Longitudinal analysis of MRD and survival outcome in the MRD-guided cohort. (A)
Analysis of the median time from MRD detection of re-positive to imaging relapse for 9
patients. Each point on the plot represents a single patient. (B) The changes in ctDNA

concentration during treatment for the adjuvant immunotherapy and targeted therapy patients
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of the 9 MRD-positive patients in the MRD-guided group. (C) Longitudinal analysis of MRD
status (positive or negative) and survival outcome (relapse or death) in the MRD-guided
cohort. MRD, molecular residual disease; ALK, anaplastic lymphoma kinase; EGFR,
epidermal growth factor receptor; CT, chemotherapy; TKI, tyrosine kinase inhibitor; ICB,

immune checkpoint blockade.

Supporting information

Figure S1. Kaplan—Meier analysis of survival outcomes in the MRD-guided and MRD-
negative patients at the landmark time point. a Kaplan—Meier curves of RFS in the EGFR
mutations patients. b Kaplan—-Meier curves of RFS in the EGFR wild type and no ALK fusion
patients. MRD, molecular residual disease; RFS, recurrence-free survival.

Figure S2. Analysis of two patients’ plasma ctDNA mutation profile at recurrence with the
original tumor.

Table S1. Details of patient characteristics.

Table S2. Tumor recurrence and death events in the MRD-guided subgroup.

Table S3. Postoperative MRD status and hGE.
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