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Background

Immune checkpoint inhibition therapy has been achieved significant success in the treatment of non-small cell lung cancer (NSCLC). However, the role of soluble immune checkpoint- related proteins in NSCLC remains obscure.



Methods

We evaluated the circulating levels of 14 immune checkpoint-related proteins panel (BTLA, LAG-3, GITR, IDO, PD-L2, PD-L1, PD-1, HVEM, Tim-3, CD28, CD27, CD80, CD137 and CTLA-4) and their associations with the risk of invasive disease and the risk of NSCLC in 43 pre-invasive (AIS), 81 invasive NSCLC (IAC) patients and matched 35 healthy donors using a multiplex Luminex assay. Gene expression in tumors from TCGA were analyzed to elucidate potential mechanisms. The multivariate logistic regression model was applied in the study. ROC(receiver operator characteristic) curve and calibration curve were used in the performance evaluation.



Results

We found that sCD27, sCD80, CD137 and sPDL2 levels were significantly increased in IAC cases compared to AIS cases (P= 1.05E-06, 4.44E-05, 2.30E-05 and 1.16E-06, respectively), whereas sPDL1 and sPDL2 levels were significantly increased in NSCLC cases compared to healthy controls (P=3.25E-05 and 1.49E-05, respectively). Unconditional univariate logistic regression analysis indicated that increased sCD27, sCD80, sCD137, and sPDL2 were significantly correlated with the risk of invasive diseases. The model with clinical variables, sCD27 and sPDL2 demonstrated the best performance (AUC=0.845) in predicting the risk of IAC. CD27 and PDCD1LG2 (PDL2) showed significant association with cancer invasion signature in TCGA dataset.



Conclusion

Our study provides evidence that soluble immune checkpoint-related proteins may associate with the risk of IAC, and we further established an optimized multivariate predictive model, which highlights their potential application in the treatment of NSCLC patients. Future studies may apply these biomarkers to test their predictive value of survival and treatment outcome during immunotherapy in NSCLC patients.
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Introduction

Lung cancer is one of the most commonly diagnosed cancers and is also the leading cause of cancer-associated death worldwide, which estimated 2.2 million new incidences and 1.79 million death per year (1). Non-small cell lung cancer (NSCLC) accounts for 85% of lung cancer. Within NSCLC, adenocarcinoma and squamous cell carcinoma are the major subtypes. Immune checkpoint blockade (ICB) has been achieved substantial progression in treatment-naïve NSCLC (2–4). Although ICB therapy has been extensively applied in the treatment of NSCLC, few studies were conducted on the soluble immune checkpoint proteins in the blood, especially in early-stage NCSLC patients.

The evolution from a pre-invasive tumor [adenocarcinoma in situ (AIS) or minimally invasive adenocarcinoma (MIA)] to an invasive tumor (invasive adenocarcinoma, IAC) is a milestone event during carcinogenesis of lung adenocarcinoma (LUAD). The outcome of a pre-invasive tumor is excellent if it is detected and resected on time (5). DNA methylation aberrations, aberrant bile acid metabolism, anti-tumor immunity and KRAS, TP53 mutations have been reported associated with increased frequency from AIS to IAC (6–9). Moreover, compared to normal lung tissue and AIS, IAC demonstrated significantly decreased T cell infiltration, more divergent TCR repertoire, increased HLA loss and promoter hypermethylation, which emphasized the substantial role of anti-tumor immunity during NSCLC development (9). However, the biomarkers predicting invasive cancer are still insufficient.

Soluble immune checkpoint-related proteins are mainly derived from tumor cells/immune cells, which have been identified associating with survival, recurrence, and treatment of multiple types of cancer (10). Soluble PD-L1 (sPD-L1) level was reported positively associated with tumor PD-L1 expression at the same timepoint (11). In another study, the sPD-L1 level was correlated with poor prognosis of advanced NSCLC patients (12). sPD-L1 was identified as a negative predictive biomarker of PD-1 inhibitor for its combination with PD-1 in blood (13). Further, Peng et al. reported that soluble LAG3 was significantly elevated in early-stage NSCLC patients, whereas soluble CD27, CD137, TIM-3 and were significantly higher in advanced-stage NSCLC patients (14). Soluble immune checkpoint-related proteins may alter anti-tumor immunity by combining with corresponding immune checkpoint receptor/ligand, thereby affecting outcomes of the patients (10). However, the associations between soluble immune checkpoint-related proteins and lung cancer development remain obscure.

To identify the role of soluble immune checkpoint-related proteins in NSCLC development, we implemented a two-stage study. First, we systematically profiled soluble immune checkpoint-related proteins level in plasma in a cohort of NSCLC patients and matched healthy controls from The Second Affiliated Hospital (SAH), Zhejiang University. Second, we analyzed immune checkpoint gene expression in an external set of NSCLC tumor data (LUAD) from The Cancer Genome Atlas (TCGA), in silico functional validation was performed using the data. In short, it is an integrated, multi-stage study involving soluble immune checkpoint-related proteins level, tumoral transcriptomic data from SAH and TCGA.



Methods and Materials


Study Population and Data Collection

A schematic design of the study was depicted in Figure S1. All the NSCLC patients were recruited from an ongoing NSCLC patient cohort at SAH, Zhejiang University (Hangzhou, Zhejiang) initiated in 2020. The study has been approved by the Institutional Review Board of SAH. The inclusion criteria of the study were as follows: 1. Pathologically confirmed NSCLC. 2. Informed consent or waiver of consent provided by the patient; and follow-up information available. We excluded patients with 1. Non-NSCLC or multiple cancer. 2. Failure to provide informed consent. The healthy controls participated in this study were recruited from an ongoing study on healthy individuals at SAH. All the participants in this study have signed written informed consent before participation.

All the details of clinical-pathological information were obtained from careful chart review. Epidemiological data were collected by SAH staff interviewers through in-person interviews. After interview and consent, a 20 ml blood sample from each participant was collected in up to 4 vacutainer tubes (Fisher Scientific, MA); including 2 lavender top (sodium EDTA), 2 red (no additive) and sent to the laboratory. All patients were not previously untreated by surgery or chemotherapy. Participants were considered as non-smokers if they had smoked less than 100 cigarettes in a lifetime, otherwise they were considered as smokers. The plasma and peripheral mononuclear blood cell (PBMC) were separated and stored in liquid nitrogen for further research. The genomic DNA was extracted from PBMCs using QIAamp 96 DNA QIAcube HT Kit (QIAGEN, USA). All participants of this study were Han Chinese. To reduce the confounding effect, healthy controls, NSCLC patients with cancer in situ (AIS), early-stage IAC and late-stage IAC were matched with age, gender using the propensity matching method (PSM) at the ratio of 1.



Detection of Soluble Immune Checkpoint Proteins in Plasma

Plasma levels of soluble immune checkpoint-related proteins were profiled in duplicate using ProcartaPlex Human Immuno-Oncology Checkpoint Panel (Thermo Fisher, MA) in 96-well plate format to quantify 14 human immune checkpoint markers. The assay was performed according to the protocol provided by the manufacturer employing Bio-plex 200 (Bio-Rad, CA) and Bio-Plex Manager™ 6.0 software. The procedure of protein quantification in plasma is systematically narrated in our previous study (15).



Statistical Analysis

We applied a logistic regression model to predict the risk of progressing from AIS to IAC with 9 variables and cancer stages of patients. Cutoff points for biomarkers were based on the first quartile value in the sample. Comparison of biomarkers between different stages was carried out using the Wilcoxon rank-sum test. For multiple group comparisons, Bonferroni correction was applied to p-value calculation. Logistic regression analyses were performed, by sequentially adding biomarkers of interest, to identify statistically significant biomarkers associated with increased risk of progressing to the invasive stage in multivariate models. Multicollinearity was tested for models, and all variables have a value of VIF well below 5. Odds ratios and 95% confidence intervals (CI) were estimated for each variable.

Models were developed by adding biomarkers of interest (CEA, CD27, PDL2) sequentially. Modeling started with health history only (model 1: age, gender, BMI, hypertension, smoking), followed by adding single biomarkers of interest (model 2: model 1 + CEA), and then followed by combinations of three biomarkers (model 3: model 1 + sCD27 + sPDL2). A likelihood ratio test was performed to assess the statistical significance of adding biomarkers of interest. Since logistic regression is a probabilistic model, the model assigns probability of progression to IAC to each patient. The decision threshold of 0.6 was selected by optimizing the Brier score. If the predicted probability is great than 0.6, then the patient is labeled as 1(IAC).

The performance of models was evaluated by ROC (receiver operator characteristic) curve, calibration curve and evaluation metrics including area under the ROC curve (AUC), accuracy, sensitivity, specificity, positive predictive value and negative predictive value and Brier score in the test datasets. We randomly split the overall samples into training (80%) and testing (20%) with 1000 iterations, and for each iteration, we trained logistic regression model in the training data, and evaluated the model performance in testing data. The mean and standard deviation of performance metrics were calculated from 1000 evaluations on testing datasets.

Statistical analysis was performed in R (version 4.1.0). Statistical tests for comparison of biomarkers (continuous) between different stages were achieved by R-package rstatix. The P-value was provided as a result of a two-tailed test. The logistic regression was applied to calculate OR with R-package stat, and its corresponding 95% CIs were calculated from R-package broom. The ROC curve and AUC analysis were performed using R-package pROC and ggplot2. The calibration curve was obtained using R-package rms. The model performance metrics (accuracy, sensitivity, specificity, positive predictive value, negative predictive value) were obtained from R-package caret and epiR.




Results


Patient Characteristics

A total of 159 participants were enrolled in this study, including 43 AIS, 50 early-stage (I,II) IAC, 31 late-stage(III, IV) IAC and 35 controls. The demographic and clinical information were listed in Table 1. Among all subjects, the mean age of NSCLC cases and healthy donors were 56.40 and 59.89 years, respectively. Over half of cases (58.1%) were females, whereas 28.6% of healthy donors were females. Over a third of cases (36.7%) and 48.6% of healthy donors were smokers.


Table 1 | Distribution of soluble immune checkpoint-related proteins in control, AIS and IAC patients.





Soluble Immune Checkpoint-Related Proteins Were Associated With Lung Cancer Invasion

The Luminex multiplex assay was performed evaluating all soluble immune checkpoints in plasma on all participants (Table S1). Soluble LAG3, HVEM, GITR, CTLA4, PDL1 and TIM3 were not included in the subsequent analysis for minimal variation among samples or too many missing values.

We found that sCD27, sCD80, and sPDL2 levels were significantly increased in IAC cases compared to AIS cases (Figure 1; Table S1, P= 1.05E-06, 4.44E-05, and 1.16E-06, respectively), whereas sPDL1 and sPDL2 levels were significantly increased in NSCLC cases compared to controls (P=3.25E-05 and 1.49E-05, respectively). Unconditional univariate logistic regression analysis indicated that increased soluble CD27, CD80, CD137, and PDL2 were significantly associated with the risk of invasive diseases (Table S2). Pre-treatment level of CEA was also analyzed, which demonstrated that it was significantly elevated in late-stage (P<0.05, vs. early stage) and IAC (P<0.001, vs. AIS) NSCLC cases (Figure S2).




Figure 1 | Soluble immune checkpoint-related proteins were associated with lung cancer invasion. Soluble immune checkpoint-related proteins level (sCD27, sCD80, sCD137 and sPDL2) were significantly increased in IAC patients. (A) sCD27 level was significantly elevated in IAC patients (vs. AIS patients) (P=1.05E-06). It was also increased in late-stage IAC patients (vs. early-stage) (P=2.93E-04). (B) sCD80 level was significantly elevated in IAC patients, compared to AIS patients (P=4.44E-05). (C) sCD137 level was significantly elevated in IAC patients, compared to AIS patients (P=2.30E-05). It was also increased in late-stage IAC patients (vs. early-stage) (P=0.02), and controls (vs. cancer) (P=0.01). However, the data in late-stage and control is not conceivable due to too many missing values. (D) sPDL2 level was significantly elevated in IAC patients (vs. AIS patients) (P=1.16E-06). It was also increased in controls (vs. cancer) (P=1.49E-05).  ** indicates P value < 0.01, ***  indicates P value < 0.001, **** indicates P value < 0.0001. NS indicates not significant.





Risk Modeling of Invasive Disease

We performed multi-variate logistic regression models to predict the invasion of NSCLC (Table 2). The discriminatory accuracy, which measures how well a prediction model distinguishes at the individual level between those who will develop invasive disease and those who will not, was assessed by OR and AUC values in three models. In model 1 (clinical variables only), smoking (smokers vs non-smokers) was significantly associated with increased risk of IAC (OR=9.72, 95% CI = 2.00-59.10). In model 2 (clinical variables and CEA), increasing levels of CEA (>1.44 ng/mL) were not associated with IAC risk. In model 3 (clinical variables, sCD27 and sPDL2), high levels of sPDL2(above 287 pg/mL) remained significant in predicting IAC risk (OR = 4.23, 95% CI = 1.20-17.70), increasing levels of sCD27 (above 453 pg/mL) were also associated with IAC risk (OR = 2.9, 95% CI = 0.94-9.44), but not statistically significant.


Table 2 | Different models of multi-variate logistic regression in prediction of invasive disease.



AUC was applied to illustrate the changes in model discriminatory accuracy by comparing different models (Figure 2; Table 3). In model 1, the AUC value was 0.789 based on clinical variables only data. The AUC was increased to 0.806 in model 2 with CEA, and 0.845 in model 3 with sCD27 and sPDL2.




Figure 2 | Discriminatory accuracy of the models. Discriminatory accuracy for predicting the risk of IAC was assessed by constructing receiver operating characteristic (ROC) curves and calculating the area under the curve (AUC). In model 1, the AUC value was 0.789 based on clinical variables only (age, gender, BMI, hypertension, smoking) data. The AUC was increased to 0.806 in model 2 with CEA, and 0.845 in model 3 with sCD27 and sPDL2.




Table 3 | Performance measures of prediction models.



Model calibration was assessed by in-sample calibration and bias-corrected calibration with 1000 bootstrap resampling procedures. The calibration curve for all models was depicted in Figure 3, showing that models with sPDL2 and sCD27 as covariate (model 3) displayed smaller Brier scores (0.152) compared to models without sPDL2 and sCD27 (model 1, brier score=0.174; model 2, brier score=0.164). In addition, models with sPDL2 and sCD27 as covariate (model 3) are better calibrated compared to models without sPDL2 and sCD27 based on smaller mean absolute error and smaller gap between the biased-corrected line and the idea line. For all models, there is some underestimation at lower predicted probabilities.




Figure 3 | Calibration of the models. Model calibration was assessed by in-sample calibration and bias-corrected calibration with 1000 bootstrap resampling procedures. Brier score was applied as the index of model calibration. (A) In model 1, clinical variables only model displayed brier scores of 0.174. (B) In model 2, clinical variables + CEA model displayed brier scores of 0.164. (C) clinical variables + sPDL2 and sCD27 displayed brier scores of 0.152.





Immune Checkpoint Associated Genes Expressions Were Associated With Cancer Invasion Signature

To further explore the mechanism underlying CD27 and PDL2 with NSCLC invasion, we identified the association between CD27/PDL2 expression and cancer invasion signature (CIN25) (16, 17) in LUAD from TCGA database. The results showed that CD27 expression was negatively associated with CIN25 score (rho=-0.17, P=2.44E-04), whereas PDL2 expression was positively associated with CIN25 score (rho=0.20, P=1.26E-05) (Figure 4).




Figure 4 | Immune checkpoint associated genes expressions were associated with cancer invasion signature. Transcriptomic data from TCGA dataset was used in functional exploration. CIN25 score was applied as signature of cancer invasion according to previous literatures [15, 16]. (A) CD27 expression was negatively associated with CIN25 score (rho=-0.17, P=2.44E-04), (B) PDL2 expression was positively associated with CIN25 score (rho=0.20, P=1.26E-05).






Discussion

To date, published studies only reported associations between soluble immune checkpoint-related protein levels and early detection of NSCLC. In this study, we systematically profiled soluble immune checkpoint protein levels in matched AIS, IAC and healthy controls, and we developed prediction models based on clinical variables and soluble immune checkpoint proteins to discriminate AIS from IAC patients. Our results demonstrated that sCD27 levels were significantly associated with the development of NSCLC, which range from healthy donors, AIS, early-stage and late-stage IAC. Further, we identified the model with sCD27 and sPDL2 was best able to predict the risk of IAC, even better than the model with CEA. The functional validation using TCGA data indicated that CD27 and PDL2 expression is significantly associated with cancer invasion signature, which illustrated potential mechanisms. Therefore, our findings elaborated the significance of soluble immune checkpoint proteins in the prediction of invasive NSCLC, and further explored the possible mechanisms.

CD27 is a promising target of immunotherapy. CD27 is a stimulatory immune checkpoint mainly found on the surface of immune cells, which is the receptor of CD70 (18). Soluble CD27 is a 32kDa cleaved isoform of membrane-bound CD27, which has been reported to interfere interaction of CD27 and CD70 (19). In our study, sCD27 was significantly associated with invasive disease in NSCLC patients, and it was also an ideal predictor of cancer invasion, outperforming CEA. This finding is consistent with a previous study indicating that sCD27 is associated with the cancer stage of IAC in NSCLC patients (14), however, no AIS was included in this study. Moreover, a high sCD27 level was associated with poor performance and reduced survival in the advanced stage of NSCLC patients (20). Another study reported that high serum sCD27 level was correlated with inferior prognosis in acute myeloid leukemia patients (21). sCD27 might interfere with the conjugation of membrane-bound CD27 and CD70, thereby affecting the priming of CD8+ T cells and subsequent anti-tumor immunity. This explains the potential mechanism of our findings. Furthermore, we identified that CD27 expression is negatively associated with cancer invasion signature (CIN25), indicating enforced CD27 expression in tumors may inhibit cancer invasion. CD27 agonists could promote human αβ and γδ T cells proliferation, cytokine production, and CD8+ T cell activation (22, 23). These literature supported our finding on CD27 in LUAD. Anti-CD27 mAb, varlilumab could enhance T cells expansion and reduce the frequency of Tregs in the PBMC of cancer patients (24, 25). Therefore, targeting CD27 through reducing sCD27 production and agonizing CD27 may decrease the risk of developing invasive disease and improve the prognosis in NSCLC patients, though further validation is warranted.

PDL2 is one ligand of PD1, whose functions in carcinogenesis are not clear. PDL2 expressed on tumor cells may have an inhibitory effect on effector T cells through modulation of Th2 responses (26, 27). sPDL2 is mainly thought to be produced by cleavage of membrane-bound PDL2, similar to its cousin PDL1 (28). In this study, we identified that a high sPDL2 level was associated with the risk of IAC, and it could help predict invasive disease in treatment-naïve NSCLC patients. This is supported by a recent study indicating that sPDL2 was significantly elevated in NSCLC patients compared to healthy donors, though no AIS patients were included (14). It may be caused by the binding of membrane PD1 on the effector cells, which subsequently promote the immune evasion of tumor cells (27). Also, a low sPDL2 level was reported associated with grade 3/4 toxicities of nivolumab treatment in advanced stage NSCLC patients, indicating its role in immunotherapy (29). sPDL2 was associated with platinum resistance in advanced epithelial ovary carcinoma (30). Furthermore, we identified that PDL2 expression was positively associated with CIN25 signature, which indicated that PDL2 may promote the invasion of NSCLC cells. This is consistent with a previous study showed that high PDL2 expression was associated with smoking and vascular invasion in NSCLC patients (31). Another study also reported that PDL2 expression was associated with lymphatic invasion in lung squamous cell carcinoma (32). Therefore, sPDL2 may promote cancer invasion via interacting with membrane PD-1 on immune cells, and high PDL2 expression in the tumor may also increase the risk of invasive disease in NSCLC patients.

Biomarkers and predictive models discriminating AIS and IAC in NSCLC patients are scarce. In this study, we established multi-variate predictive models to predict invasive disease. Models involved sCD27 and sPDL2 showed better efficacy than the model with CEA, which is a classic biomarker associated with cancer progression. This may be partially caused by the reduced anti-tumor immunity associated with soluble immune checkpoint-related proteins (9). Though other factors including DNA methylation, metabolomics and transcriptomics could affect the progression from AIS to IAC (6, 7, 16), soluble immune checkpoint-related proteins have the strengths of minimally invasive, low-cost and rapid detection, which have significant potential in the era of liquid biopsy. Furthermore, the model developed in this study could help predicting the progression of invasive disease in clinical setting, which could help improving the outcomes of the NSCLC patients, though independent validation is still warranted.

Our study has several strengths including the multiplex profiling of soluble immune checkpoint-related proteins, corresponding immune gene expressions in tumors, and the association analysis of immune gene expression and cancer invasion signature to provide biological validity. We also established and optimized multivariate predictive models of invasive disease, which demonstrate ideal discriminative capability. However, we also acknowledge several limitations. First, we have a limited sample size with few AIS and IAC patients, which might constrain the predictive power of our study. Though the different groups of participants were well designed and matched to prevent potential confounding factors, additional validation within a larger population and independent cohort are necessary. Second, we did not perform mechanistic studies to explore the functional impact of soluble immune checkpoint-related proteins. Instead, we evaluated the associations between identified gene expression and cancer invasion signature to decipher possible mechanisms employing TCGA dataset. Third, we did not evaluate immune checkpoint protein level in peripheral blood mononuclear cells, which could be informative to illustrate the interaction between soluble immune checkpoint-related proteins and membrane-bound immune checkpoints on immune cells. Fourth, this is a retrospective study instead of a prospective study, which may limit the clinical application of our findings, a prospective validation is warranted.

In this study, we identified a panel of soluble immune checkpoint-related proteins associated with the risk of IAC, and we further established an optimized multi-variate predictive model based on our findings. Patients with high levels of sCD27 or sPDL2 may have higher risks of invasive diseases, which require intensified surveillance or treatment. Future studies may apply these markers to test their predictive value of survival and treatment outcome during immunotherapy.
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