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Background: Circulating tumor cells (CTCs) and peripheral T-cell immune checkpoints offer minimally invasive biomarkers for 
immune checkpoint inhibitor (ICI) therapy. We assessed whether a dual biomarker combining PD-L1 on CTCs and PD-1 on circulating 
CD8+ T cells is associated with outcomes in advanced non–small cell lung cancer (NSCLC).
Methods: We retrospectively enrolled stage IIIB–IV NSCLC patients treated with anti-PD-1/PD-L1 agents (any line) from 
January 2022 to December 2023. Eligibility required pretreatment blood and evaluable dual-biomarker testing; all 126 included 
patients had successful CTC assessment and flow-cytometric CD8+ T-cell PD-1 measurement. Patients were classified as CTC PD- 
L1–positive if ≥1 CTC showed membranous and/or cytoplasmic PD-L1 staining. CD8+ PD-1high was defined by the cohort median 
PD-1+ fraction (35.6%). Patients were stratified by CTC PD-L1 status and CD8+ PD-1 (high/low). The primary endpoint was 
progression-free survival (PFS); overall survival (OS) and objective response rate (ORR) were secondary endpoints.
Results: Fifty-seven patients (45.2%) were CTC PD-L1–positive. Median PFS was longest in the PD-L1+/PD-1high group (14.2 
months) versus the other three groups (8.5, 6.3, and 4.8 months; p<0.001). ORR followed a similar gradient (41.9%, 30.8%, 22.9%, 
and 14.7%; p=0.021). After adjustment for baseline covariates, dual-biomarker status remained independently associated with PFS 
(HR=0.48, 95% CI 0.32–0.72; p<0.001) and OS (HR=0.53, 95% CI 0.35–0.80; p=0.002).
Conclusion: This dual liquid-biopsy approach was associated with response and survival in this retrospective advanced NSCLC 
cohort receiving ICIs, supporting its potential for prognostic stratification; prospective validation is needed.
Keywords: circulating tumor cells, non-small cell lung cancer, CD8+ T cells, PD-L1, PD-1, immunotherapy, liquid biopsy, predictive 
biomarkers

Introduction
Non-small cell lung cancer (NSCLC) represents more than 85% of lung cancer cases and stands as the leading cause of 
cancer-related deaths globally.1 Advanced NSCLC, diagnosed in over 60% of patients at presentation, poses significant 
therapeutic challenges due to its aggressive nature and limited response to conventional treatments such as chemotherapy 
and radiotherapy.2 Despite the progress, the 5-year overall survival rate for advanced NSCLC remains dismal, under
scoring the urgent need for innovative therapeutic strategies and predictive biomarkers to guide treatment decisions.

Immune checkpoint inhibitors (ICIs), including PD-L1/PD-1 monoclonal antibodies, revolutionize advanced NSCLC 
management, offering substantial survival benefits for a subset of patients.3 However, response rates to ICIs vary widely, 
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with long-term survivorship ranging from 16% to 37% at 2–5 years in unselected populations.4 Current reliance on 
tissue-based PD-L1 expression as a predictive marker is hampered by tumor heterogeneity, invasive sampling require
ments, and inconsistent correlations with clinical outcomes due to variability in IHC assays and scoring criteria.5 

Moreover, the integration of ICIs with chemotherapy as a first-line standard, irrespective of PD-L1 status, highlights 
the need for more reliable, non-invasive biomarkers to optimize patient selection and therapeutic efficacy.6

Circulating tumor cells (CTCs) are reported as a promising liquid biopsy tool, providing real-time insights into tumor 
dynamics and PD-L1 expression with reduced interference from spatial heterogeneity.7 Although a great body of 
literature suggests CTC PD-L1 positivity correlates with immunotherapy response, its prognostic value remains debated 
due to variability in detection methods and small sample sizes.8–11 Additionally, CD8+ T cells are pivotal for tumor cell 
elimination, and PD-1 expression increment in these cells tightly associate with T cell exhaustion, which may compro
mise anti-tumor immunity and influence the response to immune checkpoint inhibitors.12–14 While single biomarkers like 
CTC PD-L1 or tissue PD-L1 have shown limited predictive power, the interplay between CTC PD-L1 and peripheral 
CD8+ T cell PD-1 offers a novel avenue to enhance prognostic accuracy, addressing the shortcomings of current 
approaches.7,15,16

This study aims to establish and validate a dual liquid biopsy platform integrating CTC PD-L1 and peripheral CD8+ 

PD-1+ T cells proportion to predict immunotherapy efficacy in advanced NSCLC. By leveraging this non-invasive 
strategy, we hypothesize that dual biomarker stratification can identify patients most likely to response to ICIs, 
potentially improving clinical decision-making. The findings may provide a practical tool to overcome the limitations 
of traditional biomarkers, offering a foundation for personalized immunotherapy in this challenging disease. Because 
CD8+ T cells are key effector cells mediating antitumor responses to PD-1/PD-L1 blockade, we prespecified circulating 
CD8+ T-cell PD-1 expression as the immune component of the dual-biomarker framework.

Study Population and Methods
Research Design
We employed retrospective cohort research examining the prognostic and predictive value of circulating tumor cell 
(CTC) PD-L1 expression combined with proportion of CD8+ PD-1+T cells as dual biomarkers for immunotherapy 
outcomes in advanced NSCLC patients. Clinical data and biological samples were collected between January 2022 and 
December 2023 as part of routine clinical care. Ethical approval was obtained from the Institutional Review Board (IRB) 
of Changzhou First People’s Hospital [NO.:F-IRB-SOP-00710, (2024) Science No. 135] before conducting this retro
spective analysis. All participants provided written informed consent authorizing the future research use of their clinical 
data and biological samples at the time of initial treatment. Blood specimens were obtained during routine clinical 
procedures following a standardized biobanking protocol to ensure consistent sample processing. The retrospective 
analysis was conducted in compliance with the Personal Information Protection Law of China and the Declaration of 
Helsinki, with all data de-identified prior to analysis.

Study Population
This retrospective study included patients with advanced NSCLC who received anti–PD-1/PD-L1 immune checkpoint 
inhibitor (ICI) therapy at Changzhou First People’s Hospital (Changzhou, Jiangsu, China) between January 2022 and 
December 2023. A total of 280 patients were initially screened. Patients were enrolled according to predefined inclusion and 
exclusion criteria (Figure 1), and 126 patients were included in the final efficacy cohort after successful baseline dual- 
biomarker assessment (CTC PD-L1 evaluation and flow-cytometric PD-1 measurement on circulating CD8+ T cells).

Inclusion criteria were: (1) histologically confirmed NSCLC with advanced disease (stage IIIB–IV); (2) treatment 
with anti–PD-1/PD-L1 agents as monotherapy or in combination regimens (any line of therapy); Stage IIIB patients were 
included only when treated with systemic anti–PD-1/PD-L1 therapy in an advanced/unresectable setting; adjuvant or 
neoadjuvant ICI settings were not included. (3) availability of baseline blood samples for CTC PD-L1 assessment and 
peripheral immune profiling; and (4) adequate clinical follow-up for response and survival assessment. Exclusion criteria 
included: (1) concurrent malignancies; (2) autoimmune diseases requiring systemic immunosuppressive therapy; (3) 
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inadequate performance status or clinical condition precluding treatment and follow-up (eg., ECOG ≥3, severe comor
bidities, or life expectancy <3 months); and (4) insufficient sample quality or technical failure precluding biomarker 
analyses. Detailed reasons for exclusion at each screening step are provided in Figure 1.

Patients were stratified into four groups based on baseline CTC PD-L1 status (positive vs negative) and circulating 
CD8+ T-cell PD-1 expression (high vs low).

Stratified by dual biomarker status

Excluded (n=132)
• Not meeting inclusion criteria (n=98)
• Previous immunotherapy (n=35)
• ECOG PS 3 (n=25)
• Severe comorbidities (n=22)
• Life expectancy <3 months (n=16)
• Declined to participate (n=24)

Failed baseline blood collection (n=6)

Excluded (n=10)
•CTC detection failure (n=6)
•Sample hemolysis/poor quality (n=4)

Excluded (n=4)
•Flow cytometry failure (n=3)
•Insufficient CD8+ T cells (n=1)

Early loss to follow-up/death(n=2)

Advanced NSCLC patients initially assessed
(n=280)

Eligible and consented patients
(n=148)

Successful baseline blood collection
(m=142)

Completed CTC detection
(n=132)

Completed dual biomarker detection
(m=128)

Final efficacy analysis
(m=126)

Group A (n=31)
CTC PD-L1+/ CD8+PD-1(Low)

Group B (n=26)
CTC PD-L1+/CD8+PD-1(High)

Group C (n=35)
CTC PD-L1-/CD8+PD-1(Low)

Group D (n=34)
CTC PD-L1-/CD8+PD-1(High)

Figure 1 Study Flow Diagram. The flow diagram summarizes patient screening and selection for this retrospective cohort. Between January 2022 and December 2023, 280 
patients with advanced non–small cell lung cancer (NSCLC) who received anti–PD-1/PD-L1 immune checkpoint inhibitor (ICI) therapy at Changzhou First People’s Hospital 
(Changzhou, Jiangsu, China) were assessed for eligibility. Patients were screened according to predefined inclusion and exclusion criteria. Reasons for exclusion included 
failure to meet eligibility criteria (e.g., non-advanced disease), prior immunotherapy exposure, inadequate performance status or clinical condition precluding treatment and 
follow-up (e.g., ECOG ≥3, severe comorbidities, or life expectancy <3 months), refusal to participate, and insufficient sample quality or technical failure for biomarker 
analyses (e.g., blood draw failure, CTC detection failure, hemolysis/poor sample quality, flow cytometry failure, or insufficient CD8+ T-cell events). Two patients were 
excluded prior to efficacy analysis due to early loss to follow-up or early death. The final efficacy cohort consisted of 126 patients who completed baseline dual-biomarker 
assessment (CTC PD-L1 evaluation and flow-cytometric PD-1 measurement on circulating CD8+ T cells) and had adequate follow-up for outcome assessment. Patients 
were stratified into four groups based on baseline CTC PD-L1 status (positive vs negative) and circulating CD8+ T-cell PD-1 expression (high vs low): Group A (CTC PD- 
L1+/CD8+ PD-1 high), Group B (CTC PD-L1+/CD8+ PD-1 low), Group C (CTC PD-L1−/CD8+ PD-1 high), and Group D (CTC PD-L1−/CD8+ PD-1 low).
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Sample Collection and Biomarker Analysis
Blood Sample Collection
Prior to initiation of anti–PD-1/PD-L1 therapy, baseline peripheral blood samples were collected as part of routine 
clinical practice. For CTC analysis, blood was drawn into CellSave preservative tubes (Menarini Silicon Biosystems, 
Bologna, Italy) and processed within 72 hours according to the manufacturer’s instructions. For flow cytometry, blood 
was collected into EDTA-coated tubes and processed within 4 hours of collection for peripheral blood mononuclear cell 
(PBMC) isolation and immunophenotyping. All samples were labeled with unique study identifiers to ensure de- 
identification and patient confidentiality, and sample handling was performed by trained personnel following standar
dized operating procedures.

Circulating Tumor Cell (CTC) Detection and PD-L1 Expression
Peripheral blood samples for CTC analysis were collected at baseline (prior to initiation of anti–PD-1/PD-L1 therapy) in 
CellSave preservative tubes (Menarini Silicon Biosystems, Bologna, Italy) and processed within 72 hours according to 
the manufacturer’s instructions. CTCs were enriched and enumerated using the CellSearch system (Menarini Silicon 
Biosystems, Bologna, Italy).

Samples were processed using the CellSearch CTC Kit. Briefly, CTCs were captured with ferrofluid nanoparticles 
conjugated to anti-EpCAM antibodies. After enrichment, cells were fixed and stained with a panel of antibodies, including an 
anti-cytokeratin antibody (1:300 dilution, clones C11 and A53-B/A2, Cell Signaling Technology) for CK8/18/19, an anti– 
PD-L1 antibody (1:150 dilution, clone SP142, Roche Diagnostics, Basel, Switzerland), and an anti-CD45 antibody (1:500 
dilution, clone 2B1 and PD7/26, DAKO). Nuclei were counterstained with DAPI (1 μg/mL) for 10 minutes.

CTCs were defined as nucleated cells (DAPI+) exhibiting epithelial marker positivity (EpCAM+ and/or CK+) and 
lacking leukocyte marker expression (CD45−). PD-L1 expression on CTCs was assessed based on membranous and/or 
cytoplasmic staining. A PD-L1–positive CTC was defined as a cell meeting the CTC criteria with any detectable PD-L1 
staining. Patients were classified as CTC PD-L1–positive if at least one PD-L1–positive CTC was detected; otherwise, 
they were classified as CTC PD-L1–negative.

Fluorescence images were captured using a Zeiss Axio Imager Z2 fluorescence microscope (Zeiss, Oberkochen, 
Germany) equipped with filter sets for DAPI, FITC, PE, and APC. All images were reviewed independently by two 
trained observers who were blinded to clinical data and outcomes. Discrepancies were resolved by consensus.

CD8+ PD-1+T Cell Proportion
Peripheral blood for flow cytometry was collected in EDTA tubes at baseline (prior to initiation of anti–PD-1/PD-L1 
therapy). Peripheral blood mononuclear cells (PBMCs) were isolated by density-gradient centrifugation using Ficoll- 
Paque Premium (Cytiva, USA), washed, and resuspended in staining buffer. Cells were stained with fluorochrome- 
conjugated antibodies against CD3 (Alexa Fluor® 700, clone UCHT1, Thermo Fisher Scientific), CD4 (BV510, clone 
L200, BD Biosciences), CD8 (FITC, clone SK1, BioLegend), and PD-1 (BV421, clone J105, Thermo Fisher Scientific). 
Isotype controls (and/or fluorescence minus one control, if applicable) were used to account for non-specific binding and 
to define the PD-1–positive gate.

Data acquisition was performed on a BD FACSCanto II flow cytometer, and at least 5×104 CD8+ T cells were 
collected per sample. Analysis was conducted using FlowJo v10.8 (BD Biosciences). CD8+ T cells were identified as 
CD3+CD8+ events (with exclusion of debris and doublets), and PD-1 expression was quantified as the proportion of PD-1 
+ cells within the CD8+ T-cell gate. In the absence of an established clinical cutoff for peripheral CD8+ PD-1 expression, 
the cohort median value (35.6%) was used to dichotomize patients into PD-1high (≥35.6%) and PD-1low (<35.6%) groups 
for subsequent analyses.

Treatment and Response Assessment
Treatment Protocol
Patients received anti–PD-1 or anti–PD-L1 immune checkpoint inhibitors as monotherapy or in combination regimens in 
accordance with routine clinical practice and contemporaneous guideline-based management at our institution. Specific 
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agents, dosing, and treatment schedules followed the approved prescribing information and were determined by the 
treating physicians based on histology, disease burden, prior treatments, and patient condition. Combination regimens 
typically included an immune checkpoint inhibitor with platinum-based chemotherapy (eg., carboplatin- or cisplatin- 
based doublets) and, when clinically indicated, anti-angiogenic therapy (eg., bevacizumab). Treatment was continued 
until radiographic disease progression, unacceptable toxicity, or patient withdrawal, at the discretion of the treating 
physician. To account for potential confounding by treatment strategy, treatment type (monotherapy vs combination 
therapy) was included as a covariate in multivariable analyses.

Response Assessment
Treatment response was evaluated using Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 criteria. 
Radiological assessments were performed at baseline and at regular intervals during treatment using contrast-enhanced 
computed tomography (CT) of the chest, abdomen, and pelvis. Complementary imaging studies, notably brain magnetic 
resonance imaging (MRI), were performed based on clinical judgment. Response was assessed based on RECIST v1.1 
criteria. ORR was defined as CR + PR, and DCR as CR + PR + SD (≥12 weeks). Response assessments were conducted 
by institutional radiologists and reviewed by treating oncologists, with confirmation scans performed at subsequent visits 
for patients achieving CR or PR.

Progression-free survival (PFS), the primary endpoint, was defined as the time from the first administration of anti– 
PD-1/PD-L1 therapy to radiographic disease progression per RECIST v1.1 or death from any cause, whichever occurred 
first. Patients without an event were censored at the date of the last disease assessment. Overall survival (OS) was defined 
as the time from treatment initiation to death from any cause, with censoring at the last follow-up for survivors.

Follow-Up
From therapy initiation, patients were tracked until death, loss to follow-up, or the study cutoff date of December 31, 
2023. Electronic medical records are the primary resource of treatment details, imaging results, and survival outcomes. 
Follow-up visits included routine clinical assessments, laboratory tests, and imaging as per institutional protocols. The 
median follow-up duration was approximately 18 months.

Statistical Analysis
Appropriate statistical tests were employed to compare baseline characteristics across the four dual-biomarker groups. 
Continuous variables were compared using the Kruskal–Wallis test, and categorical variables were compared using the 
chi-square test or Fisher’s exact test, as appropriate. The Kaplan–Meier method and Log rank test were used to analyze 
survival outcomes.

Progression-free survival (PFS), the primary endpoint, was defined as the time from the first administration of anti– 
PD-1/PD-L1 therapy to radiographic disease progression per RECIST v1.1 or death from any cause, whichever occurred 
first. Overall survival (OS) was defined as the time from treatment initiation to death from any cause. Time-to-event 
endpoints were censored at the date of the last disease assessment (for PFS) or the last follow-up (for OS) for patients 
without events. HRs with 95% CIs were estimated using Cox proportional hazards regression models, adjusted for 
baseline covariates including age, sex, smoking status, ECOG performance status, clinical stage, histological subtype, 
prior lines of therapy, treatment type, tissue PD-L1 expression, and metastasis sites. Secondary endpoints included OS 
and objective response rate (ORR).

ROC curve analysis was conducted to evaluate the discriminative performance of baseline biomarkers for objective 
response, with AUC values and 95% CIs reported. The optimal cutoff for the dual-biomarker model was determined 
using the Youden index. Sensitivity analyses were conducted to assess the robustness of the primary findings, including 
analyses after excluding patients with incomplete baseline assessment or early loss to follow-up. Multiple comparison 
adjustments using the Benjamini–Hochberg method were applied to secondary endpoints to control the false discovery 
rate at 5%. A two-sided p-value < 0.05 was regarded as statistically significant. Data visualizations were generated using 
R version 4.3.0.
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Results
Patient Characteristics
Between January 2022 and December 2023, 280 patients with advanced non–small cell lung cancer (NSCLC) receiving 
anti–PD-1/PD-L1 therapy were screened. The screening process and reasons for exclusion are summarized in Figure 1. 
A total of 128 patients completed baseline dual-biomarker testing, and two patients were excluded prior to efficacy 
analysis due to early loss to follow-up or early death, resulting in a final efficacy cohort of 126 patients. At the data cutoff 
(December 31, 2023), the median follow-up was approximately 18 months. No patients were lost to follow-up in the final 
efficacy cohort, and no imputation was performed due to the limited missingness.

Patients were stratified into four dual-biomarker groups (Group A, n=31; Group B, n=26; Group C, n=35; and 
Group D, n=34). The median age was 65 years (IQR, 58–71), with 61.8% male and 38.2% female patients. 
Histological subtypes included 73.0% adenocarcinoma, 22.2% squamous cell carcinoma, and 4.8% other histologies. 
The majority of patients had stage IV disease (85.7%), and 64.3% were current or former smokers. ECOG perfor
mance status was 0–1 in 81.0% of patients. Treatment regimens comprised 57.1% PD-1 inhibitor monotherapy, 24.6% 
PD-L1 inhibitor monotherapy, and 18.3% combination therapy. Baseline characteristics were comparable across 
groups, including age, sex, smoking status, ECOG performance status, histology, clinical stage, driver mutations, 
treatment regimen, prior lines of therapy, tissue PD-L1 expression, and metastatic sites (all P>0.05), except for 
circulating CD8+ T-cell PD-1 expression, which differed by definition across groups (P<0.001) (Table 1). For brain 
and bone metastases, a small number of patients were recorded as “not assessed” (NA) due to the absence of definitive 
imaging documentation in the clinical records.

Table 1 Baseline Characteristics of Patients by Dual Biomarker Expression Groups

Characteristic Total (N=126) Group A (n=31) Group B (n=26) Group C (n=35) Group D (n=34) P value

Age, years
Median (IQR) 65 (58–71) 63 (57–69) 67 (59–72) 66 (58–73) 64 (57–70) 0.542

≤65 63 (50.0%) 17 (54.8%) 12 (46.2%) 17 (48.6%) 17 (50.0%) 0.871

>65 63 (50.0%) 14 (45.2%) 14 (53.8%) 18 (51.4%) 17 (50.0%)
Sex

Male 78 (61.9%) 18 (58.1%) 17 (65.4%) 22 (62.9%) 21 (61.8%) 0.923

Female 48 (38.1%) 13 (41.9%) 9 (34.6%) 13 (37.1%) 13 (38.2%)
Smoking status

Never smoker 45 (35.7%) 12 (38.7%) 8 (30.8%) 13 (37.1%) 12 (35.3%) 0.864

Former/Current smoker 81 (64.3%) 19 (61.3%) 18 (69.2%) 22 (62.9%) 22 (64.7%)
ECOG Performance Status

0-1 102 (81.0%) 28 (90.3%) 21 (80.8%) 27 (77.1%) 26 (76.5%) 0.345

2 24 (19.0%) 3 (9.7%) 5 (19.2%) 8 (22.9%) 8 (23.5%)
Histological subtype

Adenocarcinoma 92 (73.0%) 24 (77.4%) 19 (73.1%) 25 (71.4%) 24 (70.6%) 0.876

Squamous cell carcinoma 28 (22.2%) 6 (19.4%) 6 (23.1%) 8 (22.9%) 8 (23.5%)
Others 6 (4.8%) 1 (3.2%) 1 (3.8%) 2 (5.7%) 2 (5.9%)

TNM Stage

IIIB 18 (14.3%) 5 (16.1%) 3 (11.5%) 6 (17.1%) 4 (11.8%) 0.823
IV 108 (85.7%) 26 (83.9%) 23 (88.5%) 29 (82.9%) 30 (88.2%)

Driver mutations

EGFR 31 (24.6%) 6 (19.4%) 7 (26.9%) 9 (25.7%) 9 (26.5%) 0.832
ALK 8 (6.3%) 2 (6.5%) 1 (3.8%) 3 (8.6%) 2 (5.9%)

KRAS 15 (11.9%) 4 (12.9%) 3 (11.5%) 4 (11.4%) 4 (11.8%)

Wild type 72 (57.1%) 19 (61.3%) 15 (57.7%) 19 (54.3%) 19 (55.9%)

(Continued)
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CD8+ T Cell PD-1 Expression
Analysis of PD-1 expression on CD8+ T cells revealed distinct patterns across the study cohort (Figure 2). The gating 
strategy, which is illustrated in Figure 2A, defined CD8+ T cell populations using sequential flow cytometry markers, 
ensuring accurate identification of PD-1 expression. Figure 2B demonstrates the validity of our classification approach: 
the left panel shows representative flow cytometry plots from patients with low PD-1 expression (26.88%) and high PD-1 
expression (52.13%), confirming the distinct expression patterns between groups; the right panel presents a boxplot 
comparing PD-1+CD8+ cell proportions between the high (≥35.6%) and low (<35.6%) expression groups, validating the 
robustness of our cutoff threshold. The overall distribution of baseline PD-1 expression in circulating CD8+ T cells is 
shown in Figure 2C as a histogram (with density overlay). A vertical dashed line indicates the cohort median value 
(35.6%), which was used as a data-driven cutoff to classify patients into PD-1high (≥35.6%) and PD-1low (<35.6%) groups 
in the absence of an established clinical threshold.

CTC PD-L1 Expression
Evaluation of PD-L1 expression on circulating tumor cells (CTCs) revealed significant variability among the 126 
patients. The experimental process, depicted in Figure 3A, involved extracting blood samples from patients and using 
the CellSearch system to assess PD-L1 expression on CTCs. A stacked bar chart (Figure 3B) demonstrated that 45.2% of 

Table 1 (Continued). 

Characteristic Total (N=126) Group A (n=31) Group B (n=26) Group C (n=35) Group D (n=34) P value

Treatment regimen

PD-1 inhibitor monotherapy 72 (57.1%) 17 (54.8%) 15 (57.7%) 20 (57.1%) 20 (58.8%) 0.987
PD-L1 inhibitor monotherapy 31 (24.6%) 8 (25.8%) 6 (23.1%) 9 (25.7%) 8 (23.5%)

Combination therapyb 23 (18.3%) 6 (19.4%) 5 (19.2%) 6 (17.1%) 6 (17.6%)

Prior lines of therapy
1st line 58 (46.0%) 16 (51.6%) 11 (42.3%) 15 (42.9%) 16 (47.1%) 0.791

2nd line 46 (36.5%) 10 (32.3%) 11 (42.3%) 13 (37.1%) 12 (35.3%)

≥3rd line 22 (17.5%) 5 (16.1%) 4 (15.4%) 7 (20.0%) 6 (17.6%)
CD8+ T cell PD-1 expression

High 66 (52.4%) 31 (100%) 0 (0%) 35 (100%) 0 (0%) <0.001

Low 60 (47.6%) 0 (0%) 26 (100%) 0 (0%) 34 (100%)
PD-L1 expression (tissue)a

<1% 52 (41.3%) 8 (25.8%) 12 (46.2%) 17 (48.6%) 15 (44.1%) 0.156

1-49% 38 (30.2%) 12 (38.7%) 7 (26.9%) 9 (25.7%) 10 (29.4%)
≥50% 36 (28.6%) 11 (35.5%) 7 (26.9%) 9 (25.7%) 9 (26.5%)

Brain metastasis

No 103 (81.7%) 25 (80.6%) 21 (80.8%) 28 (80.0%) 29 (85.3%) 0.657
Yes 19 (15.1%) 5 (16.1%) 4 (15.4%) 6 (17.1%) 4 (11.8%)

NA 4 (3.2%) 1 (3.2%) 1 (3.8%) 1 (2.9%) 1 (2.9%)
Bone metastasis

No 87 (69.0%) 21 (67.7%) 18 (69.2%) 24 (68.6%) 24 (70.6%) 0.921

Yes 33 (26.2%) 8 (25.8%) 7 (26.9%) 9 (25.7%) 9 (26.5%)
NA 6 (4.8%) 2 (6.5%) 1 (3.8%) 2 (5.7%) 1 (2.9%)

Liver metastasis

No 87 (69.0%) 21 (67.7%) 18 (69.2%) 24 (68.6%) 24 (70.6%) 0.947
Yes 39 (31.0%) 10 (32.3%) 8 (30.8%) 11 (31.4%) 10 (29.4%)

NA 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Note: Data are presented as n (%) unless otherwise specified. Driver mutations were defined based on available routine clinical testing (EGFR, ALK, and KRAS); other 
actionable alterations (eg, ROS1, RET, BRAF, MET, ERBB2, NTRK) were not consistently assessed in this retrospective cohort. aAvailable in 126 patients with archival tissue 
samples. bCombination therapy includes immunotherapy plus chemotherapy or anti-angiogenic agents. P values were calculated using chi-square test or Fisher’s exact test for 
categorical variables and Kruskal–Wallis test for continuous variables. 
Abbreviations: IQR, interquartile range; ECOG, Eastern Cooperative Oncology Group.
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patients (n=57) were classified as CTC PD-L1 positive, while 54.8% (n=69) were negative, reflecting the overall 
distribution within the cohort. A heatmap (Figure 3C), organized by patient ID, illustrated PD-L1 expression patterns, 
with red indicating positive staining and blue representing negative staining, highlighting the heterogeneity across 
individuals. Additionally, a four-quadrant diagram (Figure 3D) categorized patients into four groups based on CTC PD- 
L1 and CD8+ PD-1+: Group A (CTC PD-L1+/CD8+ PD-1 high), Group B (CTC PD-L1+/CD8+ PD-1 low), Group 
C (CTC PD-L1−/CD8+ PD-1 high), and Group D (CTC PD-L1−/CD8+ PD-1 low).

Survival and Response Outcomes
Survival Results
Kaplan-Meier survival analysis revealed distinct survival patterns across the four dual-biomarker stratified groups 
(Table 2). For PFS, Group A (CTC PD-L1+/CD8+ PD-1 high) demonstrated the most favorable outcome with 14.2 
months (95% CI: 10.8–17.6), followed by Group B 8.5 months (95% CI: 6.2–10.8), Group C 6.3 months (95% CI: 
4.9–7.7), and Group D 4.8 months (95% CI: 3.5–6.1). Overall group differences were statistically significant (P<0.001) 
(Figure 4A).

Overall survival (OS) analysis showed a similar hierarchical pattern, with Group A achieving the longest median OS 
of 20.3 months (95% CI: 16.4–24.2), compared to 15.6 months (95% CI: 12.1–19.1) in Group B, 12.4 months (95% CI: 
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Figure 2 CD8+ T Cell PD-1 Expression Analysis. (A) Flow cytometry gating strategy for identifying circulating CD3+CD8+ T cells and assessing PD-1 expression. (B) 
Representative dot plots from patients with low and high PD-1 expression on CD8+ T cells, with comparison of the proportion of PD-1+ cells within the CD8+ gate 
between PD-1high (≥35.6%) and PD-1low (<35.6%) groups (****, P<0.0001). (C) Distribution of baseline PD-1+CD8+ T-cell proportions in the entire cohort, shown as 
a histogram (with density overlay), with the cohort median (35.6%) indicated by a vertical dashed line.
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9.8–15.0) in Group C, and 10.2 months (95% CI: 7.9–12.5) in Group D (P<0.001) (Figure 4B). The 12-month OS rates 
were 78.4% for Group A, 61.5% for Group B, 48.6% for Group C, and 38.2% for Group D, further highlighting the 
prognostic value of dual biomarker stratification (Figure 4B).

Figure 3 CTC PD-L1 Expression Analysis. (A) Experimental workflow for CTC detection and PD-L1 expression analysis using the CellSearch system, including blood 
sample processing and staining. (B) Stacked bar chart showing the distribution of CTC PD-L1 expression, with 45.2% (n=57) of the 126 patients classified as positive and 
54.8% (n=69) as negative. (C) Heatmap of PD-L1 expression patterns across patients, with red indicating positive staining and blue indicating negative staining, organized by 
patient ID. (D) Four-quadrant diagram categorizing patients into Group A (CTC PD-L1+/CD8+ PD-1 high), Group B (CTC PD-L1+/CD8+ PD-1 low), Group C (CTC PD-L1− 

/CD8+ PD-1 high), and Group D (CTC PD-L1−/CD8+ PD-1 low) based on dual-biomarker stratification.

Table 2 Treatment Response Rates by Dual-Biomarker Groups

Response Category Group A (n=31) Group B (n=26) Group C (n=35) Group D (n=34) P-value

Complete Response (CR) 2 (6.5%) 1 (3.8%) 0 (0%) 0 (0%) 0.089

Partial Response (PR) 11 (35.5%) 7 (26.9%) 8 (22.9%) 5 (14.7%) 0.045
Stable Disease (SD) 11 (35.5%) 9 (34.6%) 11 (31.4%) 10 (29.4%) 0.892

Progressive Disease (PD) 7 (22.6%) 9 (34.6%) 16 (45.7%) 19 (55.9%) 0.008

Objective Response Rate (ORR) 13 (41.9%) 8 (30.8%) 8 (22.9%) 5 (14.7%) 0.021
Disease Control Rate (DCR) 24 (77.4%) 17 (65.4%) 19 (54.3%) 15 (44.1%) 0.012
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Response Outcomes
Response evaluation according to RECIST v1.1 criteria revealed significant differences across the dual biomarker groups 
(Table 2 and Figure 4C). The objective response rate (ORR) was highest in Group A at 41.9% (13/31), followed by 
Group B at 30.8% (8/26), Group C at 22.9% (8/35), and Group D at 14.7% (5/34), showing a statistically significant 
trend (Chi-square test for trend, P=0.021). Complete responses were observed in 6.5% (2/31) of Group A patients and 
3.8% (1/26) of Group B patients, with no complete responses documented in Groups C or D (P = 0.089). Disease control 
rate (DCR) demonstrated a similar pattern, with Group A achieving 77.4% (24/31), followed by Group B at 65.4% (17/ 
26), Group C at 54.3% (19/35), and Group D at 44.1% (15/34) (P = 0.012). Progressive disease was most frequent in 
Group D (55.9%, 19/34) and least common in Group A (22.6%, 7/31) (P = 0.008). These response patterns, as 
summarized in Table 2, demonstrated a clear hierarchy favoring patients with CTC PD-L1 positive expression, 
particularly when combined with high CD8+ T cell PD-1 levels.

Univariate and Multivariate Analysis of Prognostic Factors
Univariate Analysis
Univariate Cox regression results indicated that the dual-biomarker status was the primary significant predictor of PFS. 
Group A demonstrated significantly superior PFS compared to other groups, with median PFS of 14.2 months versus 8.5, 

Figure 4 Survival and Response Outcomes. (A) Kaplan-Meier curves for progression-free survival (PFS) across the four groups, with median PFS of 14.2 months (95% CI: 
10.8–17.6) for Group A, 8.5 months (95% CI: 6.2–10.8) for Group B, 6.3 months (95% CI: 4.9–7.7) for Group C, and 4.8 months (95% CI: 3.5–6.1) for Group D (Log rank 
test, P<0.001). (B) Kaplan-Meier curves for overall survival (OS), with median OS of 20.3 months (95% CI: 16.4–24.2) for Group A, 15.6 months (95% CI: 12.1–19.1) for 
Group B, 12.4 months (95% CI: 9.8–15.0) for Group C, and 10.2 months (95% CI: 7.9–12.5) for Group D (Log rank test, P<0.001), including 12-month OS rates (78.4%, 
61.5%, 48.6%, and 38.2%, respectively). (C) Bar chart of objective response rates (ORR) and disease control rates (DCR) across groups, with ORR of 41.9% (13/31) for 
Group A, 30.8% (8/26) for Group B, 22.9% (8/35) for Group C, and 14.7% (5/34) for Group D (Chi-square test for trend, P=0.021), and DCR of 77.4%, 65.4%, 54.3%, and 
44.1%, respectively (P=0.012).
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6.3, and 4.8 months for Groups B, C, and D respectively (P<0.001). Other demographic characteristics including gender, 
ECOG performance status, age, smoking status, and histology showed no statistical significance in predicting PFS 
outcomes.

The dual-biomarker stratification remained the most critical factor for OS. Group A patients achieved the longest 
median OS of 20.3 months, significantly outperforming Group B (15.6 months), Group C (12.4 months), and Group 
D (10.2 months) (P<0.001). In multivariate analysis, dual-biomarker status emerged as an independent prognostic factor 
associated with PFS and OS (P=0.002).

Multivariate Analysis
Multivariable Cox proportional hazards regression was employed to determine independent prognostic factors for both 
PFS and OS, with adjustment for all clinically relevant clinical characteristics. The dual-biomarker status retained its 
significance as the most powerful predictor of clinical outcomes.

For PFS, Group A maintained significantly superior outcomes compared to other groups after adjustment for 
confounding variables, with hazard ratios of 0.48 (95% CI: 0.32–0.72, P<0.001) versus Group B, 0.35 (95% CI: 
0.23–0.54, p<0.001) versus Group C, and 0.28 (95% CI: 0.18–0.43, P<0.05) versus Group D. Additionally, ECOG 
performance status emerged as an independent predictor (HR=1.65, 95% CI: 1.12–2.43, P=0.011), while age, gender, 
histology, and smoking status remained non-significant (Table 3).

Table 3 Univariate and Multivariate Cox Regression Analysis for Progression-Free Survival

Variables Univariate Analysis Multivariate Analysis

HR (95% CI) P value HR (95% CI) P value

Age
≥65 vs <65 years 1.12 (0.78–1.61) 0.534 1.08 (0.74–1.58) 0.682

Gender

Male vs Female 0.89 (0.61–1.31) 0.558 0.94 (0.63–1.41) 0.773
Smoking status

Ever vs Never 1.34 (0.89–2.02) 0.162 1.28 (0.84–1.95) 0.248

ECOG PS
2 vs 0-1 1.78 (1.12–2.84) 0.015 1.65 (1.03–2.65) 0.038

Clinical stage

IV vs IIIB 1.43 (0.82–2.50) 0.204 1.32 (0.75–2.33) 0.338
Histology

Non-squamous vs Squamous 0.81 (0.51–1.29) 0.372 0.86 (0.53–1.39) 0.535

Prior lines of therapy
≥2 vs 1 1.48 (1.03–2.12) 0.034 1.41 (0.98–2.05) 0.058

Treatment type

Combination vs Monotherapy 0.76 (0.46–1.26) 0.286 0.81 (0.48–1.36) 0.427
Tissue PD-L1 expression

≥50% vs <50% 0.68 (0.44–1.06) 0.089 0.71 (0.46–1.13) 0.142

Brain metastasis
Yes vs No 1.52 (0.89–2.58) 0.126 1.38 (0.80–2.38) 0.245

Liver metastasis

Yes vs No 1.67 (1.13–2.47) 0.010 1.58 (1.06–2.35) 0.024
Dual biomarker status

Group A vs Others 0.42 (0.26–0.68) <0.001 0.48 (0.32–0.72) <0.001

Group B vs Others 0.74 (0.44–1.15) 0.165 0.76 (0.46–1.25) 0.251
Group C vs Others 0.89 (0.58–1.37) 0.596 0.94 (0.60–1.46) 0.778

Group D Reference Reference
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For OS analysis, the dual-biomarker stratification demonstrated an even stronger independent prognostic value. Group 
A showed hazard ratios of 0.53 (95% CI: 0.35–0.80, P=0.002) versus Group B, 0.41 (95% CI: 0.27–0.62, P<0.001) 
versus Group C, and 0.33 (95% CI: 0.21–0.51, p<0.001) versus Group D. Tumor histology did not reach significance in 
univariate analysis (HR=0.85, 95% CI: 0.53–1.36, P=0.495) and was not included in the multivariate model due to the 
P<0.20 threshold. Other baseline characteristics including age, gender, smoking status, and baseline metastatic burden 
did not reach statistical significance in the multivariate model (Table 4).

Discriminative Performance of Dual-Biomarker Model
The ability of baseline biomarkers to discriminate responders from non-responders was evaluated using receiver operating 
characteristic (ROC) analysis (exploratory). Responders were defined as patients achieving CR/PR, and non-responders as 
those with SD/PD according to RECIST v1.1. The ROC curve (Figure 5A) showed an AUC of 0.75 for the dual-biomarker 
model, which was higher than that of CTC PD-L1 alone (AUC = 0.62) and CD8+ T-cell PD-1 alone (AUC = 0.58) (P = 0.002). 
Using the Youden index to identify the optimal cutoff, the model yielded a sensitivity of 72% and a specificity of 68% 
(Figure 5B). The score distribution differed between responders and non-responders (Figure 5C; P < 0.001). These findings 
suggest that the dual-biomarker approach may improve outcome discrimination; however, given the retrospective design, 
these analyses should be interpreted as exploratory and do not establish definitive clinical predictive utility.

Table 4 Cox Regression Analysis for Overall Survival

Variable Univariate Analysis Multivariate Analysis

HR 95% CI P-value HR 95% CI P-value

Age (years)

≥65 vs >65 1.42 0.89–2.27 0.142 1.63 0.98–2.71 0.061
Gender

Male vs Female 1.18 0.74–1.88 0.483 - - -

ECOG PS
0-1 vs 2 2.35 1.47–3.75 <0.001 2.12 1.28–3.51 0.004

Smoking history

Never vs Ever 0.91 0.57–1.45 0.694 - - -
Histology

Adenocarcinoma vs Others 0.85 0.53–1.36 0.495 - - -

Stage
III vs IV 1.28 0.80–2.05 0.305 - - -

Liver metastasis

No vs Yes 1.58 0.99–2.52 0.055 1.49 0.91–2.44 0.112
Brain metastasis

No vs Yes 1.31 0.82–2.09 0.258 - - -

Bone metastasis
No vs Yes 1.24 0.78–1.97 0.369 - - -

Number of metastatic sites

1-2 vs ≥3 1.41 0.88–2.26 0.153 - - -
Treatment group

Group B vs Group A 1.74 1.09–2.78 0.021 1.68 1.02–2.76 0.041

Dual biomarker status
Group A vs Others 0.48 0.29–0.79 0.004 0.55 0.35–0.86 0.009

Group B vs Others 0.79 0.48–1.31 0.364 0.83 0.50–1.37 0.463
Group C vs Others 0.91 0.59–1.40 0.672 0.97 0.62–1.52 0.895

Group D Reference - - Reference - -

Notes: Variables with P < 0.20 in univariate analysis were included in multivariate analysis; Multivariate analysis was performed 
using backward stepwise method; Dual biomarker status: Group A (high expression of both biomarkers), Group B (high 
expression of biomarker 1 only), Group C (high expression of biomarker 2 only), Group D (low expression of both biomarkers). 
Abbreviations: HR, Hazard Ratio; CI, Confidence Interval; ECOG PS, Eastern Cooperative Oncology Group Performance 
Status.
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Discussion
The present study evaluates a dual liquid-biopsy approach integrating circulating tumor cell (CTC) PD-L1 status and 
peripheral blood CD8+ T-cell PD-1 expression and demonstrates an association with clinical outcomes in advanced NSCLC 
treated with anti–PD-1/PD-L1 therapy. Our key finding demonstrates that patients with both CTC PD-L1 positivity and high 
CD8+ PD-1+ proportion (Group A) achieved significantly superior clinical outcomes compared to other biomarker 
combinations, with this dual-biomarker stratification serving as an independent predictor of survival outcomes.

The dual-biomarker model demonstrated superior predictive performance (AUC 0.75) compared to either biomarker 
alone, remaining independently prognostic after adjusting for clinical confounders. This enhanced accuracy suggests the 
combination of peripheral blood CD8+ PD-1+ expression and CTC PD-L1 captures different aspects of the tumor- 
immune interaction that are relevant to checkpoint inhibitor efficacy.

While tissue-based PD-L1 expression remains a cornerstone biomarker for immune checkpoint inhibitor (ICI) 
therapy, its clinical utility is limited by modest predictive accuracy, with literatures reporting AUC values of 
0.60–0.70 across cancers.15,17 Spatial and temporal heterogeneity in PD-L1 expressions within the tumor microenviron
ment undermines the reliability of single-site biopsies in capturing overall tumor biology.18 Additionally, the invasive 
nature of tissue sampling restricts real-time monitoring and serial assessments during treatment, limiting its adaptability 
to dynamic tumor-immune interactions.

Figure 5 Discriminative Performance of the Dual-Biomarker Model (Exploratory). (A) Receiver operating characteristic (ROC) curves comparing the ability of the dual- 
biomarker model (AUC = 0.75) to discriminate responders from non-responders with CTC PD-L1 alone (AUC = 0.62) and CD8+ T-cell PD-1 alone (AUC = 0.58) (P = 0.002). 
(B) Performance metrics at the optimal cutoff (Youden index), showing a sensitivity of 72% and a specificity of 68%. (C) Distribution of model scores in responders versus non- 
responders (Mann–Whitney U-test, P < 0.001), illustrating the model’s discriminative capacity in this retrospective cohort.
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Emerging evidence suggests that CTC-based PD-L1 assessment may circumvent some of these limitations. Recent 
studies in NSCLC have reported CTC PD-L1 positivity rates ranging from 35–60%,11 with some demonstrating 
correlation with treatment response.19 However, single CTC PD-L1 assessment has shown inconsistent prognostic 
value, with AUC values typically ranging from 0.58–0.65,20,21 highlighting the need for complementary biomarkers to 
enhance predictive accuracy.

To further contextualize our findings, we compared the dual-biomarker model with other liquid biopsy approaches 
explored in NSCLC immunotherapy. Circulating tumor DNA (ctDNA)-based tumor mutation burden (TMB) has emerged 
as a promising biomarker, with studies reporting AUC values of 0.65–0.70 for predicting ICI response, comparable to 
tissue-based PD-L1 but inferior to our dual-biomarker model (AUC 0.75).22 Similarly, exosomal PD-L1, another non- 
invasive marker, has shown predictive potential in NSCLC, with response rates correlating to exosomal PD-L1 levels in 
small cohorts.23 However, these single-biomarker approaches often fail to capture the complex tumor-immune interactions 
critical for ICI efficacy. Recent studies have explored multi-biomarker strategies, such as combining TMB with tissue PD- 
L1 or peripheral immune cell profiles, demonstrating improved predictive accuracy.24 Unlike these approaches, our dual- 
biomarker model integrates tumor-derived and immune-derived markers, offering a comprehensive assessment of both 
tumor antigen presentation and systemic immune priming. This integrative strategy aligns with emerging evidence that 
multi-dimensional biomarker panels outperform single markers in predicting immunotherapy outcomes.25

CD8+ T cells play pivotal role in mediating anti-tumor responses to immune checkpoint inhibitors.26–28 Within the 
tumor microenvironment, stem-like progenitor exhausted CD8+ T cells (PD-1+TCF-1+) represent the key cellular subset 
responsible for ICI efficacy, with higher frequencies of this population correlating with superior treatment outcomes.29,30 

However, direct assessment of these intratumoral T cell subsets remains technically challenging and clinically impractical 
due to the invasive nature of tumor sampling and spatial heterogeneity.

Importantly, successful ICI therapy has been associated with dynamic changes in peripheral CD8+ T cell populations, 
including increased PD-1 expression on circulating CD8+ T cells.31 This peripheral expansion of CD8+ PD-1+ T cells 
likely reflects systemic mobilization and immune activation of tumor-reactive T cell clones from lymphoid organs into 
circulation. Unlike the exhausted PD-1high CD8+ T cells predominantly found within tumors, PD-1+ CD8+ T cells in 
peripheral circulation and lymphoid tissues largely retain stem-like or naïve characteristics and proliferative 
potential.32,33 While PD-1 overexpression can indeed mark T cell exhaustion, single-marker assessment of PD-1 alone 
is insufficient to accurately define T cell functional status.34 This biological rationale supports the evaluation of peripheral 
CD8+ PD-1 expression as a surrogate marker for systemic immune priming in NSCLC patients receiving ICIs.

Our finding that high CD8+ PD-1 expression (≥35.6%) combined with CTC PD-L1 positivity yielded the most 
favorable outcomes (median PFS 14.2 months, OS 20.3 months) suggests that this population represents patients with 
both tumor antigen presentation capability and systemically primed immune responses capable of effective checkpoint 
blockade reversal. The use of median PD-1 expression level as a cutoff threshold is supported by previous studies that 
have employed similar approaches for immune marker stratification.16 This methodology is particularly relevant when 
establishing biomarker thresholds in the absence of standardized clinical cutoffs, as it provides a data-driven approach 
that can be validated across different patient populations.

Although this study presents encouraging results, certain limitations should be recognized. As a single-center 
retrospective analysis with a cohort of 126 patients, our results may not fully represent the broader NSCLC population, 
potentially limiting their generalizability due to possible selection biases inherent in single-institution studies. Although 
a small proportion of patients had stage IIIB disease, clinical stage (IIIB vs IV) was accounted for in multivariable 
analyses; nevertheless, heterogeneity in disease stage and treatment context remains a limitation, and validation in a stage 
IV-only cohort is warranted. The use of the median PD-1 expression level (35.6%) as a cutoff, while supported by prior 
studies, is cohort-specific and may vary across different populations or assay platforms, necessitating validation in larger, 
multicenter cohorts to establish standardized thresholds. Additionally, the retrospective design introduces potential biases 
related to variations in sample quality, treatment regimens, or incomplete clinical data. The reliance on the CellSearch 
system for CTC detection, although highly specific, may miss CTC subpopulations with low EpCAM expression, 
potentially underestimating PD-L1 positivity rates. Furthermore, PD-1 expressions in CD8+ T cells may be influenced 
by systemic factors, such as infections or prior therapies, which were not fully accounted for in this study. In addition, our 
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immune profiling focused on circulating CD8+ T cells; broader phenotyping of other subsets (eg., total CD3+PD-1+ or 
CD4+PD-1+ cells) was not prespecified and was not consistently available in this retrospective cohort and should be 
evaluated in future prospective studies. The aforementioned limitations highlight the necessity for cautious interpretation 
of our findings and underscore the urgency of further validation.

To address the limitations of this study, future research should focus on validating the dual-biomarker model in larger, 
multicenter, prospective cohorts to confirm its predictive performance and establish standardized cutoffs for CD8+ T cell 
PD-1 expression. Dynamic monitoring of CTC PD-L1 and CD8+ T cell PD-1 levels during ICI therapy could provide 
insights into temporal changes in tumor-immune interactions, potentially informing adaptive treatment strategies. 
Additionally, integrating this dual-biomarker approach with other liquid biopsy markers, such as tumor mutation burden 
(TMB) or circulating inflammatory cytokines, may further enhance predictive accuracy and enable the development of 
comprehensive multi-biomarker panels. Advances in CTC detection technologies, such as next-generation platforms 
capable of capturing EpCAM-low CTCs, could improve the sensitivity and specificity of our approach. Standardizing 
flow cytometry protocols across institutions will also be critical to ensure reproducibility and facilitate clinical translation.

The dual-biomarker platform holds significant promise for clinical application by identifying NSCLC patients most 
likely to benefit from immune checkpoint inhibitors, particularly those in Group A with CTC PD-L1 positivity and high 
CD8+ T cell PD-1 expression. This non-invasive approach facilitates serial monitoring of tumor-immune dynamics, 
overcoming the limitations of invasive tissue-based PD-L1 testing and enabling real-time treatment optimization. By 
guiding patient stratification, this model could inform clinical decisions, such as prioritizing ICIs for patients with 
favorable biomarker profiles or selecting combination therapies for others. However, clinical implementation requires 
addressing practical challenges, including assay standardization, cost-effectiveness, and the accessibility of CTC detec
tion and flow cytometry in routine practice. With further refinement, this platform could serve as a cornerstone for 
personalized immunotherapy strategies in advanced NSCLC.

In conclusion, baseline CTC PD-L1 status combined with peripheral blood CD8+ T-cell PD-1 expression was 
associated with immunotherapy outcomes in this retrospective advanced NSCLC cohort and may support prognostic 
stratification; prospective validation is warranted. By outperforming single-biomarker approaches, this model addresses 
critical limitations of current predictive strategies and offers a practical, non-invasive tool for patient stratification. These 
findings provide the groundwork for future validation studies and the development of standardized biomarkers, ultimately 
advancing the goal of personalized immunotherapy for NSCLC patients.
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