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Background

PD-1 inhibitors have been routinely used in the treatment of advanced non-small cell lung cancer (NSCLC), and have demonstrated to significantly improve survivorship when combining with other conventional therapies, such as chemotherapy and anti-angiogenesis therapy. PD-L1 is the most commonly used biomarker to select benefiting groups, while not all patients with high PD-L1 expression benefit from immunotherapy. Therefore, identifying other prognostic and predictive biomarkers, including peripheral blood indexes, is essential.



Methods

We retrospectively collected medical records and hematological data of 151 patients with advanced NSCLC treated with PD-1 inhibitor-based combination therapy in our hospital. The peripheral blood indexes of interest were NLR, PLR, PAR, Hb, LDH, CEA, and NSE. The association between peripheral blood indexes and treatment responses or survival outcomes was examined by multivariable logistic regression and Cox regression, respectively.



Results

The decreased CEA at week 6 (OR = 4.209, 95%CI: 1.287-13.758) or 12 (OR = 7.267, 95%CI: 1.508-35.006) post-treatment was related to a higher disease control rate. The decrease or NLR at week 6 (OR = 3.081, 95%CI: 1.464-6.483) or 12 (OR = 3.304, 95%CI: 1.560-7.001) post-treatment, or CEA at week 12 post-treatment (OR = 2.469, 95%CI: 1.134-5.375), was associated with a higher objective response rate. Patients whose NLR (HR = 0.610, 95%CI: 0.411-0.907) or CEA (HR = 0.477, 95%CI: 0.320-0.710) decreased at week 6 post-treatment tended to have longer progression-free survival, and similar results were found in those with decreased NLR (HR = 0.587, 95%CI: 0.388-0.886) or CEA (HR = 0.406, 95%CI: 0.270-0.609) at week 12 post-treatment. Patients whose CEA (HR = 0.543, 95%CI: 0.339-0.871) or NSE (HR = 0.619, 95%CI: 0.386-0.994) decreased after 6 weeks post-treatment appeared to have longer overall survival, and the same was found for those whoseCEA (HR = 0.620, 95%CI: 0.390-0.986) or NSE (HR = 0.578, 95%CI: 0.353-0.947) was decreased at 12 weeks after treatment.



Conclusion

Post-treatment NLR, CEA and NSE changes are suggestive indicators for the prognosis of NSCLC patients after immunotherapy.





Keywords: non-small cell lung cancer, PD-1 inhibitor, combination therapy, carcinoembryonic antigen, neutrophil-to-lymphocyte ratio, neuron-specific enolase



Introduction

Immunotherapy, especially immune checkpoint inhibitors (ICIs) represented by programmed cell death protein-1 (PD-1) inhibitors, has significantly improved the prognosis of patients with advanced non-small cell lung cancer (NSCLC). ICIs as a single agent or in combination with other treatments, such as chemotherapy and anti-angiogenic therapy, have become the standard treatment for driver gene-negative advanced NSCLC. However, approximately 50% of the patients showed no benefit from immunotherapy, and a proportion of them even experienced hyper-progression or fatal toxicity (1–4). Precise and reliable biomarkers are critical for identifying the patients who can potentially benefit from immunotherapy. Currently, programmed death-ligand 1 (PD-L1) and tumor mutation burden (TMB) remain as the most common biomarkers that are approved by the Food and Drug Administration (FDA) for predicting the efficacy of immunotherapy in NSCLC. Nevertheless, a certain percentage of patients with negative PD-L1 expression or low TMB can still benefit from immunotherapy. Oncogenic alterations, such as epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK), are usually associated with poor treatment response. Other potential predictive biomarkers, including microbiome, tumor infiltrating lymphocytes, gene signatures, multi-omics, etc. (5) are expensive, time-consuming for operation, and only tested on tissue specimens, which limit their clinical applications. Therefore, developing inexpensive and efficient biomarkers to select populations that can benefit from immunotherapy is urgently required.

In recent years, peripheral blood biomarkers representing tumor burden or inflammation have been increasingly studied for the purpose of predicting NSCLC treatment effect. The lower pre-treatment level or post-treatment declination of those biomarkers was previously shown to associate with the higher response rate and better prognosis in the patients (6–15). However, most studies were based on monotherapy, and the meaningfulness of baseline values remains controversial. Therefore, we conducted a retrospective study to further validate peripheral blood markers in predicting outcome and prognosis in patients with advanced NSCLC treated with PD-1 inhibitors-based combination therapy. The findings can serve as a designing reference for future stratified randomized controlled trials. In addition to the patient’s baseline clinical characteristics, the explored peripheral blood markers are as follows: neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), platelet-to-albumin ratio (PAR), hemoglobin (Hb), lactate dehydrogenase (LDH), carcinoembryonic antigen (CEA) and neuron-specific enolase (NSE).



Materials and Methods


Study Design

We retrospectively identified and included 151 patients with advanced or relapsed NSCLC who received anti-PD-1-based combination therapy (pembrolizumab, sintilimab or toripalimab) at the Affiliated Cancer Hospital of Nanjing Medical University, China, from August 2018 to December 2019. Patients received 200mg pembrolizumab, 200mg sintilimab, or 240mg toripalimab intravenously once every 3 weeks. Combination chemotherapy was all based on platinum doublet chemotherapy, while the other drugs, including pemetrexed, docetaxel, paclitaxel/nab-paclitaxel, and gemcitabine was according to tumor histology. Bevacizumab was used as the combined anti-angiogenic drug. Patients who had inflammation or used steroids within 1 month were excluded.

Clinicopathological features of the patients, including age at the time of treatment, gender, pathology type, stage, Eastern Cooperative Oncology Group performance status (ECOG PS) score, smoking history, number of distant metastases, type of driver mutation, degree of tumor differentiation, treatment regimen, number of treatment lines, whether or not had received radiotherapy, and best response to treatment, were collected through electronic medical records or telephone follow-up. The peripheral blood indexes including NLR (absolute neutrophil count/absolute lymphocyte count), PLR (absolute platelet count/absolute lymphocyte count), PAR (absolute platelet count/albumin), hemoglobin (Hb), lactate dehydrogenase (LDH), and carcinoembryonic antigen (CEA), were collected before treatment, and 6 and 12 weeks after treatment (0w, 6w, and 12w). All of the abovementioned indexes were considered as binary variables in the analysis: the first four were dichotomized based on the median value, and the last three were dichotomized from the upper or lower limit of hematological tests based on clinical significance. Whole-body computed tomography scans were performed every 6-8 weeks after treatment to assess patients’ response to treatment according to The Response Evaluation Criteria in Solid Tumors (16). The last follow-up date was December 10th, 2020.

Treatment response was evaluated by objective response rate (ORR) and disease control rate (DCR), while survival was evaluated by progression-free survival (PFS) and overall survival (OS). Specifically, ORR was defined as the sum of complete response (CR) and partial response (PR), and DCR was defined as the sum of CR, PR, and stable disease (SD). PFS was defined as the time from initial treatment to clinical or imaging progression or death, and OS was defined as the time from initial treatment to the last follow-up or death, whichever came first.

This study was approved by the Institutional Review Board of Jiangsu Cancer Hospital. Patient’s informed consent was not necessary because this study was a retrospective study.



Statistical Analysis

The baseline characteristics, peripheral blood indexes, and treatment response of the patients were reported as medians and interquartile ranges (IQRs) for continuous variables, or frequencies and percentages for categorical variables. For the response to treatment, we performed Chi-squared test (or Fisher’s exact test if the expected frequency of any cell in the contingency table is smaller than 5) to compare the distributions of the clinical factors/peripheral blood indexes between patients with and without the best response. We explored the relationship between clinical factors/peripheral blood indexes and best treatment response through multivariable logistic regression. For the survival outcomes, we used the Kaplan–Meier method to generate the PFS and OS survival curves, and the Log-rank test to compare survival outcomes among patients separated by the factors of interest. Then, we constructed the Cox proportional hazards model to estimate the association between clinical factors/peripheral blood indexes and survival outcomes, and used concordance index (C-index) to evaluate the discriminative ability of models, with closer to 1.0 indicating a better ability to correctly discriminate the outcome. Variables included in the multivariable analysis were selected based on clinical relevance and statistical significance in the Chi-square test or univariable analysis (P < 0.10). The above analysis was carried out for data obtained at 3 different time points. P < 0.05 was considered statistically significant. All tests were two-sided. SPSS 25.0 and GraphPad Prism 9.0.0 were used for data analysis and graphing.




Results


Patient Characteristics

A total of 151 patients were included in this study. Table 1 shows detailed baseline clinicopathological characteristics. The median age of the patients was 63 years (IQR: 54-69), 76.2% of patients were male, 60.3% were smokers, and almost all patients were ECOG PS score 0-1, only four had PS 2. Most patients had distant metastasis (78.8%) and low degree of differentiation (76.8%). Among the 151 patients, 105 received anti-PD1 therapy combined with chemotherapy, 18 received anti-PD1 therapy combined with anti-angiogenesis therapy, and 28 received both; 61 patients were untreated, while 90 patients were retreated (≥ 2). More than half of the patients received radiotherapy during immunotherapy. Their detailed peripheral blood indexes are shown in Table 2 and Supplementary Tables 1 and 2. The median follow-up time was 20.4 months (95%CI: 14.5-26.3).


Table 1 | Patients’ characteristics at baseline and treatment response.




Table 2 | Patients’ peripheral blood indexes before treatment (0 week).



At the time of administrative censoring (Dec 10th, 2020), 83 patients have died, 48 were still receiving immunotherapy, 20 lost to follow-up or discontinued the therapy due to toxicity. Five patients failed to reach the fourth cycle of medication. No patient reached CR, 46 (30.5%) reached PR, 88 (58.3%) reached SD, and 17 (11.3%) reached “progressive disease (PD)”. The ORR and DCR were 30.5% and 88.7%, respectively. Median PFS and OS were 8.0 (95%CI: 7.2-8.8) and 15.3 months (95%CI: 13.8-16.8), respectively (Supplementary Figure 1).



Associations Between PD-1 Inhibitor Type/Combination Regimen and Treatment Response/Survival Outcomes

We conducted a univariate analysis of PD-1 inhibitor type and combination regimen while no differences in DCR, ORR, PFS and OS were found(Supplementary Table 3).



Associations Between Clinical Factors/Peripheral Blood Indexes and Treatment Response

As shown in Supplementary Table 4, age, lines of therapy, radiotherapy, LDH0w, NLR6w, LDH6w, CER6w, NLR12w and CEA12w was associated with DCR, while age, radiotherapy, Hb0w, CEA0w, NLR6w, LDH6w, NLR12w, LDH12w and CEA12w were associated with ORR, without any adjustment. Considering that most of the patients received no radiotherapy at the early stage of treatment, “radiotherapy” was not included in the multivariable logistic regression analysis. Age ≤ 63 years (OR = 3.103, 95%CI: 1.035-9.306), CEA6w Down (OR = 4.209, 95%CI: 1.287-13.758), and CEA12w Down (OR = 7.267, 95%CI: 1.508-35.006) were significantly associated with higher DCR, while NLR12w Down (OR = 4.682, 95%CI: 0.962-22.796) had marginal significance (P = 0.056). Age ≤ 63 years (OR = 2.273, 95%CI: 1.100-4.697), NLR6w Down (OR = 3.081, 95%CI: 1.464-6.483), NLR12w Down (OR = 3.304, 95%CI: 1.560-7.001) and CEA12w Down (OR = 2.469, 95%CI: 1.134-5.375) were significantly associated with higher ORR (Table 3 and Figure 1).


Table 3 | Multivariable Logistic regression models for DCR and ORR.






Figure 1 | Trend of CEA (A, B) and NLR (C, D) in patients with and without response to treatment (*one extreme value was removed).





Associations Between Clinical Factors/Peripheral Blood Indexes and Survival Outcomes

Based on the Cox regression analysis (Tables 4, 5, only significant variables from univariable analysis are shown), we found that ECOG PS (0 vs. 2: 11.2m vs. 4.1m, HR = 0.160, 95%CI: 0.050-0.515; 1 vs. 2: 7.9m vs. 4.1m, HR = 0.217, 95%CI: 0.077-0.612), radiotherapy (Yes vs. No: 11.2m vs. 7.2m, HR = 0.536, 95%CI: 0.359-0.800), NLR6w (Down vs. Up: 11.2m vs. 7.2m, HR = 0.610, 95%CI: 0.411-0.907), CEA6w (Down vs. Up: 10.5m vs. 6.6m, HR = 0.477, 95%CI: 0.320-0.710), NLR12w (Down vs. Up: 10.8m vs. 5.9m, HR = 0.587, 95%CI: 0.388-0.886) and CEA12w (Down vs. Up: 11.2m vs. 6.0m, HR = 0.406, 95%CI: 0.270-0.609) were independently associated with PFS (Figure 2). While CEA0w (>3.5ng/ml vs. ≤ 3.5 ng/ml: 15.8m vs. 13.6m, HR = 0.611, 95%CI: 0.388-0.963), CEA6w (Down vs. Up: 16.5m vs. 13.5m, HR = 0.543, 95%CI: 0.339-0.871), NSE6w (Down vs. Up: 15.8m vs. 13.6m, HR = 0.619, 95%CI: 0.386-0.994), CEA12w (Down vs. Up: 16.2m vs. 13.8m, HR = 0.620, 95%CI: 0.390-0.986) and NSE12w (Down vs. Up: 15.3m vs. 15.3m, HR = 0.578, 95%CI: 0.353-0.947) were independently associated with OS (Figure 3). The C-index of model6w and model12w to predict PFS was 0.673 (95% CI: 0.623-0.724) and 0.691 (95% CI: 0.642-0.739), respectively. While the C-index of model6w and model12w to predict OS was 0.615 (95% CI: 0.553-0.677) and 0.614 (95% CI: 0.542-0.686), respectively.


Table 4 | Univariable Cox regression analysis for PFS and OS.




Table 5 | Multivariable Cox regression analysis for PFS and OS.






Figure 2 | Kaplan–Meier curves for PFS according to NLR6w (A), NLR12w (B), CEA6w (C) and CEA12w (D).






Figure 3 | Kaplan–Meier curves for OS according to CEA6w (A), CEA12w (B), NSE6w (C) and NSE12w (D).



Then, we grouped the patients according to the dynamic changes of NLR + CEA and CEA + NSE, and constructed the corresponding survival curve (Figure 4 and Supplementary Figure 3). Patients with decreased NLR and CEA at week 6 post-treatment (median: 11.8m, 95%CI: 10.0-13.6) had a significantly longer PFS than those with increases in single (median: 7.2m, 95%CI: 5.4-9.0, P < 0.001) or both (median: 6.6m, 95%CI: 3.7-9.5, P < 0.001) indicators, while PFS was only numerically prolonged in “patients One up” compared to that in “patients Both up” (P = 0.172). Similarly, compared with the patients with increases in single (median: 7.2m, 95%CI: 6.1-8.3, P < 0.001) or both (median: 4.5m, 95%CI: 3.3-5.7, P < 0.001), those with decreased NLR and CEA at week 12 post-treatment (median: 11.3m, 95%CI: 10.5-12.1) had a significantly longer PFS, and “patients One up” had a significantly longer PFS than “patients Both up” (P = 0.015). Patients with decreased CEA and NSE at week 6 post-treatment (median: 17.3m, 95%CI: 15.1-19.0) had a significantly longer OS than those with increases in single (median: 15.1m, 95%CI: 12.5-17.7, P = 0.012) or both (median: 13.5m, 95%CI: 11.2-15.8, P < 0.001), while the latter two groups of patients had only numerical differences in OS (P = 0.166). Similarly, compared to the patients with increased CEA and NSE at week 12 post-treatment (median: 13.8m, 95%CI: 10.3-17.3), those with decreases in single (median: 15.7m, 95%CI: 13.0-18.4, P = 0.015) or both (median: 15.8m, 95%CI: 13.3-18.3, P = 0.006) indicators had a significantly longer OS, while the latter two groups of patients had only numerical difference in OS (P = 0.139). We further divided all the patients into 4 groups according to CEA0w (ng/ml) and CEA6w: ≤ 3.5 and Down, ≤ 3.5 and Up, > 3.5 and Down, and > 3.5 and Up. The median OSs were 13.6m (13.2-14.0), 13.2m (11.4-15.0), 16.5m (15.5-17.5) and 13.6m (12.2-15.0), respectively. Pairwise comparison revealed that the OS of the third group (> 3.5 and Down) was significantly longer than that of the second group (≤ 3.5 and Up) (P = 0.005).




Figure 4 | Kaplan–Meier curves for PFS according to “NLR6w and CEA6w” (A) or “NLR12w and CEA12w” (B) and for OS according to “CEA6w and NSE6w” (C) or “CEA12w and NSE12w” (D) (0: Both Down, 1: One Up, 2: Both Up).






Discussion

Compared with conventional chemotherapy, ICIs are highly effective on advanced NSCLC, especially in patients with PD-L1 TPS≥50%. However, ICIs alone may not be the best option for patients with PD-L1 TPS between 1-49% (1, 2). In addition, several studies on ICIs-based combination therapy have demonstrated its significant benefits regardless of PD-L1 expression status (3, 4, 17), without inducing concomitant side effects and financial burden for the patients. Efficient, convenient and inexpensive markers are needed to help characterize the patients who can potentially benefit from the ICIs treatment. To our knowledge, this is the first study to assess the association between peripheral blood markers and the outcome of PD-1 inhibitor-based combination therapy in a Chinese population, and our data can provide the basis for stratification in later RCTs. In our study, we found that the dynamic changes of NLR, CEA and NSE after treatment were strongly associated with the treatment outcomes and prognosis of the patients. Briefly, patients with decreased NLR or CEA at 6 or 12 weeks after treatment had better efficacy and longer PFS, and those with decreased CEA or NSE had longer OS.

Inflammation not only is critical at various stages of tumor development and progression, but also can either positively or negatively influence tumor immune-surveillance and therapeutic response. Therefore, inflammatory markers could be potential prognostic factors in immunotherapy for NSCLC. During the treatment of anti-PD-1/PD-L1 antibodies, the activation of lymphocytes is necessary for restoring the anti-tumor immune response (18). Such an immune response is the result of multiple interactions between T cells and other regulatory cells, including neutrophils, which play a leading role in the immune environment of NSCLC. Tumor-associated neutrophils have diametrically opposite effects at different molecular levels, which can be divided as anti-tumor N1 type and tumor-promoting N2 type (19–21). A prospective study with 104 patients identified a predictive immune signature (LIPS) based on the peripheral blood immunophenotype, including CD14high monocytes, CD8+/PD-1+ T cells, plasmacytoid dendritic cells, neutrophils, and CD3+/CD56+/CD16+ natural killer T cells (22). Based on LIPS, patients were categorized into low- and high-risk groups, and both PFS and OS were significantly longer for patients in the low-risk group than in the high-risk group, regardless of PD-L1 expression. This suggests that increased neutrophils counts in the peripheral blood were associated with less benefit from ICI. Another retrospective cohort study with 1714 patients examined the association between pretreatment NLR and TMB levels and survival among patients treated with ICI, and found that the patients with NLR-high/TMB-low had the worst prognosis, while those in the NLR-low/TMB-high group had the best prognosis (23). Other studies also found that patients with advanced NSCLC receiving immunotherapy with high NLR or PLR value (i.e., markers of chronic inflammation) usually showed poor prognosis (24–27). The nutritional status of patients is usually related to their prognosis, and serum albumin is considered a sensitive indicator of general nutritional status. A retrospective cohort study found that PAR is a potential prognostic biomarker for patients who underwent complete surgical resection for NSCLC (28). However, we found no correlation between treatment response or prognosis and PLR or PAR, regardless of their baseline values or changes after treatment. Moreover, no predictive significance of baseline values of NLR was identified, while patients with decreased NLR after treatment (whether at week 6 or 12) were more likely to achieve PR and had longer PFS.

Other peripheral blood indexes have also been proposed to be potential predictors for the effect of ICIs treatment. A recent prospective cohort study showed that normal pre-treatment level of Hbis a favorable prognostic factor for ICIs treatment in patients with advanced NSCLC (7). Furthermore, previous studies have shown that baseline level of LDH, a biomarker related to tumor burden, was associated with the poor treatment outcomes in NSCLC patients, which can also predict the prognosis of the patients treated with ICIs (29–31). However, our study did not find any association between Hb or LDH and treatment efficacy or prognosis. Several studies have shown that repeated measurements of serum tumor markers in patients with advanced NSCLC, especially CEA and NSE, may help clinicians assess the efficacy of anti-PD-1 monotherapy and predict the prognosis (8, 15, 32, 33), which supports our finding in the current study. Patients with decreased CEA after treatment had better outcomes and longer survival; CEA declination at week 6 and 12 post-treatment was associated with52.3% and 59.4% lower risk of tumor progression, respectively, and they were associated with 45.7% and 38.0% lower risk of death. These findings also reflect the significance of repeated measurements at different time points. However, prolongation of OS in patients with decreased NSE after treatment was identified, while it was not detected in those with decreased PFS. In addition, it is also noteworthy that the longer OS in patients with higher baseline CEA is due to that their CEA was decreased after treatment which may suggest that changes in indicators after treatment are more indicative than baseline values.

Recent studies suggest that the prognosis of immunotherapy is independent of age (34). We found better treatment outcomes in younger patients, while no significant difference in survival was observed between patients with different ages. Most immunotherapy-related RCTs excluded patients with ECOG PS ≥ 2, so data on selecting an effective population for immunotherapy based on ECOG PS status are scarce. Two retrospective studies demonstrated that NSCLC patients with ECOG PS ≥ 2 were not suitable for immunotherapy (35, 36), which is consistent with the results found in our study, though we only included 4 patients with PS = 2. The combination of radiotherapy and immunotherapy usually introduces synergistic treatment effects and increases the occurrence of the “abscopal effect” (37). Two previous clinical trials have confirmed that the combination of the two can significantly improve the efficiency of treatment (38, 39). In our study, patients who received radiotherapy during immunotherapy had better prognosis; their risk of progression was reduced by 43.1%, in comparison with those received no radiotherapy, though no differences in OS was observed.

In summary, we found that repeated measurements of NLR, CEA and NSE have greater value in assessing treatment efficacy and predicting prognosis, although the time point for repeated measurements cannot be fully determined. However, no significant results were found for the other parameters, attributed to: a). all the patients receive combined treatment, while chemotherapy only will affect these peripheral blood indexes; b). the best cut-off value was not optimal, which is currently uncertain; c). the follow-up time period was short, and several patients were lost because of COVID-2019. In addition, this study found a shorter median survival time than previous similar clinical trials, possibly due to that only 40.4% of the patients received initial treatment, and 48 patients still receive anti-PD-1 immunotherapy as of the follow-up time.

Our study has several limitations. First, it was a single-center retrospective study with a relatively small size, and Multi-center prospective cohort studies with larger sample sizes are warranted in the future. Second, the selection of peripheral blood indexes and time points for repeated measurement may have influence on the conclusion. Single indicators such as white blood cells, platelets, red blood cells and neutrophils were not included for analysis since most previous studies have shown that single blood parameters had no prognostic value; in addition C-reactive protein, cytokeratin-19-fragment and other tumor markers are not routinely tested in our institution. Moreover, the response to treatment may be reflected at various time points in different patients. In this study, 6 and 12 weeks’ time points were selected to investigate the potential association between peripheral blood indexes at the early time of treatment and the treatment efficacy and prognosis of the patients. Third, the changes of peripheral blood indexes might be induced by single chemotherapy; therefore, a positive control group with patients treated with chemotherapy only would be optimal. However, we were unable to enroll a sufficient number of patients in this group, since chemotherapy alone is rare for current clinical practice.



Conclusion

In conclusion, in advanced NSCLC patients, the decreased NLR and CEA after treatment are independent predictors of their response to combined immunotherapy, while the decreased CEA and NSE are associated with a better prognosis.
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A Corrigendum on 


Association of Dynamic Changes in Peripheral Blood Indexes With Response to PD-1 Inhibitor-Based Combination Therapy and Survival Among Patients With Advanced Non-Small Cell Lung Cancer
 By Chen Y, Wen S, Xia J, Du X, Wu Y, Pan B, Zhu W and Shen B (2021). Front. Immunol. 12:672271. doi: 10.3389/fimmu.2021.672271


In the original article, there was an error in the Ethics Statement: “The studies involving human participants were reviewed and approved by the Ethics Committee of the First Hospital of Shanxi Medical University. The patients/participants provided their written informed consent to participate in this study.”

A correction has been made:

“The study involving human participants was reviewed and approved by the Ethics Committee of Jiangsu Cancer Hospital. Patient’s informed consent was not necessary because this study was a retrospective study.”

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.


Copyright © 2021 Chen, Wen, Xia, Du, Wu, Pan, Zhu and Shen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
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The common gamma receptor–dependent cytokines and their JAK-STAT pathways play important roles in T cell immunity and have been demonstrated to be related with response to immune checkpoint blockades (ICBs). PTPRD and PTPRT are phosphatases involved in JAK-STAT pathway. However, their clinical significance for non-small cell lung cancer (NSCLC) treated with ICBs is still unclear. Genomic and survival data of NSCLC patients administrated with anti–PD-1/PD-L1 or anti–CTLA-4 antibodies (Rizvi2015; Hellmann2018; Rizvi2018 Samstein2019) were retrieved from publicly accessible data. Genomic, survival and mRNA data of 1007 patients with NSCLC were obtained from The Cancer Genome Atlas (TCGA). PTPRD/PTPRT mutation was significantly associated with better progression-free survival (PFS) in three independent Rizvi2015, Hellmann2018 and Rizvi2018 cohorts. The median PFS for PTPRD/PTPRT mutant-type vs. wild-type NSCLC patients were not reached vs. 6.3 months (Rizvi2015, HR = 0.16; 95% CI, 0.02-1.17; P=0.03), 24.0 vs. 5.4 months (Hellmann2018, HR, 0.49; 95% CI, 0.26-0.94; P=0.03), 5.6 vs. 3.0 months (Rizvi2018, HR = 0.64; 95% CI, 0.44-0.92; P=0.01) and 6.8 vs. 3.5 months (Pooled cohort, HR, 0.54; 95% CI, 0.39-0.73; P<0.0001) respectively. PTPRD/PTPRT mutation was an independent predictive factor for PFS in pooled cohort (P = 0.01). Additionally, PTPRD/PTPRT mutation associated with better overall survival (OS) in Samstein2019 cohort (19 vs. 10 months, P=0.03). While similar clinical benefits were not observed in patients without ICBs treatment (TCGA cohort, P=0.78). In the further exploratory analysis, PTPRD/PTPRT mutation was significantly associated with increased tumor mutation burden and higher mRNA expression of JAK1 and STAT1. Gene Set Enrichment Analysis revealed prominent enrichment of signatures related to antigen processing and presentation in patients with PTPRD/PTPRT mutation. This work suggested that PTPRD/PTPRT mutation might be a potential positive predictor for ICBs in NSCLC. These results need to be further confirmed in future.




Keywords: PTPRD, PTPRT, JAK-STAT, immune checkpoint blockades, non-small cell lung cancer



Introduction

Lung cancer is the leading cause of cancer death worldwide with 1.6 million deaths per year (1). Approximately 85% of cases are non-small cell lung cancer (NSCLC), of which lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) are the common histological subtypes (2). With development of molecular diagnosis, tyrosine kinase inhibitors (TKIs) have become the standard therapy for NSCLC patients harboring EGFR or ALK alterations over the past two decades and brought great clinical benefit for NSCLC patients. However, as for patients without driver oncogenic gene, the improvement in survival was minimal before the appearance of immune checkpoint blockades (ICBs).

ICBs have demonstrated significant clinical benefit in NSCLC patients, including antibodies targeting programmed death receptor-1 (PD-1), its ligand (PD-L1) and cytotoxic T-lymphocyte antigen-4 (CTLA-4). Unfortunately, only a subset of patients could respond to current immunotherapy strategies. In order to increase the response rate to ICBs, identifying the patients who can benefit from ICBs and developing novel potential strategies are two common methods. Encouragingly, several biomarkers have been proposed as distinct positive predictor for ICBs therapy, such as MSI-H, PD-L1 expression (3, 4), tumor mutation burden (TMB) (5, 6), and the intensity of CD8+ T cell infiltrates (7). Additionally, several genomic alterations had been found to be correlated with the clinical outcomes in NSCLC patients who received ICBs. Dong et al. reported that TP53 and KRAS mutations in NSCLC were associated with the increased PD-L1 expression and activated T-effector and interferon-γ signature (8). Zhang et al. uncovered significant correlation between North1/2/3 mutation and better efficacy of ICBs (9). On the contrary, some negative predictors for ICBs therapy, including JAK1/2, MDM2/4 and EGFR alternations were also reported in previous works (10, 11). Currently, exploring the role of gene alternations in the NSCLC patients who received ICBs remains valuable for precision therapies.

Common gamma receptor–dependent cytokines and their JAK-STAT pathways play important roles in T cell immunity (12). It was reported that IFNγ/STAT1/STAT3 signaling axis related to the upregulation expression of PD-L1 in lung tumors (13). Additionally, STAT1 activation could trigger IRF-1 expression and subsequent initiated MHC class I antigen presentation-associated gene expression (14). Noted that protein tyrosine phosphatase receptor type D or T (PTPRD or PTPRT) are two of receptor-protein tyrosine phosphatases (R-PTPs) in NSCLC, which were reported as the mediator of JAK-STAT signal pathway (15, 16). However, to our best knowledge, the clinical significance of PTPRD and PTPRT alterations for NSCLC treated with ICBs is still unclear. In the present work, we aimed to explore the relationship between PTPRD/PTPRT mutation and clinical outcomes of ICBs in NSCLC patients.



Materials and Methods


Patients

Genomic and clinical data of NSCLC patients administrated with anti–PD-(L)1 or anti–CTLA-4 antibodies [Rizvi2015 (17), Hellmann2018 (18), Rizvi2018 (19) and Samstein 2019 (6)] were retrieved from publicly accessible data. The genomic, survival and mRNA data of 1226 patients with NSCLC were obtained from TCGA (www.cbioportal.org). As for the 3Dmed_NSCLC cohort, 1224 NSCLC patients were included from 22nd October 2019 to 15th April 2020 to explore the PTPRD and PTPRT mutation profiles in Chinese population. Their pathological diagnosis of the specimens was confirmed by hematoxylin and eosin (H&E) staining and the tumor tissue suffered to 733 cancer gene panel sequencing (3D Medicines Inc., Shanghai). All human sample collection and usage were in accordance with the principles of the Declaration of Helsinki and approved by Affiliated Hospital of Nantong University. All participated patients provided written consents.



Study Design

Any mutation including nonsense, frameshift and missense mutation in PTPRD or PTPRT was defined as PTPRD/PTPRT mutation. PTPRD/PTPRT wild-type suggested that both PTPRD and PTPRT were wild-type. TMB-high group was defined as TMB ≥ median. The primary outcome was progression-free survival (PFS), which was calculated from the date of first immunotherapy administration to disease progression. The secondary outcome was overall survival (OS), which was calculated from the date of first immunotherapy administrated until death due to any cause. We explored the association between PTPRD/PRPRT mutation and PFS or OS using univariable and multivariable regression analysis.



Statistical Analyses

Data analyses were performed using SPSS 20.0 (SPSS Inc., Chicago, IL). Survival description was illustrated by the Kaplan-Meier curves with P value determined by a log-rank test. Hazard’s ratio (HR) was determined through a cox proportional hazards regression model. The associations between PFS and various variables were examined by univariable and multivariable regression analysis. Continuous variables were compared by Mann-Whitney U test. False discovery rate (FDR) was used to adjust mRNA expression. Gene set enrichment analysis (GSEA) was used to determine potentially relevant gene expression signatures between patients harboring mutant-type or wild-type PTPRD/PTPRT. The java GSEA Desktop Application (GSEA 4.0.1) was downloaded from http://software.broadinstitute.org/gsea/index.jsp. The normalized enrichment score (NES) is the primary statistic for examining gene set enrichment results. The nominal P value estimates the statistical significance of the enrichment score. All reported P values were two-tailed, and P <0.05 or FDR <0.05 is considered statistically significant.




Results


Association Between PTPRD/PTPRT Mutation and Better PFS in NSCLC Patients Who Received ICBs Therapy From Three Independent Cohorts

The detailed baseline characteristics of NSCLC patients in three independent cohorts (Rizvi2015; Hellmann2018 and Rizvi2018) were summarized in Table 1. (1) The Rizvi2015 cohort contains 34 advanced NSCLC patients and their tumor tissues were subjected to whole-exome sequencing (WES). (2) The Hellmann2018 cohort contains 75 patients with NSCLC as part of the CheckMate-012 study and WES was performed on tumor tissues. (3) The Rizvi2018 cohort contains 240 patients with advanced NSCLC and their tumor tissues were profiled with MSK-IMPACT gene panels (341-gene, 410-gene or 468-gene panel). All the three gene panels included PTPRD and PTPRT genes. In the pooled cohort, 349 advanced NSCLC patients were included. The overall frequency of PTPRD/PTPRT mutation in Rizvi2015, Hellmann2018, Rizvi2018 and pooled cohorts were 15%, 31%, 20% and 21% respectively.


Table 1 | Baseline characteristics of NSCLC patients in Rizvi2015, Hellmann2018, Rizvi2018 and pooled cohorts.



The association between PTPRD/PTPRT mutation and PFS was analyzed in Rizvi2015, Hellmann2018, Rizvi2018 and pooled cohort respectively. As shown in Figure 1, PTPRD/PTPRT mutation was significantly associated with better PFS. The median PFS for PTPRD/PTPRT mutant-type vs. wild-type NSCLC patients were not reached vs. 6.3 months in Rizvi2015 cohort (HR = 0.16; 95% CI, 0.02-1.17; P=0.03), 24 vs. 5.4 months (HR, 0.49; 95% CI, 0.26-0.94; P=0.03) in Hellmann2018 cohort, 5.6 vs. 3.0 months (HR = 0.64; 95% CI, 0.44-0.92; P=0.01) in Rizvi2018 cohort and 6.8 vs. 3.5 months (HR, 0.54; 95% CI, 0.39-0.73; P<0.0001) in the pooled cohort respectively.




Figure 1 | Association between PTPRD/PTPRT mutation and PFS. Kaplan-Meier survival curves of PFS comparing NSCLC patients with PTPRD/PTPRT mutant-type and wild-type in of (A) Rizvi2015, (B) Hellmann2018, (C) Rizvi2018 and (D) pooled cohorts respectively. PTPRD/PTPRT mutation: D/T_Mut; PTPRD/PTPRT wild-type: D/T_Wt.



The association between PTPRD mutation and PFS was also explored in Rizvi2015, Hellmann2018, Rizvi2018 and pooled cohorts respectively. The corresponding results were shown in Figure 2 respectively. In Rizvi2015 cohort, the median PFS in PTPRD mutant-type vs. wild-type NSCLC patients were not reached vs. 6.5 months (P=0.23). Although statistical significance was not obtained, PTPRD mutation tend to achieve longer PFS. In Hellmann2018 cohort, similar results also were observed, but with a marginal statistical significance. The median PFS in PTPRD mutant-type vs. wild-type NSCLC patients were not reached vs. 6.5 months (P=0.05). In Rizvi2018 cohort, PTPRD mutation were significantly associated with better PFS, and the median PFS in PTPRD mutant-type vs. wild-type NSCLC patients were 5.6 months vs. 3.1 months (P=0.04). In pooled cohort, significant association between PTPRD mutation and better PFS was also observed. The median PFS in PTPRD mutant-type vs. wild-type NSCLC patients were 6.6 months vs. 3.6 months (P=0.001).




Figure 2 | Association between PTPRD mutation and PFS in (A) Rizvi2015, (B) Hellmann2018, (C) Rizvi2018 and (D) pooled cohorts.



In addition, the influences of PTPRT mutation on PFS were also explored in Rizvi2015, Hellmann2018, Rizvi2018 and pooled cohorts respectively and the corresponding results were shown in Figure 3. In Rizvi2015 cohort, the median PFS in PTPRT mutant-type vs. wild-type NSCLC patients were not reached vs. 6.3 months respectively, with no statistically significant difference (P=0.10). In Hellmann2018 cohort similar results were also observed, but with a marginal statistical significance. The median PFS in PTPRT mutant-type vs. wild-type NSCLC patients were 24.0 months vs. 6.5 months (P=0.06). In Rizvi2018 cohort, PTPRT mutations were significantly associated with better PFS. The median PFS in PTPRT mutant-type vs. wild-type NSCLC patients was 6.0 months vs. 3.1 months (P=0.03). In pooled cohort, a significant association between PTPRT mutation and better PFS was also observed. The median PFS in PTPRT mutant-type vs. wild-type NSCLC patients were 9.2 months vs. 3.6 months (P=0.001).




Figure 3 | Association between PTPRT mutation and PFS in (A) Rizvi2015, (B) Hellmann2018, (C) Rizvi2018 and (D) pooled cohorts.



The univariable and multivariable regression analysis of PFS the in Rizvi2015, Hellmann2018 and Rizvi2018 cohorts were summarized in Table 2. Several confounding factors were analyzed, including the age, sex and lines of therapy, PD-L1, TMB, smoker status, and PTPRD/PTPRT mutation. The multivariable analysis showed that PTPRD/PTPRT mutation was not significant associated with PFS in Rizvi2015 and Hellmann2018 cohort (HR 0.23, 95% CI, 0.03-2.04, p=0.18 and HR 0.59, 95% CI, 0.24-1.47, p=0.25, respectively). However, the multivariable analysis suggested that PTPRD/PTPRT mutation was an independent predictive factor for PFS in Rizvi2018 cohort (0.43, 95% CI, 0.20-0.92, p=0.03). The different outcomes between these independent cohorts might be due to the different size of patients. The deviation might exist in the conclusion of small cohorts (Rizvi2015, N=34 and Hellmann2018, N=75). In contrast, 240 NSCLC was included in the Rizvi2018 cohort. To further explore the influence of confounding factors on PFS, the univariable and multivariable regression analysis of PFS were also performed in pooled cohort. Notably, in the pooled cohort, the age (≥65 vs. <65 y), sex (male vs. female) and lines of therapy (lines of therapy ≥3 vs. <3), were not associated with PFS, no matter the univariable or multivariable regression analysis. In contrast, PD-L1, TMB, smoker status and PTPRD/PTPRT mutation were significantly associated with better PFS benefits. In the univariable analysis, PD-L1 status ≥1% vs. <1%, HR 0.60, 95% CI, 0.43-0.84, P =0.003; TMB≥ median vs. <median, HR 0.56, 95% CI, 0.44-0.72, P <0.001; Current or former vs. never smoker, HR 0.70, 95% CI, 0.52-0.93; P =0.01; PTPRD/PTPRT mutant-type vs. wild-type, HR 0.54, 95% CI, 0.39-0.73, p <0.001. In the multivariable analysis, PD-L1 status ≥1% vs. <1%, HR 0.67, 95% CI, 0.47-0.96, P =0.03; TMB≥ median vs. <median, HR 0.62, 95% CI, 0.42-0.92, P =0.02; Current or former vs. never smoker, HR 0.63, 95% CI, 0.41-0.97; P =0.04; PTPRD/PTPRT mutant-type vs. wild-type, HR 0.52, 95% CI, 0.31-0.87, p=0.01.


Table 2 | Univariable and multivariable analyses of progression-free survival.





Association Between PTPRD/PTPRT Mutation and Better OS Benefit in NSCLC Patients Who Received ICBs Therapy

To explore whether PTPRD/PTPRT mutation is a predictive or prognostic biomarker for NSCLC, we retrieved the OS data from the Samstein2019 cohort and the Cancer Genome Atlas (TCGA) respectively. Samstein2019 cohort contains 350 advanced NSCLC patients treated with anti-PD- (L)1 monotherapy or combined therapy, and their tumor tissues were profiled with MSK-IMPACT gene panels (341-gene or 410-gene panel). Forty-three (12%) patients harbored PTPRD mutation and thirty-five (10%) patients harbored PTPRT mutation. Eleven (3%) patients carried both PTPRD and PTPRT mutation. The overall frequency of PTPRD/PTPRT mutation was 19% (Table S1). Noted that 206 patients in Samstein2019 cohort were also contained in the Rizvi2018 cohort. Figure 4A showed that a significant OS benefit was observed in NSCLC patients with PTPRD/PTPRT mutant-type compared to that with PTPRD/PTPRT wild-type in Samstein2019 cohort. The median OS in PTPRD/PTPRT mutant-type vs. wild-type NSCLC patients were 19 months vs. 10 months (P=0.03). As for PTPRD alone, the median OS in PTPRD mutant-type vs. wild-type NSCLC patients were 21 months vs. 11 months (P=0.01, Figure S1A). As for PTPRT alone, the median OS in PTPRT mutant-type vs. wild-type NSCLC patients were 19 months vs. 11 months (P=0.17, Figure S1B). The results of univariable and multivariable analysis in Samstein2019 cohort were summarized in Table S2. PTPRD/PTPRT mutation was significantly associated with better OS benefits in the univariable analysis (HR 0.66, 95% CI, 0.45-0.96, P =0.03) and in the multivariable analysis (HR 0.52, 95% CI, 0.31-0.87, P =0.045).




Figure 4 | Association between PTPRD/PTPRT mutation and OS in (A) Samstein2019 and (B) TCGA cohorts.



In contrast, for NSCLC patients who do not receive ICBs treatment (TCGA cohort), PTPRD/PTPRT mutation was not associated with a better OS benefit (Figure 4B). In TCGA, the PTPRD or PTPRT incidences are 13.7% and 10.7% in NSCLC respectively. The median OS in PTPRD/PTPRT mutant-type vs. wild-type NSCLC patients were 47.4 months vs. 53.3 months (P=0.78). As for PTPRD, the median OS in PTPRD mutant-type vs. wild-type NSCLC patients were 50.5 months vs. 54.1 months (P=0.67, Figure S1C). As for PTPRT, the median OS in PTPRT mutant-type vs. PTPRT wild-type NSCLC patients were 38.9 months vs. 54.1 months (P=0.22, Figure S1D). These results suggested that PTPRD/PTPRT mutation was a potential positive predictor for clinical benefit of anti-PD-(L)1 therapy in NSCLC instead of a prognosis factor for NSCLC.



Impact of PTPRD/PTPRT Mutation on TMB or Immune-Related Gene Signatures

To further understand the underlying mechanism of the association between PTPRD/PTPRT mutation and better clinical outcomes in NSCLC patients who received ICBs therapy, the impact of PTPRD/PTPRT mutation on TMB or immune-related gene signatures was explored. Figures 5A–D demonstrated that PTPRD/PTPRT mutation was associated with higher TMB in Rizvi2015, Hellmann2018, Rizvi2018 and TCGA cohorts (P<0.0001). We then analyzed the mRNA data from TCGA to compare mRNA expression of immune related genes between PTPRD/PTPRT mutant-type and wild-type NSCLC patients. The list of immune-related genes in Table S3 was analyzed in this work. As shown in Figure S2 and Figures 5E, F, the mRNA expressions of JAK1 and STAT1 were higher in PTPRD/PTPRT mutant-type than wild-type NSCLC patients (p < 0.05). What’s more, GSEA was performed on gene sets in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Figure 5G revealed enrichment of genes involved in antigen processing and presentation pathways were significantly enriched in NSCLC with PTPRD/PTPRT mutation (NES=2.35; FDR< 0.001).




Figure 5 | Possible mechanism of the association of PTPRD/PTPRT mutation and better clinical outcomes of ICBs therapy. (A–D) Comparison of tumor mutational burden between PTPRD/PTPRT mutant-type and wild-type NSCLC patients in Rizvi2015, Hellmann2018, Rizvi2018 and TCGA cohorts respectively. (E, F) Comparing of mRNA expression of JAK1 and STAT1 between PTPRD/PTPRT mutant-type and wild-type NSCLC patients. (G) GSEA reveals prominent enrichment of signatures related to antigen processing and presentation in NSCLC patients with PTPRD/PTPRT mutation. PTPRD/PTPRT mutation: D/T_Mut; PTPRD/PTPRT wild-type: D/T_Wt.





Mutational Profiles of PTPRD or PTPRT in Chinese NSCLC 3DMed Cohort

To investigate the mutational profiles of PTPRD or PTPRT in Chinese NSCLC population, a total of 1224 cases of Chinese NSCLC who have undergone 733 cancer gene-panel via next-generation sequencing (NGS) were included in this study, including 886 patients with lung adenocarcinoma and 188 patients with lung squamous cell carcinoma (Table S4). There were 768 male and 456 female patients. The median age was 63 (range 22-91). A total of 112 (9.2%) NSCLC patients with PTPRD/PTPRT mutation were identified. The incidences of patients with PTPRD or PTPRT mutation were 5.4% (N=66) and 4.7% (N=57) respectively, which was significantly lower than that of TCGA cohort (PTPRD: 5.4% vs 13.7%, p <0.0001; PTPRT: 4.7% vs 10.7%, p <0.0001). Such difference might result from the population. Figure S3 described the graphical distribution of PTPRD and PTPRT mutation sites in Chinese NSCLC patients. No clear hotspot mutations and mutated codons were spread throughout PTPRD and PTPRT, including the phosphatase and extracellular domains, which was consistent with previous work (20).




Discussion

In this work, PTPRD/PTPRT mutation was firstly identified as positive factor for better clinical benefit in NSCLC patients who received ICBs treatment. While no clinical benefits of OS were achieved in patients who do not receive ICBs treatment (TCGA cohort). Moreover, univariable and multivariable analysis further confirmed that PTPRD/PTPRT mutation was an independent positive predictor in pooled cohort. In the exploratory analysis, higher TMB and increased expression of genes related to JAK-STAT pathway activation served as potential mechanism underlying the predictive value of PTPRD/PTPRT mutation in NSCLC population. GSEA also revealed prominent enrichment of signatures related to antigen processing and presentation in patients with PTPRD/PTPRT mutation. Such results suggested that PTPRD/PTPRT mutation might be a potential positive predictor of NSCLC patients treated with ICBs.

Protein tyrosine phosphorylation is an important signaling event involved in a wide range of physiological processes in tumor development, whose level is balanced by antagonistic activities of protein tyrosine kinases and protein tyrosine phosphatases (PTPs) (21, 22). The classical PTPs are usually divided into two large groups according to their overall structure, including cytoplasmic non-receptor-type PTPs (NR-PTPs) and transmembrane R-PTPs. Noted that R-PTPs contain PTP domains and extracellular domains, which have intrinsic ability to transduce signals across the cell membrane (23). R-PTPs could not only antagonize tyrosine kinases but also engage extracellular ligands (24). Among R-PTPs, PTPRD and PTPRT belong to type IIa and IIb R-PTPs, respectively. PTPRD or PTPRT are identified as tumor suppressor, which is frequently inactivated and mutated in various human cancers. (25–30) For example, the reduced expression of PTPRD correlated with poor prognosis in gastric adenocarcinoma (31). Hsu et al. reported that deleterious mutations of PTPRT and PTPRD was significantly associated with bevacizumab resistance in metastatic colorectal cancer patients (16). Another study suggested that missense mutations in the catalytic domain of PTPRT or PTPRD were implicated in reducing its phosphatase activity, and mutations in the extracellular domain impair its function in cell adhesion (32, 33). Recently, Li et al. analyzed 2129 pan-cancer patients treated with ICBs, whose cancer genomic data are from the cBioPortal database (34). Compared with PTPRT wild-type, PTPRT nonsynonymous mutations were associated with better OS in melanoma (N=596) and in pan-cancer (N=2129), and was associated with better PFS in NSCLC (N=510). In the present work, we supposed that the association between PTPRD/PTPRT nonsynonymous mutation and good clinical outcomes of ICBs in NSCLC may partially on account of the up-regulation of JAK1 and STAT1 mRNA expression, which subsequently control the expression of chemokines with potent chemoattractant effect on T cells.

To our best knowledge, this is the first work to explore the relationship between PTPRD/PTPRT mutation and ICBs treatment in NSCLC patients. In view of the intrinsic property of retrospective study, several limitations exist in the present work. This analysis was based on public cohorts of NSCLC patients who underwent WES or multi-gene panel sequencing, which may yield selection bias. The possible mechanism of the association of PTPRD/PTPRT mutation and clinical outcomes of ICBs was performed in TCGA cohort. The application of these conclusions in the present study might be restricted by the limited quantity of patients. Such results should be confirmed in large cohorts.



Conclusion

Taken together, our results suggested that, in NSCLC patients receiving ICBs, PTPRD/PTPRT mutation was associated with better PFS and OS by increasing TMB and immune-related gene signatures. PTPRD/PTPRT mutation might be an important component of the immunogenetic landscape and should be integrated into predictive biomarker panels for ICBs therapy. In view of the intrinsic property of retrospective study, such conclusions should be validated in future prospective clinical trials.
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Background

In recent years, immune checkpoint inhibitors (ICIs) in combination with chemotherapy have increased survival in patients with advanced non-small cell lung cancer (NSCLC). Vascular endothelial growth factor (VEGF), which plays a key role in tumor angiogenesis, is an immunological modulator; therefore, it is expected that anti-VEGF therapy in combination with ICIs enhances the antitumor effect of ICIs. In the present study, we investigated the impact of VEGF inhibition on clinical outcomes of NSCLC patients, including the efficacy of ICI treatment.



Methods

A total of 105 patients with advanced NSCLC who had been treated with ICIs were retrospectively analyzed to examine the relationship between the history of treatment with anti-VEGF agents and the clinical outcomes with ICI monotherapy.



Results

Patients who had received anti-VEGF therapy prior to ICIs showed shortened progression-free survival of ICI treatment and a decreased overall response rate to ICI treatment. By contrast, anti-VEGF therapy after ICI treatment was associated with increased survival, especially in patients who had also received anti-VEGF therapy prior to ICI therapy.



Conclusions

These retrospective observations suggest that anti-VEGF therapy prior to ICIs might be a negative predictor of response to ICIs. The sequence of anti-VEGF therapy might play a role in its ability to predict survival in NSCLC patients. Further investigation is warranted to identify the role of VEGF inhibition in altering clinical outcomes after immunotherapy.
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Introduction

Lung cancer is the leading cause of cancer-related death worldwide (1). Novel strategies for treating advanced lung cancer have progressed in recent years. One strategy has been the successful treatment of non-small cell lung cancer (NSCLC) with angiogenesis inhibitors. In addition, cancer immunotherapies, including programmed cell death protein 1 (PD-1)/programmed death ligand 1 (PD-L1) and cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) checkpoint inhibitors, are being developed as promising alternative strategies for treating patients with advanced NSCLC. Several phase III clinical trials have shown improved outcomes with these immune checkpoint inhibitors (ICIs), such as prolonged survival and a more durable treatment response (2–7). However, as with chemotherapy and molecular-targeted therapy, some patients show intrinsic resistance to ICIs, and a majority of patients treated with ICIs develop acquired resistance.

The tumor microenvironment (TME), which consists of blood vessels, stromal cells, fibroblasts, signaling molecules, immune cells, and extracellular matrix components, is controlled by extracellular signals released from tumors. Vascular endothelial growth factor (VEGF), which is produced by tumor cells and surrounding stromal cells, promotes angiogenesis by binding VEGF receptor (VEGFR) on vascular endothelial cells. VEGF is also a potential modulator of the innate immune response. VEGF/VEGFR signaling promotes evasion of the antitumor immune response through multiple mechanisms, including suppression of dendritic-cell maturation (8), reducing cytotoxic T lymphocyte activity via production of inflammatory cytokines and upregulation of immune checkpoint expression (9, 10), activation of regulatory T cells (Tregs) (11), and accumulation of myeloid-derived suppressor cells (MDSCs) (12). High levels of pretreatment serum VEGF are associated with poor response to immunotherapy in malignant melanoma (13). Further, in a preclinical model, VEGF/VEGFR blockade restores immunosuppressive alterations caused by VEGF production, and combination of VEGF/VEGFR blockade with immunotherapy improves the antitumor immune response (14).

Bevacizumab, which is a recombinant, humanized monoclonal antibody that binds all isoforms of VEGF-A, shows favorable outcomes in combination with chemotherapy in NSCLC patients (15). Additionally, a previous study demonstrated that combination of bevacizumab with the CTLA-4 inhibitor ipilimumab enhanced infiltration of CD8+ T-cells compared to ipilimumab monotherapy in malignant melanoma (16). In recent years, some clinical study demonstrated that combination of anti-VEGF agents and ICIs prolongs survival compared to anti-VEGF alone in multiple carcinomas such as renal cell carcinoma and hepatocellular carcinoma (17, 18). The IMpower150 trial demonstrated significant improvement in survival in non-squamous NSCLC patients receiving atezolizumab, bevacizumab, carboplatin, and paclitaxel compared to patients receiving bevacizumab, carboplatin, and paclitaxel (19). On the other hand, a previous study demonstrated that prior anti-VEGF therapy was a negative predictive factor for the treatment efficacy of ICIs in metastatic renal cell carcinoma (20). However, studies in NSCLC patients who had received immunotherapy indicated a survival benefit of ICIs following chemotherapy combined with an angiogenesis inhibitor (21–23). Therefore, the impact of anti-VEGF therapy on the efficacy of immunotherapy is not fully understood in NSCLC patients. In this study, we conducted a retrospective investigation focused on the impact of VEGF inhibition on clinical outcomes in patients with advanced NSCLC treated with ICIs.



Materials and Methods


Patients

We retrospectively analyzed the medical records of NSCLC patients who received ICIs from February 2016 to December 2017 at five institutions in Japan: the University Hospital Kyoto Prefectural University of Medicine (Kyoto, Japan), the Japanese Red Cross Kyoto Daiichi Hospital (Kyoto, Japan), the Japanese Red Cross Kyoto Daini Hospital (Kyoto, Japan), the Matsushita Memorial Hospital (Osaka, Japan), and the Uji-Tokushukai Medical Center (Kyoto, Japan). In total, 105 patients met the following inclusion criteria: 1) histologically or cytologically proven NSCLC; 2) age ≥ 20 years; 3) administered more than two cycles of anti-PD-1 antibodies (nivolumab or pembrolizumab); and 4) received systemic chemotherapy, including cytotoxic chemotherapy or molecular-targeted therapy, prior to ICI treatment. Patients were excluded if they met any of the following criteria: 1) patients who have uncontrolled serious infections, uncontrolled cardiovascular disease, and metabolic disorders, including diabetes mellitus; 2) patients who were pregnant or nursing; and 3) patients who were regarded as unsuitable for this study by the investigators.

The study was conducted in accordance with the Declaration of Helsinki. All patients provided written or electronic informed consent. The authors are accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. Each hospital study protocol was approved by the ethics committee of the respective hospital. We used the Response Evaluation Criteria in Solid Tumors version 1.1 for evaluation of treatment efficacy.



Statistical Analysis

Survival curves were calculated according to the Kaplan-Meier method. Gehan-Breslow-Wilcoxon method was used to compare survival. Overall survival (OS) was defined as the interval from the initial day of treatment to death from any cause. Progression-free survival (PFS) was defined as the interval from the initial day of treatment to disease progression or death. Categorical variables, such as the overall response rate (ORR), were compared using Fisher’s exact test. Cox proportional hazards models were used for multivariate analysis of PFS and OS, and logistic regression models were used for multivariate analysis of the ORR. For all analyses, a p-value less than 0.05 indicated statistical significance.



Software Tools

Statistical analyses were performed using GraphPad Prism8 (GraphPad Software, San Diego, CA, USA) and EZR statistical software version 1.50 (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R (The R Foundation for Statistical Computing, Vienna, Austria). More precisely, it is a modified version of R commander designed to add statistical functions frequently used in biostatistics.




Results


Patient Characteristics

The data cutoff date for the survival analysis was May 1, 2020. The median duration of follow-up for surviving participants was 36.8 months (range, 4.1-51.6 months). Of the 105 NSCLC patients treated with ICIs, 35 (33%) were treated with anti-VEGF agents before ICIs (pre-anti-VEGF) and 70 (67%) patients were not treated with anti-VEGF agents before ICIs (no pre-anti-VEGF) (Figure 1). The characteristics of the two groups are listed in Table 1. Non-squamous cell carcinoma was more common in the pre-anti-VEGF group than in the no pre-anti-VEGF group, and radiation therapy was less common in the pre-anti-VEGF group. Other factors, including the occurrence of immune related adverse events and peripheral blood findings, did not differ between the two groups (Table 1, Supplementary Table 1).




Figure 1 | Flow diagram of patients included in the analysis. VEGF, vascular endothelial growth factor; ICI, immune checkpoint inhibitor.




Table 1 | Characteristics of patients included in this study.





Efficacy and Survival Analysis for ICIs in Patients Previously Treated With Anti-VEGF Therapy

To investigate prognostic factors related to clinical outcomes, we conducted univariate and multivariate analyses for ORR, PFS and OS. The ORR of ICI treatment was significantly lower in the pre-anti-VEGF group than that in the no pre-anti-VEGF group in univariate analysis (17% and 33%, respectively; p = 0.014) (Figure 2). Multivariate analysis showed that a treatment history of anti-VEGF agents was independently associated with a poor response to ICI treatment [OR: odds ratio 0.30 (95% CI: 0.09-0.96), p = 0.043] (Table 2). In the univariate analysis of PFS and OS, patients whose Eastern Cooperative Oncology Group-performance status (ECOG-PS) scores were ≥2 had significantly poorer PFS and OS than other patients (p = 0.039 and p < 0.001, respectively) (Supplementary Table 2). Multivariate analysis revealed that worse ECOG-PS and a treatment history of anti-VEGF agents were independently associated with poor PFS after immunotherapy [HR 2.26 (95% CI: 1.20-4.29), p = 0.012 and HR 1.83 (95% CI: 1.05-3.20), p = 0.033, respectively] (Table 2). By contrast, a treatment history of anti-VEGF agents was not significantly associated with OS [HR 1.47 (95% CI: 0.76-2.82), p = 0.249] (Table 2). Furthermore, propensity score matched analysis was performed to balance the characteristics between groups with or without anti-VEGF therapeutic history.  After matching, the mean propensity scores for pre-anti-VEGF and no-anti-VEGF were 0.444 ± 0.162 and 0.444 ± 0.162, respectively (p = 1) (Supplemnetary Table 3). Pre-anti-VEGF group showed marginally shorten PFS of ICI treatment in the full cohort, however, this tendency was emphasized in the property score matched cohort (Figure 3).




Figure 2 | ORR to ICIs according to anti-VEGF treatment prior to ICI treatment. ORR, overall response rate; ICI, immune checkpoint inhibitor; VEGF, vascular endothelial growth factor.






Figure 3 | Progression-free survival ICIs according to anti-VEGF treatment prior to ICI treatment. (A) Kaplan-Meier analysis of PFS after ICI treatment according to history of treatment with anti-VEGF agents in the full cohort. (B) Kaplan-Meier analysis of PFS in the propensity score-matched cohort (1:1, n=28 /group).  ICI, immune checkpoint inhibitor; VEGF, vascular endothelial growth factor; PFS, progression-free survival.




Table 2 | Multivariate analysis of ORR, PFS and OS.





Effect of Sequence of Anti-VEGF Agents With Regard to ICI Treatment on Patient Outcomes

To further reveal the impact of VEGF inhibition on patient outcomes, we examined the effect of the sequence of anti-VEGF therapy related to ICI treatment. Among the 98 patients who discontinued ICI treatment, previous treatment with anti-VEGF agents (n = 34) showed a trend toward prolonged OS compared to no previous treatment with anti-VEGF agents (n = 64) [median OS 20.1 months (95% CI 12.7-26.6) and 11.0 months (95% CI 6.6-15.5), respectively; p = 0.216] and post-ICI survival time [HR: 0.68 (95% CI: 0.42-1.09), p = 0.027] (Figures 4A, B). Patients who received anti-VEGF agents after ICIs tended to have longer post-ICI survival than those who did not receive anti-VEGF therapy after ICIs [HR 0.66 (95% CI 0.34-1.29), p = 0.195] (Figure 4C). Furthermore, a therapeutic history of anti-VEGF therapy prior to ICIs was associated with a favorable prognosis after ICIs among patients who received anti-VEGF therapy after ICIs [HR: 0.57 (95% CI: 0.14-2.24), p = 0.044) (Figure 4D).




Figure 4 | Impact of anti-VEGF therapy on survival when administered pre- or post-ICI therapy. (A) Swimmer plot for patients who discontinued ICIs (n = 98) categorized by whether they received anti-VEGF therapy prior to ICIs. (B) Kaplan-Meier analysis of survival from ICI cessation according to history of treatment with anti-VEGF agents. Gehan-Breslow-Wilcoxon method was used to compare survival. (C) Kaplan-Meier analysis of survival from ICI cessation in patients who received salvage chemotherapy after ICIs (n = 58) according to post-ICI anti-VEGF treatment. (D) Kaplan-Meier analysis of survival from ICI cessation in patients who received post-ICI anti-VEGF therapy (n = 16) according to therapeutic history of anti-VEGF agents prior to ICIs. Gehan-Breslow-Wilcoxon method was used to compare survival. VEGF, vascular endothelial growth factor; OS, overall survival; CI, confidence interval; ICI, immune checkpoint inhibitor; HR, hazard ratio; MST, median survival time.






Discussion

This retrospective study revealed the impact of the sequence of anti-VEGF inhibition on clinical outcomes related to ICI treatment in NSCLC patients. Anti-VEGF therapy prior to ICIs was shown to be a negative predictor of response to ICI treatment. The sequence of anti-VEGF therapy might play a role in its ability to predict survival in NSCLC patients. Thus, it is important to establish a therapeutic strategy that maximizes the therapeutic effect of ICIs and anti-VEGF therapy.

Currently, immunotherapy is widely used in multiple cancers including lung cancer, and the multiple biomarkers related to the efficacy of ICI treatment have recently emerged, such as PD-L1 expression in tumor and/or immune cells and tumor mutation burden (5, 24, 25). Previous studies have reported that the profile of immune cells in the TME or circulating peripheral blood might be a predictor of the therapeutic effect of immunotherapy (26–30). Tumor-infiltrating CD8+T cells, which exert an effector function in the TME, are associated with favorable clinical outcomes in patients receiving immunotherapy, whereas accumulation of immunosuppressive cells, such as MDSCs and Tregs, which are major mediators of immune tolerance, correlates with poor prognosis (26–28). These immune-related cells are regulated by molecules secreted by TME components and negatively regulate the function of effector T-cells. They can also inhibit the differentiation and maturation of dendritic cells (29, 30).

VEGF, a molecule secreted by tumor and stromal cells, plays pivotal roles in the TME. The TME is characterized by hypoperfusion, hypoxia, acidity, and high interstitial fluid pressure through tumor vascularization, which can lead to tumor growth and drug resistance. Anti-VEGF agents reverse these changes; therefore, combination treatment with anti-VEGF agents can be expected to enhance the therapeutic effect of ICIs. Previous studies have identified mechanisms of intrinsic resistance to immunotherapy related to previous treatment with anti-angiogenic therapies (31–33). One such mechanism is that anti-VEGF therapy induces compensatory upregulation of VEGF-independent angiogenic factors, which contribute to the production of an immunosuppressive TME. VEGF/VEGFR2 is a major signaling axis driving tumor angiogenesis, and blockade of this pathway induces upregulation of VEGF-independent compensatory pro-angiogenic factors, including fibroblast growth factor (FGF) 2, platelet-derived growth factor, and angiopoietin-1 and 2 (31). In preclinical models, bone marrow-derived fibrocyte-like cells, which are induced by anti-VEGF therapy, contribute to resistance to anti-VEGF therapy by upregulating FGF2, and the activated FGF/FGF receptor pathway is associated with non-T-cell inflamed tumors that show resistance to immunotherapy (32, 33). These previous studies suggest that multiple pro-angiogenic factors might be upregulated after VEGF inhibition, leading to attenuation of the antitumor immune response following ICI treatment. Another potential mechanism is that VEGF/VEGFR2 signaling, which is suppressed by anti-VEGF therapy, is immediately reactivated after withdrawal of anti-VEGF agents and returns to baseline, thereby inducing rapid revascularization (34).

In this study, anti-VEGF treatment prior to ICI treatment was associated with poor response to ICIs; however, salvage chemotherapy with anti-VEGF agents after ICI treatment increased survival. These observations support this second hypothesis and suggest that blockade of VEGF/VEGFR signaling might be reversible and that it is essential for patient survival after ICIs and prior anti-VEGF therapy. Additionally, pharmacodynamic analysis revealed that anti-PD-1 antibody remained bound even 2 months after infusion (35). Therefore, previous ICI treatment may improve the effect of any subsequent therapy, including anti-VEGF therapy. Further investigation is warranted to determine the optimal treatment strategy and sequence for ICIs and anti-VEGF therapy.

This study has several limitations. First, this was a retrospective study, so the cohort had a limited sample size and may be subject to patient selection bias. Second, additional analyses using peripheral blood or tumor samples, such as changes in secreted angiogenic factors and phenotypes of immune systems, were not performed, and the precise mechanisms of resistance to ICI were not elucidated. Third, PD-L1 expression, which is a predictive biomarker of ICI response, was measured in only some cases. Finally, the study does not examine the current standard regimens for advanced NSCLC: platinum-based chemotherapy combined with ICIs and angiogenesis inhibitors. Optimal treatment strategies that maximize the therapeutic effect of ICIs and anti-VEGF therapies should be investigated in future studies.

In conclusion, our study demonstrated poorer response to immunotherapy in patients previously treated with anti-VEGF agents than in patients not previously treated with anti-VEGF agents. However, salvage chemotherapy with anti-VEGF agents after ICI failure was associated with prolonged survival. These results suggest that the interventional sequence and maintenance of VEGF inhibition may be important and contribute to clinical outcomes in patients with advanced NSCLC. Further investigation is needed to determine the optimal treatment strategy for immunotherapy and anti-VEGF therapy.
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Background

Atezolizumab plus chemotherapy has been recommended as a first-line treatment option for patients with advanced non-small cell lung carcinoma (NSCLC) irrespective of programmed cell death-ligand 1 (PD-L1) expression. Currently, little is known about the efficacy and treatment-related adverse effects (TRAEs) of subtracting chemotherapy from the combination for patients with high PD-L1 expression. Thus, we performed an indirect comparison between atezolizumab plus chemotherapy and atezolizumab alone.



Methods

A total of five eligible randomized controlled trials (RCTs) were identified from PubMed, EMBASE, and Cochrane Central controlled trial registries, using keywords including atezolizumab, PD-1, PD-L1, NSCLC, and RCT. The clinical outcomes of objective response rate (ORR), progression-free survival (PFS), OS, and TRAEs were extracted and evaluated. Using indirect analysis, the efficacy and TRAEs were compared between arm A (atezolizumab plus chemotherapy) and arm C (atezolizumab), linked by arm B (chemotherapy).



Results

Direct comparison revealed that both atezolizumab plus chemotherapy (HR 0.65, P = 0.003) and atezolizumab alone (HR 0.59, P = 0.010) significantly improved OS compared with chemotherapy. More importantly, the indirect comparison showed that atezolizumab plus chemotherapy was not superior to atezolizumab regarding OS (RR 1.10, P =0.695) and ORR (RR 1.11, P = 0.645). However, patients who received atezolizumab combined with chemotherapy experienced more ≥ grade 3 TRAEs (RR 4.23, P<0.001) and TRAEs leading to drug discontinuation (RR 3.60, P<0.001) than those treated with atezolizumab monotherapy.



Conclusions

Atezolizumab monotherapy might be a better treatment option for patients with advanced NSCLC and high PD-L1 expression than atezolizumab plus chemotherapy.





Keywords: non-small cell lung cancer (NSCLC), programmed cell death-ligand 1 (PD-L1), atezolizumab, chemotherapy, first-line



Introduction

Lung cancer is the leading cause of cancer-related mortality (1). In recent years, immune checkpoint inhibitors, whether as a monotherapy or in combination with chemotherapy, have become the standard of care for first-line treatment of patients with advanced non-small cell lung cancer (NSCLC) that lack targetable driver mutations. Currently, pembrolizumab monotherapy, pembrolizumab plus chemotherapy, or atezolizumab monotherapy are the preferred options for patients with high programmed cell death ligand 1 (PD-L1) expression (2–4). Previous studies showed that for those with a PD-L1 tumor proportion score (TPS) of at least 50%, the addition of chemotherapy to pembrolizumab significantly improved objective response rate (ORR) and progression-free survival (PFS), though at the cost of increased treatment-related adverse effects (TRAEs). Overall survival (OS) was not different between these two treatment options (3). However, whether this conclusion is similar to atezolizumab, an anti-PD-L1 antibody, remains unknown.

With the IMpower150 study, atezolizumab plus bevacizumab, carboplatin, and paclitaxel has been approved by the Food and Drug Administration (FDA) and the European Medicines Agency (EMA) as a first-line treatment for patients with advanced non-squamous NSCLC, regardless of PD-L1 expression level (5). Similarly, atezolizumab in combination with nab-paclitaxel and carboplatin also showed a significant and meaningful improvement in OS compared with chemotherapy in the same population (6). For patients with advanced squamous cell lung cancer, atezolizumab plus nab-paclitaxel and carboplatin failed to prolong OS versus chemotherapy alone. However, there was a trend towards longer OS with atezolizumab plus nab-paclitaxel and carboplatin in the PD-L1-high subgroup (7). More recently, the phase III IMpower 110 trial showed that atezolizumab monotherapy outperforms chemotherapy for NSCLC patients with high PD-L1 expression, irrespective of histologic type (8). Therefore, both atezolizumab monotherapy or atezolizumab plus chemotherapy could be treatment options for patients with advanced NSCLC and high PD-L1 expression, defined as either greater than 50% PD-L1 expression in the tumor cells (TC) or greater than 10% PD-L1 expression in immune cells (IC) under SP142 PD-L1 immunohistochemistry (IHC) assay (PD-L1 TC3/IC3). Currently, whether the subtraction of chemotherapy from atezolizumab plus chemotherapy could be non-inferior is controversial owing to the lack of head-to-head comparisons.

As such, we estimated the efficacy and safety of atezolizumab plus chemotherapy versus atezolizumab alone for the first-line treatment of advanced NSCLC patients in a PD-L1 TC3/IC3 subgroup through an indirect comparison meta-analysis.



Methods


Study Eligibility

This meta-analysis was prepared and written following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement. From the PubMed, EMBASE, and Cochrane Central controlled trial registries, we identified qualified randomized controlled trials that compared atezolizumab plus chemotherapy or atezolizumab alone with chemotherapy for first-line treatment of advanced NSCLC patients. We searched for studies using keywords including atezolizumab, PD-1, PD-L1, non-small cell lung cancer, and randomized controlled trial (Supplemental Methods). We also searched abstracts from major conferences of the American Society of Clinical Oncology (ASCO), the European Society of Medical Oncology (ESMO), the American Association for Cancer Research (AACR), and the World Congress on Lung Cancer (WCLC). These clinical studies were limited to those published in English before October 1, 2020.



Data Extraction

Data were extracted with a pre-determined information table. The primary results of this study included PFS, OS, ORR, and TRAEs. We derived the hazard ratios (HRs) and 95% confidence intervals (CIs) for OS and PFS, and the dichotomous data for ORR and TRAEs. Other items included the design of the trial, the number of patients registered, the year of publication or conference presentation, the median follow-up time, the clinical pathological characteristics of the patients, including histology, ECOG score, smoking status, and PD-L1 expression.



Data Analyses

Direct comparisons were conducted between arm A (atezolizumab plus chemotherapy) against arm B (chemotherapy), and arm C (atezolizumab) against arm B (chemotherapy). The pooled measurement of PFS and OS were shown with HRs, 95% Cis, and P values calculated by the inverse-variance-weighted method, while the estimation of ORR and TRAEs were pooled with the relative risks (RRs), 95% Cis, and P values via the Mantel Haenszel method. Fixed-effect or random-effect models were based on the heterogeneity between studies.

Indirect comparison between arm A and arm C was bridged by arm B. The adjusted indirect comparison was calculated by the following formula (9): log HRAB = log HRAC-log HRBC. The standard error (SE) for the log HR was SE (logHRAB) =  . RR was calculated similarly to the above method. HR < 1 or RR > 1 demonstrates that atezolizumab plus chemotherapy is superior to atezolizumab alone, and vice versa. All statistical analyses were performed using STATA (version 12.0). Statistical significance was defined as a two-sided P < 0.05.




Results

The PRISMA flow diagram of our meta-analysis was shown in Figure 1. The quality assessment of risk of bias was presented in Supplemental Table 1. In total, five trials involving 616 patients fulfilled the predefined inclusion criteria. The principal characteristics and outcomes of the included trials were summarized in Table 1. In all clinical trials, patient characteristics between the experimental and control groups were well balanced. Patients with non-squamous NSCLC were recruited in three trials, one for squamous NSCLC and the other one for both histologies. Four trials compared atezolizumab plus chemotherapy versus chemotherapy and one trial compared atezolizumab alone versus chemotherapy. Additionally, IMpower130 study was a three-arm randomized trial that investigated atezolizumab with or without bevacizumab, an inhibition of vascular endothelial growth factor, plus chemotherapy versus chemotherapy alone. According to practice guidelines, all five trials were treated with standard-of-care chemotherapy regimens. The median follow-up time ranged from 15.7 to 28.4 months. PFS, OS, and AE information were provided for all five trials; however, ORR data was not reported in IMpower 130. The PD-L1 expression on tumor cells and tumor-infiltrating immune cells were measured by the SP142 IHC assay (Ventana Medical Systems). The safety summary was presented detailed in Table 2.




Figure 1 | PRISMA flow diagram of the meta-analysis.




Table 1 | Baseline characteristics and available endpoints of PD-L1 TC3/IC3 WT patients in included trials.




Table 2 | Safety summary.




Direct Meta-Analysis

Significant difference of ORR was observed in favor of atezolizumab plus chemotherapy versus chemotherapy (RRatezo + chemo/chemo 1.49, 95% CI 1.20–1.85; Z = 3.62, P＜0.001). And in terms of atezolizumab versus chemotherapy, the pooled RR was 1.33 (RRatezo + chemo/chemo 1.34, 95% CI 0.90–1.99; Z = 1.46, P = 0.145) (Figure 2A). For PFS, atezolizumab plus chemotherapy significantly reduced the risk of disease progression or death compared with chemotherapy (HRatezo + chemo/chemo, 0.42; 95% CI 0.33–0.54; Z = 7.09, P = 0.001). In addition, atezolizumab monotherapy was also correlated with longer PFS versus chemotherapy (HRatezo/chemo = 0.63; 95% CI, 0.45–0.88; Z = 2.70, P = 0.007) (Figure 2B). In terms of OS, compared with chemotherapy, both atezolizumab plus chemotherapy (HRatezo+ chemo/chemo = 0.65; 95% CI, 0.49–0.86; Z = 2.97, P = 0.003) and atezolizumab monotherapy (HRatezo/chemo = 0.59; 95% CI, 0.40–0.89; Z = 2.59, P = 0.010) significantly reduced the risk of death (Figure 2C).



Indirect Meta-Analysis

The correlation of indirect analysis was shown in Figure 2D. The results showed that the efficacy of the atezolizumab combined chemotherapy group was not superior to that of the atezolizumab monotherapy including ORR (RRatezo + chemo/atezo 1.11, P = 0.645) and OS (HRatezo+ chemo/atezo 1.10, P = 0.695). In addition, atezolizumab combined with chemotherapy did not show a significant difference in PFS compared with atezolizumab monotherapy in terms of PFS (HRatezo + chemo/atezo = 0.67, P = 0.056).




Figure 2 | Direct comparisons and indirect comparisons of efficacy between Atezolizumab (Atezo) plus chemotherapy versus Atezolizumab for patients with high PD-L1 expression. (A–C) showed the forest plot of RR and HR directly comparing ORR (A), PFS (B), and OS (C) between Atezo plus chemotherapy or Atezo alone. The size (square) of the data marker corresponds to the weight of the study in the meta-analysis. The horizontal line across the square represents 95% confidence interval (CI). Based on the meta-analysis, the diamond represents the overall effect of the estimation. (D) showed the results of indirect analysis for ORR, PFS, and OS between Atezo plus chemotherapy and Atezo. Solid lines represented the existence of direct comparisons between treatment regimens, while the dotted line represented the indirect comparison between Atezo plus chemotherapy versus Atezo. All statistical tests were two-sided.



The rate of all grades (RR, 1.06; 95% CI, 1.29-1.61) and ≥ grade 3 (RR, 4.23; 95% CI, 3.02-5.91) TRAEs were both significantly higher in atezolizumab plus chemotherapy than those in the atezolizumab monotherapy group (Figure 3). Additionally, the rate of TRAEs leading to drug discontinuation occurred more frequently in those receiving atezolizumab plus chemotherapy than in those treated with atezolizumab monotherapy (RR, 3.60; 95% CI, 2.10-6.18). Treatment-related deaths were similar between atezolizumab alone and atezolizumab with chemotherapy groups (RR, 1.49; 95% CI, 0.62-3.58).




Figure 3 | Indirect comparisons of safety between Atezolizumab (Atezo) plus chemotherapy versus Atezolizumab for patients. The forest plot showed RRs for TRAEs between Atezo plus chemotherapy versus Atezo alone. The horizontal line crossing the square represents the 95% confidence interval (CI). The diamonds represent the estimated overall effect, based on the meta-analysis.






Discussion

To the best of our knowledge, this is the first study to compare the efficacy and safety of atezolizumab plus chemotherapy and atezolizumab monotherapy in advanced NSCLC patients with high PD-L1 expression through indirect analysis. This hypothesis-generating meta-analysis showed that atezolizumab monotherapy was non-inferior to atezolizumab plus chemotherapy as a first-line treatment for patients with advanced NSCLC and PD-L1 TC3/IC3 expression. Unsurprisingly, patients receiving atezolizumab monotherapy experienced fewer TRAEs than those receiving combination therapy.

Currently, atezolizumab in combination with carboplatin plus nab-paclitaxel or with bevacizumab, carboplatin, and paclitaxel have been officially approved as a first-line treatment for metastatic non-squamous NSCLC lacking EGFR mutation or ALK rearrangements, based on the OS benefit over their comparator chemotherapy alone (5, 6). For squamous cell lung cancer, atezolizumab plus chemotherapy was significantly associated with prolonged progression-free survival, though this was not translated into overall survival benefit. Yet, there was a tendency towards improved OS with the atezolizumab plus chemotherapy group for patients with high PD-L1 expression (HR, 0.56; 95% CI, 0.32-0.99) (7). These results indicate the atezolizumab plus chemotherapy might yield survival benefit for patients with advanced NSCLC and high PD-L1. We confirmed this observation by conducting a direct meta-analysis of randomized controlled trials. The results showed that atezolizumab plus chemotherapy outperforms chemotherapy in terms of ORR (RR, 1.49; 95% CI, 1.20-1.85), PFS (HR, 0.42; 95% CI, 0.33-0.54), and OS (HR, 0.65; 95% CI, 0.49-0.86). Theoretically, combining immune checkpoint inhibitors with chemotherapy could achieve additive anti-tumor activity compared with ICIs alone: chemotherapy enhances the recognition and elimination of tumor cells by the host immune system; moreover, chemotherapy might optimize the tumor immune microenvironment (10–13). However, these combinatory strategies are challenged by their higher risks of TRAEs, discontinuation rates, and economic cost (14, 15). It is of important clinical significance to explore biomarkers to select the subgroup of NSCLC patients benefiting from chemotherapy-free treatment options. Among them, PD-L1 expression was the most extensively studied biomarker (2, 16, 17). A previous study found that, for patients whose tumoral PD-L1 expression stained by 22C3 clone was 50% or more, pembrolizumab plus chemotherapy produced better ORR and PFS than pembrolizumab alone. However, the OS was not different between pembrolizumab plus chemotherapy and pembrolizumab alone (3). This implies that the upfront application of chemotherapy for the combination with immunotherapy could lead to short-term clinical benefit but not OS benefit. For atezolizumab, the phase II clinical trial BIRCH has also demonstrated atezolizumab monotherapy was associated with good tolerability and efficacy in patients with PD-L1-selected advanced NSCLC across lines of therapy, especially in PD-L1 TC3/IC3 patients (16). Based on the promising results of BIRCH, the randomized controlled phase III IMpower110 study were conducted to evaluate the efficacy and safety of atezolizumab monotherapy as the first-line treatment in PD-L1 selected patients. Encouragingly, the final OS analysis of IMpower110 indicated atezolizumab monotherapy showed statistically significant and clinically meaningful OS, PFS, ORR, and duration of response (DOR) improvement in the TC3/IC3 population compared with platinum-based chemotherapy (4). Therefore, single-agent atezolizumab has been approved as one of the preferred first-line regimens for patients with metastatic NSCLC and a high PD-L1 expression. Considering these results, it is difficult to decide whether patients with high PD-L1 could benefit more from atezolizumab in combination with chemotherapy or atezolizumab alone. In light of the lack of such head-to-head comparisons and the urgent need for this evidence to guide clinical practice, we performed this indirect comparison for atezolizumab plus chemotherapy and atezolizumab as a single agent.

Our pooled analysis shows that the addition of chemotherapy to atezolizumab was not beneficial compared with atezolizumab alone in terms of OS (HR 1.10, P = 0.695). Additionally, the outcomes of ORR and PFS seem favorable in the combined treatment group, but the difference was not significant (ORR: RR, 1.11, P = 0.645; PFS: HR, 0.67, P = 0.056). However, the rate of all grades (RR, 1.06; 95% CI, 1.29-1.61) and ≥ grade 3 (RR, 4.23; 95% CI, 3.02-5.91) TRAEs were both obviously higher in the combination group. These results further provide support for the recommendation from NCCN that patients with advanced NSCLC and high PD-L1 could be treated preferentially by atezolizumab monotherapy rather than in combination with chemotherapy.

Our results support the predictive role of PD-L1 TC3/IC3 in the selection of advanced NSCLC patients who would benefit from single-agent atezolizumab to some extent. The underlying explanation of the lack of addictive benefit from the combination of chemotherapy to atezolizumab may include the following. Firstly, the subgroup of patients with PD-L1 TC3/IC3 possesses a specific tumor microenvironment where the tumor cells themselves and the surrounding immune cells collectively suppressed CD8+ cytotoxic T lymphocytes (CTLs)-mediated immune surveillance and attacked their high PD-L1 expression. Therefore, by removing the interaction between PD-1 and PD-L1, atezolizumab could induce anti-tumor immunity to a greater extent. Besides, it is likely that chemotherapy could not trigger further anti-tumor immunity in PD-L1 TC3/IC3 patients because they are a “hot tumor” by nature.

The advantage of our work lies on the quality of the evidence extracted and applied in the meta-analysis. The origin data were obtained from five prospective randomized controlled trials involving more than 2000 patients. The antibody of immunotherapy and method of detecting PD-L1 expression are the same. Therefore, the meta-analysis could obviously reduce the heterogeneity between studies by collecting data, thereby overcoming the problem of insufficient strength of multiple experiments, which makes indirect analysis feasible to a certain extent. In addition, several limitations of the study should also be considered. Firstly, our meta-analysis is based on study-level data, but not individual patients’ data. The analyses could not be adjusted for patients’ characteristics. Secondly, due to the absence of a head-to-head comparison between atezolizumab and atezolizumab plus chemotherapy, such a comparison could only be made via an indirect meta-analysis. Such an approach will face methodological challenges. However, we believe the quality of the included trials and the similarity between the comparative populations together make the indirect comparison more convincing (9). Finally, the data extracted in our meta-analysis are from subgroup analyses which means the sample is not large enough. Thus, the interpretation of our results requires extra caution. In view of these limitations, a randomized head-to-head trial will be urgently needed to directly compare the efficacy and safety between atezolizumab plus chemotherapy and atezolizumab alone.

Limitations aside, this study for the first time compared the efficacy and safety of atezolizumab plus chemotherapy with atezolizumab alone for advanced NSCLC. Atezolizumab monotherapy might be a preferred first-line treatment option for patients with advanced NSCLC and TC3/IC3 PD-L1 expression.
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Immune checkpoint inhibitors (ICIs) have been approved to treat patients with various cancer types, including lung cancer, in many countries. This study aims to investigate the effectiveness and safety of ICIs under different treatment conditions of non-small cell lung cancer patients. A population-based retrospective cohort study was conducted using the electronic health records of three medical centers in Taiwan. From January 01, 2016, to November 30, 2018, a total of 91 ICIs and 300 traditional chemotherapy users who had undergone stage III and IV lung cancer treatment were included in the study. We performed the randomized matched pair design by selecting a Chemotherapy subject for each ICI patient in the sample population. All subjects were monitored from the date of taking ICIs or chemotherapy drugs until the event of death, loss to follow-up, or were occurred with any defined adverse events. Kaplan-Meier estimators and cox proportional hazard regression models were used to compute the overall survival, efficacy, and safety of the ICIs group. The median overall survival (OS) in the ICI and Chemo groups after matching was 11.2 months and 10.5 months, respectively. However, the results showed no significant OS differences between ICIs and chemo groups for both before and after matching (HR,1.30; 95%CI, 0.68-2.46; p=0.428 before matching and HR,0.96; 95CI%, 0.64-1.44; p=0.838 after matching). We observed that with the higher amount of PD-L1, the length of the patients’ overall survival was (positive vs. negative PD-L1, HR,0.21; 95%CI, 0.05-0.80; p=0.022). The incidences of serious adverse drug events above grade 3 in the ICIs and traditional chemo groups were 12.7% and 21.5%, respectively. We also found that the number of AEs was less in ICIs than in the Chemo group, and the AEs that occurred after treatments were observed earlier in the ICIs compared to the Chemo group. ICIs drugs were observed to be safer than traditional chemotherapy as they had a lower risk of serious adverse drug events. It is necessary to pay attention to immune-related side effects and provide appropriate treatment. Furthermore, the patient’s physical status and PD-L1 test can be used to evaluate the clinical effectiveness of ICIs.




Keywords: effectiveness, immune checkpoint inhibitors (ICI), non-small-cell lung cancer (NSCLA), observational study, Taiwan



Introduction

Lung cancer is the most leading cause of cancer death worldwide, including in Taiwan (1, 2). Non-small-cell lung cancer (NSCLC) accounts for 85% of overall lung cancer patients (3, 4). In recent years, immune checkpoint inhibitors (ICIs) have been approved to treat patients with various cancer types in many countries (5, 6). Immunotherapy drugs work by blocking checkpoint proteins from binding with their associated proteins. Thus, it targets cancer cells to slow cells’ growth, prevent the cancer cell from spreading to other parts of the body, and increase the immune system’s effectiveness (6, 7).

Recently, clinical trials studies have reported that ICIs drugs (e.g., pembrolizumab, atezolizumab, and nivolumab) used independently or its combination with traditional chemotherapies in NSCLC patients were significantly associated with 2 to 4 months longer of overall survival (OS) or progression-free survival (PFS) compared to those used only platinum-based chemotherapy (8–10). Studies also showed that ICIs drug users significantly improved the objective response rate (ORR, 63.5% vs. 48%) (11); It, however, increased the number of adverse events (AEs) (e.g., AE of grade 3 and over, 55.7% vs. 47%) compared to chemotherapy users (9, 11) (see Table S1 in the appendix). Besides, NSCLC patients without EGFR/ALK mutations or patients with PD-L1 expression over 5% of tumor cells were observed with a significantly higher ORR and less AEs among ICIs drug patients than chemotherapy alone (12).

Furthermore, clinical trials had their limitations that could not be seen in clinical practice (e.g., patients with comorbidities, be short-time follow-up, analyze the long-term AEs associated with drugs, and patients with different genotypes, ethnic groups), may lead to being differences in the long-term effect and safety of drugs, especially for the immunotherapeutic results (5, 8, 9). Bagley et al. (13) showed NSCLC patients with nivolumab had a 19.4% ORR, the OS of 6.5 months, and the PFS of 2.1 months in the USA. Manrique et al. (14) and Oya et al. (15) conducted the study to observe the OS, SFS of patients treated with nivolumab in Spain and Japan, respectively. Lin et al. (16) and Hsu et al. (17) reported the studies in Taiwan among the patients with either pembrolizumab or nivolumab had 32% ORR, the OS ranged from 7.9 to 13 months, and the PFS ranged from 1.8 to 4.9 months. However, those studies reported with lack of information, such as no control group (i.e., chemotherapy), did not include new therapy ‘atezolizumab’.

Therefore, this study aimed to address these gaps by examining the effectiveness and safety of ICIs under various treatment conditions and investigate the factors associated with their efficacy and safety. We also discuss the similarity and variations between our real-world empirical results and those obtained in previous clinical trials.



Method


Study Design and Data Source

We conducted a retrospective cohort study by retrieving all patients were undergone treatments of non-small cell lung cancer (NSCLC) with stage III and IV from three medical centers in Taiwan, including National Cheng Kung University Hospital, Chi Mei Hospital, and China Medical University Hospital. We obtained the data of patients from three electronic medical records between 2016 and 2018. This study has been approved by the institutional review boards (IRBs) of the National Cheng Kung University Hospital. The data was anonymized and de-identified before the analysis.



Study Population

We identified patients diagnosed with lung cancer (International Classification of Disease, Tenth Revision, Clinical Modification [ICD-10-CM] codes C34), underwent treatments of NSCLC at stage III and IV from January 01, 2016, to November 30, 2018. We considered if patients had ever used immunological checkpoint inhibitors (ICIs) and those who had never used it in an analysis. Patients who had participated in any clinical trials and those who used more than two types of ICIs were excluded. Furthermore, patients with ages less than 20 years old were also excluded from the study.

Immunological checkpoint inhibitors (ICIs) drugs were classified as Anatomical Therapeutic Chemical (ATC) codes pembrolizumab (L01XC18), nivolumab (L01XC17), and atezolizumab (L01XC32) (see Table S1 in the appendix). Cancer patients had received ICIs drugs for more than 14 days, defined as the ICIs group, compared with those who only used chemotherapy drugs.

To mimic the bias between two comparison groups, we performed the randomized matched-pair design. For each ICI patient, we selected a Chemo subject in the sample population; the randomized matched pair was matched for sex, age, EGFR/ALK mutation, daily performance status score (ECOG: 0-1 or 2-4 points), treatment situation (first-, second-, or third-line, or later).



Main Outcome Measurements

All subjects were monitored from the date of taking ICIs or chemotherapy drugs. Data were censored at the date of death or the date of any adverse events (AEs) that occurred (e.g., Skin rash, fatigue/asthenia, colitis, diarrhea, hepatitis, constipation, pneumonitis, anorexia/decreased appetite, hypothyroidism, nausea, hyperthyroidism, vomiting, adrenal insufficiency, mucositis, and myositis) (Table S5 in the appendix), loss to follow-up, termination of insurance, or the end of the study at December 31, 2018.



Measurement of Covariates

We collected all information that might be associated with the mortality of studied patients. The data included demographic characteristics (e.g., age, sex, date of medical treatments, health performance status, smoking behavior status, HBsAg, and HCVAb), disease features (e.g., date of diagnosis, histology, stage, brain metastasis, EGFR/ALK mutation, and PD-L1 expression), and drug exposure information (e.g., line of treatments, drug types, a combination of chemotherapy, and baseline systemic steroid use). All covariates would include analyzing the effectiveness and safety of ICIs drugs in the study.



Statistical Analysis

We used the modified Kaplan-Meier and Gray methods (18) to compare the cumulative probabilities in competing for both ICIs and Chemo groups’ overall survival in both samples, before and after matching. The log-rank test was used to estimate the differences in the time to event between patients using ICIs and Chemotherapy. In addition, hazard ratios (HRs) with 95% confidence intervals (CI) associated with the ICIs group were computed using Cox proportional hazard regression in competing for risk of death. Besides, we analyzed the factors related to the effectiveness and safety of ICI drugs.

All data management was performed using SAS v.9.3 software (SAS Institute Inc.). The statistical significance was considered with a p-value <0.05.




Results


Basic Characteristics of Study Patients

We identified 391 potentially eligible NSCLC patients from three hospital datasets between 2016 to 2018, in which 91 patients were taken ICIs, and 300 patients were treated with chemotherapy drugs. After matching, 158 patients were included in the further analysis, in which 79 patients were in the ICIs, and another 79 patients were in the Chemo group (see Figure 1).




Figure 1 | Enrollment process of the study population.



Basic characteristics of study groups after matching were presented in Table 1. The mean (SD, standard deviation) age of patients in ICIs and Chemo groups were 63.9 (10.2) and 64.2 (10.2) years, respectively. Male NSCLC patients were observed more than female in both groups (i.e., 65.8% vs. 34.2%). In this study, the histological type of NSCLC patients was non-squamous cell carcinoma (i.e., 84.8% for ICIs and 81% for the Chemo group). For both groups, patients were at stage IV (91.1% for ICIs vs. 88.6% for Chemo), and most patients did not have brain metastases at the initial cancer diagnosis. In addition, the positive PD-L1 expression was observed higher in both ICIs and Chemo groups for those who performed the PD-L1 gene test. The detailed demographic characteristics of both groups by various treatment lines before matching has shown in Table S3 in the appendix.


Table 1 | Demographic characteristics of study population after matching.





Overall Survival Analysis of the Comparative Study Groups

Figure 2 showed the overall survival analysis between ICIs and Chemo group. The overall survival was observed no significantly in NSCLC patients with ICIs drugs compared to those with Chemotherapy drugs (HR, 0.96; 95% CI, 0.64 – 1.44; p=0.838) after matching (Figure 2D). Furthermore, we found that there were no statistically significant differences for overall survival between ICIs and Chemo groups by various treatment lines (first-, second-, third-line and over) before/after matching analysis (i.e., in the first-line, HR, 1.30; 95% CI, 0.68 – 2.46; p=0.428 before matching and HR, 1.11; 95% CI, 0.51-2.43; p=0. 796 after matching) (Figures 2A–C, and Table S4 in the appendix).




Figure 2 | Overall survival analysis of ICIs and Chemo groups. (A) Overall survival analysis of the first-line group before matching; (B) Overall survival analysis of the second-line group before matching; (C) Overall survival analysis of those patients at third-line and over before matching; (D) Overall survival analysis of both ICIs and Chemo groups after matching; Hazard ratios were adjusted for histological types, tumor stage, brain metastasis, and PD-L1 expression variables in the cox-regression model.





Multivariable Stratified Analysis for the Efficiency and Safety of ICIs Drugs

Table 2 showed the risk of death for the ICIs group after matching stratified by different factors. Patients with better performance status scores had a slightly reduced risk of death (i.e. 0-1 vs. 2-4, HR, 0.21; 95% CI, 0.05-1.01; p=0.051), while patients used steroid drugs had an increased risk of death (i.e. used vs. non-use, HR, 2.88; 95% CI, 0.92-9.07; p=0.071). We found that patients with positive PD-L1 expression gene tests had a significantly decreased risk of death than those with negative test results (HR, 0.21; 95% CI, 0.05-0.80; p=0.022). The detailed information of patients with ICIs drugs had shown in Table S2 in the appendix.


Table 2 | ICIs drugs use and its association with overall mortality by different covariatesa.



Figure 3 showed the adverse events (AEs) for the ICIs group stratified by different factors. We observed that patients who used ICIs combined with chemotherapy drugs had significantly higher adverse events than those who did not use combination drugs (HR, 7.16; 95% CI, 1.54-33.4; p=0.012). However, we also found that the number of AEs was less in ICIs than in the Chemo group, and the AEs that occurred after treatments were observed earlier in ICIs compared to the Chemo group (7 vs. 13 months) (Table S5 and Figure S1 in the appendix).




Figure 3 | ICIs drugs use and its association with grade 3 and over adverse events by different covariates. HR, hazard ratio; CI, confidence intervals.






Discussion

This study is the first observational study in Taiwan to compare the real-world effectiveness and safety of ICIs and traditional chemotherapy in the treatment of NSCLC. It considered NSCLC patients who used ICIs at three medical centers in Taiwan. The median overall survival in the first-line treatment setting was 14.4 months in the ICIs group and 17.4 months in the Chemo group. In the study, the median overall survival of the ICIs group was similar to the clinical trial results; the survival rate, however, was significantly longer in the Chemo group compared to those were in the clinical trial studies (17.4 vs. 11.3-14.7 months). The mortality risk ratio was 1.3 (95% CI, 0.68-2.46), with no significant between the comparative groups. The study subjects were Asian, with the proportion in the clinical trials was relatively low (1-19.4%) (19). Furthermore, studies have reported that Asian NSCLC patients have better survival prognoses and treatment responses than their non-Asian counterparts (20–22). A separate analysis of first-line chemotherapy among patients with NSCLC in Taiwan found that the median overall survival after treatment with different platinum-containing combined chemotherapy treatments ranged from 16.6 to 27.1 months (23), which is comparable to the results of the Chemo group in this study, suggesting that patients with NSCLC in Taiwan have reasonable survival rates with chemotherapy.

Furthermore, high PD-L1 expression (≥50%) is often used alone with pembrolizumab (9, 11), while low PD-L1 expression (<50%) has a better survival benefit when combined with pembrolizumab or atezolizumab and platinum-containing chemotherapy (24, 25). However, most of the drugs in the ICI group in this study were started before the relevant clinical trials were published; the treatment model was not consistent with the clinical trials, and the proportion of high PD-L1 expression (≥50%) was not as high as those in clinical trials.

Besides, we observed that it might take about three months or more from the start of ICIs to the response (10, 26–28), and the response pattern is different from that with chemotherapy. The immune system’s particular mechanism induced by ICI causes the treatment response to persist until the drug is discontinued. It may even cause temporary deterioration of the tumor due to the temporary infiltration of immune cells. The tumor may begin to shrink after the disease has been observed to worsen (29, 30). However, the ICI group’s median observation period in this study was only 3.94 months, which may not have been long enough to track the occurrence of treatment response.


Survival Trend in Different Treatment Lines

In the second-line and third-line treatment settings, the median overall survival in the ICI group was about two months longer than that in the Chemo group (second-line: 11.3 vs. 9.5 months, HR: 0.76, P = 0.46; third-line or later: 10.8 vs. 8.6 months, HR: 0.84, P = 0.39). Although there were no statistically significant differences, a better survival trend was observed in the ICI group. The second-and third-line subjects in this study were more likely to carry EGFR or ALK mutations, especially in third-line or later treatments. Studies have suggested that the use of second-line ICIs alone in treating lung cancer patients with EGFR mutations does not lead to good survival benefits (31, 32). Good outcomes might be achieved when combined ICIs with chemotherapy. Chemotherapy is generally considered to have only immunosuppressive effects, such as bone marrow suppression or hemocytopenia. However, recent studies have found that chemotherapy may have immunomodulatory properties, which can be induced by the tumor microenvironment from the immune desert or immune excluded to a state conducive to the role of immune cells (33). Even if the proportion of patients with EGFR or ALK mutations increases, chemotherapy may provide some survival benefits (34).



The Effectiveness and Safety of ICIs Drugs

Past clinical trials and observational studies have mentioned better physical performance status and high PD-L1 expression as factors that reduce death risk (16, 35, 36). In this study, PD-L1 expression was analyzed using stratification; Although there were no statistically significant differences, it was observed that the higher amount of PD-L1, the longer of the patient’s overall survival was. In a past Taiwan cohort study (16), 74 patients with advanced NSCLC treated with pembrolizumab or nivolumab alone were analyzed by stratifying PD-L1. The median overall survival also showed the same increasing trend found in this study (PD-L1 ≥50%, not reached; PD-L11-49%, 10.5 months; PD-L1 <1%, 13.2 months; p = 0.217). The results confirmed that PD-L1 expression could be used as an evaluation index for the clinical selection of drugs. It is worth noting that this study included more patients with poor physical performance (PS≥2, 36/74, 48.6%), where the ICI was third-line or later, accounting for 70%. The median overall survival of all patients was 7.9 months, which was worse than the overall survival of all patients in this study’s ICI group (11.2 months).

Regarding the effects of steroids on ICIs, a real-world study of patients with NSCLC in the USA used pembrolizumab, nivolumab, atezolizumab, or durvalumab alone at two cancer centers compared the effectiveness of oral or injectable steroids in the first 30 days of use of ICIs. Steroids reduce not only overall patient survival but also treatment response and non-deteriorating survival (37).

Hepatitis patients are usually excluded from clinical ICI trials. However, Taiwan is a region with a high prevalence of hepatitis B. There is insufficient data on the effectiveness of ICI in patients with cancer and hepatitis B. According to the stratified survival analysis results in this study, the overall survival of patients with hepatitis B was significantly lower. Chronic infection may inhibit the role of T cells, thereby reducing the effect of drug-induced immunity (38). Thus, clinicians should carefully evaluate the suitability of immunotherapy for cancer patients with comorbid hepatitis.

Safety results reported in the clinical trials have shown that ICIs cause fewer serious adverse drug events than chemotherapy. This study confirmed this finding, but the between-group differences were not significant (ICIs: 10 patients, 12.7% vs. Chemo: 17 patients, 21.5%). The type of adverse events in the ICI group were mainly immune-related side effects. The common types were pneumonitis and skin rash, similar to past clinical trials and observational studies (39, 40). In addition, this study found that adverse events in the two groups occurred early in the treatment. Even the Chemo group had the most occurrences within one month of starting the treatment, with no significant between-group differences. Past literature indicates that most immune-related side effects occur within six months after medication (41). The adverse events observed in the ICI group in this study all happened within seven months after initiation of treatment and showed similar results. Besides, in terms of the type of immune-related side effects, in the past, the skin and gastrointestinal tract were found to be the earliest affected organs, followed by the liver, lungs, and endocrine system (41, 42). However, due to the small number of incidents and the short observation period, the same performance trend was not observed in this study. Therefore, we need to include more patients and extend the observation period to confirm the adverse event performance of ICIs.

There have been no published studies comparing the safety of ICI alone with concurrent chemotherapy in NSCLC. However, one network integration analysis included four Phase III clinical trials of the first-line pembrolizumab, which indirectly compared the adverse event risk of pembrolizumab with grade 3-5 combined with chemotherapy alone. The results also showed that the risk of concomitant use significantly increased the risk of adverse events compared to a single-use (RR 2.14, 95% CI 1.50-3.05; P <0.001) (43).



Limitations

This study has the following limitations. First, the number of patients in the ICI group was less may affect the outcomes. The ICI was licensed as early as December 2015, Taiwan Health Insurance did not cover it until April 2019. All patients have to pay for ICIs at their own expense before payment is approved. These drugs are expensive and require continuous treatment until the disease worsens or severe intolerable side effects occur (44). Even if the patient is expected to experience an excellent therapeutic effect (such as high PD-L1 expression), the enormous economic burden makes the number of patients willing to accept treatment with ICIs low.

Second, the data source of this study was the electronic medical records from three medical centers. Some items had to be evaluated by a clinician, such as physical performance scores, adverse drug events, severity, etc. Data collection may have been incomplete because the patient did not report ultimately, or the medical records were not noted with this data. In addition, the PD-L1 detection rate of this research object was low, and more test data is needed further to verify the impact of performance on overall survival.

Third, this study’s observation period was relatively short, especially in the ICI group, because nearly 41% of the patients started taking medication in 2018, and the median observation period was less than one year. Since most of the ICI clinical trials for NSCLC were published from 2016 to 2018 (10, 11, 45), the patients’ treatment model in the ICI group did not fully follow the clinical trials’ conclusion not show the actual effectiveness of the drug.




Conclusion

The overall survival of patients with advanced NSCLC in Taiwan using ICIs was not significantly better than that for patients undergoing traditional chemotherapy, regardless of where it was a first-line or subsequent treatment. It was also observed that ICIs drugs have a lower risk of serious adverse drug events than traditional chemotherapy, which indicated that they are safer. Nevertheless, ICI combined with chemotherapy may increase the risk of occurrence of adverse events. Therefore, it is still necessary to pay attention to immune-related side effects and provide appropriate treatment as soon as possible. Furthermore, the patient’s physical status and PD-L1 test can be used to evaluate the clinical effectiveness of ICIs. Patients with hepatitis B receiving ICI and using systemic steroids at the beginning of treatment need to be carefully monitored for possible adverse reactions.
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The axis of Programmed cell death-1 receptor (PD-1) with its ligand (PD-L1) plays a critical role in colorectal cancer (CRC) in escaping immune surveillance, and blocking this axis has been found to be effective in a subset of patients. Although blocking PD-L1 has been shown to be effective in 5–10% of patients, the majority of the cohorts show resistance to this checkpoint blockade (CB) therapy. Multiple factors assist in the growth of resistance to CB, among which T cell exhaustion and immunosuppressive effects of immune cells in the tumor microenvironment (TME) play a critical role along with other tumor intrinsic factors. We have previously shown the polyketide antibiotic, Mithramycin-A (Mit-A), an effective agent in killing cancer stem cells (CSCs) in vitro and in vivo in a subcutaneous murine model. Since TME plays a pivotal role in CB therapy, we tested the immunomodulatory efficacy of Mit-A with anti-PD-L1 mAb (αPD-L1) combination therapy in an immunocompetent MC38 syngeneic orthotopic CRC mouse model. Tumors and spleens were analyzed by flow cytometry for the distinct immune cell populations affected by the treatment, in addition to RT-PCR for tumor samples. We demonstrated the combination treatment decreases tumor growth, thus increasing the effectiveness of the CB. Mit-A in the presence of αPD-L1 significantly increased CD8+ T cell infiltration and decreased immunosuppressive granulocytic myeloid-derived suppressor cells and anti-inflammatory macrophages in the TME. Our results revealed Mit-A in combination with αPD-L1 has the potential for augmented CB therapy by turning an immunologically “cold” into “hot” TME in CRC.
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Introduction

Colorectal cancer (CRC) is the third most common cancer in men, the second most common in women, and the second most common cause of cancer-related deaths in the USA (1). With an estimated 5% lifetime risk, CRC is one of the malignant cancers whose 5-year survival rate is poor when patients are diagnosed at a late stage (2, 3). Microsatellite instability (MSI) plays a pivotal role in CRC stages and arises due to deficiencies in the DNA mismatch repair system, causing insertion, deletion, or misincorporation of nucleotides in the DNA (4). Recent advances in checkpoint blockade (CB) therapy for microsatellite instability (MSI) positive CRC patients have shown dramatic response for patients with high MSI (MSI-H) (5). Current FDA-approved combination immunotherapy drugs used for metastatic CRC are ipilimumab (Yervoy) and nivolumab (Opdivo) for patients with MSI-H (6, 7). However, single-agent checkpoint inhibitors do not show response in CRC patients with microsatellite stable (MSS) carcinomas, which comprise the majority of the aggressive CRCs with poor outcomes (5, 8).

Programmed death-1 (PD-1) is a checkpoint molecule that is highly expressed on tumor-infiltrating T cells. PD-1 ligand (PD-L1) is variably expressed on tumor cells and tumor-infiltrating antigen-presenting cells and is considered a negative prognostic marker (9). Engagement of PD-1 with PD-L1 suppresses T cell response and inhibits anti-tumor immunity (10). Hence, attempts are made to use checkpoint blocking antibodies against PD-1/PD-L1 as promising immunotherapy in CRC treatment. Unfortunately, patients with MSS showed 0% response to anti-PD-1 CB therapy (5, 11).

PD-L1 is a transmembrane protein belonging to the B7 family of the Ig superfamily and are expressed on lymphocytes (B and T), NK cells, dendritic cells, as well as IFN-γ stimulated monocytes, epithelial cells, and endothelial cells (12). Engagement of PD-L1 with PD-1 leads to inhibition of both T cell proliferation and cytokine production (8, 13). Thus, PD-L1 is thought to play an essential role in tumor immune evasion. Further, elevated PD-L1 expression has been found in some tumors resulting in increased resistance of tumor cells to CD8+ T cell-mediated lysis (9). Thus, inhibiting PD-L1 with its antibody forms one of the bases of CB therapies. However, as the application of CB monotherapy has failed in MSS patients, combination approaches with chemo-drugs hold potential as a sensitizer to anti-tumor immune cells along with immune modulation (5). Also, combination therapies can lead to increased immune T-cell infiltration, which is generally found in MSI patients responsive to the treatment (4). As a result, combination chemotherapy strategies are evolving with CB for the treatment of metastatic CRC (14, 15).

The tumor microenvironment (TME) is infiltrated with immunosuppressive myeloid-derived suppressor cells (MDSCs) that constitute part of the myeloid regulatory network (16). In CRC, these cell types along with tumor-associated macrophages (TAMs) play a pivotal role in tumor immune evasion to cue the immune surveillance to bypass recognition of the tumor as foreign (16, 17). Therefore, they are often recruited to the TME, expanding and suppressing anti-tumor immunity (18).

Mithramycin A (Mit-A) is a polyketide antibiotic which is proven to bind to the minor groove of DNA and thus it inhibits the binding of the transcription factor SP1 with the DNA (19). Therefore, Mit-A potently inhibits the transcription factor, SP1, which is involved in chemoresistant cancers (20, 21). Moreover, it has been found to sensitize tumor cells to TRAIL-mediated apoptosis via XIAP-gene promoter downregulation via its SP1 sites (22). Recently, we have demonstrated Mit-A can specifically target cancer stem cells (CSCs) by inhibiting CSC proliferation when tested in mouse and human colon cancer tumor organoid (tumoroid) cultures (both in vitro and ex vivo) and in vivo (23).

We reasoned, that combining Mit-A with CB could increase the latter’s effectiveness in the complex milieu of TME. Since immunosuppressive cells such as MDSCs and TAMs contribute to reduced T cell infiltration and activation (24), we reasoned that this combination might target the PD-L1 on the tumor cells and the MDSC and TAM and thus promote anti-tumor immune activation. Since the PDL1 promoter region has been found to serve as a binding site for SP1 in gastric cancer and rs10815225 polymorphism is related to the overexpression of PD-L1 (25), we reasoned Mit-A (an SP1 inhibitor) could influence the PD-L1 expression in TME. In this context, we were interested in studying the effects of Mit-A treatment on the immune cells such as for MDSC and macrophage-mediated immunosuppression in the TME. We hypothesized that treatment of tumor cells with Mit-A would lead to sensitization to αPD-L1 therapy, thus increasing the efficacy of the PD-L1 CB. To test our hypothesis, we used an MC38 (p-53 mutant, K-RAS wild-type, MSI-H) orthotopic tumor-bearing mouse model and treated it with Mit-A combined with αPD-L1 mAb. We demonstrated treatment with Mit-A significantly increases the latter’s effectiveness by upregulating the PD-L1 of the granulocytic MDSCs and tumor cells, thus making them more susceptible to inhibition by anti-PD-L1 therapy. The inhibition of immunosuppressive cells leads to an increase of TME infiltration by anti-tumor T-cells. Based on these findings, we suggest that Mit-A can increase the efficacy of CB combination therapy.



Materials And Methods


Antibodies and Reagents

All reagents and antibodies are listed in
Tables 2A, B
; Supplementary Figure 4. Gibco Dulbecco’s Modified Eagle Medium (DMEM), L-glutamine, Fetal bovine serum (FBS) were purchased from Thermo Fischer Scientific. Mycoplasma kit was purchased from Lonza.



Cell Culture and Drug Treatments

MC38 cells (colon carcinoma epithelial cells derived from C57BL/6 mice; wt-KRAS, MSI-H, and p-53 mutant) were provided by Dr. Shari Pilon-Thomas (Moffitt Cancer Center) and were cultured in DMEM medium containing 2 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 mg/ml streptomycin, and 10% FBS. CT26 cells were maintained in complete RPMI media (100 U/ml penicillin, 100 mg/ml streptomycin, and 10% FBS). HT29 and HCT116 were maintained in McCoy’s complete media as per ATCC. All cells were maintained in an atmosphere containing 5% CO2 and at 37°C. Besides, cells were routinely checked for mycoplasma contamination. MC38-Luc stable cells were created in-house following the standard transfection and G418 selection protocol. These cells were derived from MC38 cells as detailed earlier. Briefly, MC38 cells plated in 24-well cell culture-treated plates, grown to 70–80% confluency were transfected with the luciferase gene (Addgene) using Lipofectamine® 3000 (Invitrogen). Post 48 h of transfection, the cells were treated with selection antibiotic (G418) (Geneticin, Gibco, Invitrogen) (concentration—400 µg/ml obtained by antibiotic kill curve). Positive and negative control was maintained. Transfected cells were transferred to a 60 mm tissue culture plate. The cells were then plated in 96 well plates at 1 cell/well to form colonies from an individual cell. A suspension of 10 cells/ml was obtained by limiting dilution and forming colonies for 1–2 weeks. Single-cell colonies checked for luciferase activity. Next the clones were expanded to 6-well plates and then to tissue culture flasks. MC38-Luc clones were maintained in complete media with 400 µg/ml of G418 during cell culture.

For PD-L1 expressions analyses upon Mit-A treatment study, 1 × 105 and 0.75 × 105 HCT116 cells and 2 × 105 and 1.5 × 105 HT29 cells were grown as monolayer and tumoroids respectively. For monolayer, Mit-A was treated the next day (10 nM for HCT116 and 50 nM for HT29) and for tumoroid on Day 4 (25 nM for HCT116 and 100 nM for HT29). PD-L1 expressions were analyzed post 48 h of treatment with human PD-L1 and isotype control antibodies by Flow cytometry.



Tumoroid Culture

Polymeric nanofiber scaffold was prepared, sterilized in ethanol and used for tumoroid culture as previously described (22). Tumoroids were cultured in a humidified incubator at 37°C in a 5% CO2 atmosphere. 3D Tumoroid formation was assessed using fluorescent microscopy (Olympus BX51) after nuclear staining with Nuc Blue dye (Thermo Scientific).



Cell Viability Assay

Cell growth was quantified using the CellTiter-Glo® Luminescent Cell Viability (Promega, G7572) assay. For MC38 monolayer culture, 4,000 cells were plated in a 96-well plate and treated the next day with Mit-A as indicated (n = 3). For scaffold culture, 3,000 cells from tumor biopsies were plated in a 96-well plate in 50 µl volume to stabilize cells on the scaffold (n = 3). The next day, 150 µl of fresh media was added. On day 4 of plating, cells were treated with Mit-A and αPD-L1 antibodies. According to the manufacturer's protocol for biopsy monolayers, 48 and 72 h after treatment, Cell Titer Glo reagent was added with media (1:1 ratio). The luminescence signal was read by an illuminometer (Synergy H4 hybrid reader; BioTek) in an opaque plate. For biopsy scaffolds, on Day 6, a CellTiter-Glo assay was performed.



Annexin V

Annexin V assay of a monolayer of MC38 cell line and biopsies from orthotopic tumor-bearing C57BL/6 mice was performed to measure the early and late apoptosis upon treatment with Mit-A w/o αPD-L1 antibody. As discussed earlier, biopsy tumors were dissociated into a single cell suspension and plated in 6-well plates at a cell density of 1.5 × 105/well in 2 ml of complete media. MC38 cell line was also plated similarly with the same cell density in complete media. The next day, diluted stock (DMSO) of Mit-A (300 and 600 nM) w/o αPD-L1 antibody (20 µg/ml) in complete media was added to the wells for both the monolayers (cell line and biopsies) and Annexin V (APC) assay was performed in 1× binding buffer with DAPI post 72 h of treatment. Similarly, for scaffolds also the same protocol was followed post 72 h of treatment.



Co-Culture Experiments: Tumoroid-T Cell Coculture

Orthotopic MC38 biopsies were collected, dissociated with Miltenyi tumor dissociation kit and collected as a single cell suspension. Approximately 1.2 × 105 cells were plated on pre-sterilized scaffolds in 1 ml media per well in non-treated 6-well plates as per our in-house protocol (23). The next day (Day 1), 3 ml of media was added. On Day 4, CD8+T cells isolated from the spleen of naïve C57BL/6 female mice using CD8a+ isolation kit were CFSE stained following manufacturer’s protocol and activated with CD3/CD28 microbeads and added to the tumoroids in the ratio 1:1 and 1:6 in the presence of 30 U/ml of IL-2. Mit-A dissolved in DMSO was added to the scaffolds (600 and 800 nM) post T cell addition on the same day. Cells were collected post 72 h addition of Mit-A and stained with CD45, CD3, CD8 flow antibodies, and data collected in BD LSRII. Data analyzed by FlowJo software (version 10.). DAPI was used for live/dead staining. For positive and negative controls, activated and non-activated CFSE-stained CD8+T cells were plated separately in 6 well plates and treated with IL-2 similar to the scaffold cultures and analyzed post 72 h along with the Mit-A treated samples.



MDSC-T Cell Co-Culture

Spleen collected from C57BL/6 orthotopic tumor-bearing mouse was dissociated, lysed with ACK (Ammonium Chloride-Potassium) lysis buffer, and collected into a single-cell suspension. Next, CD11b+ cells were collected by positive selection using CD11b+ microbeads and LS column in a MidiMACs separator, stained with CD11b+ antibodies and sorted for Ly6G+ and Ly6G- cells using Ly6G-antibody and DAPI for live/dead staining in the FACS Melody cell sorter. Spleen from naïve C57BL/6 mice was made. Next, the CD8+ T cells were collected and stained with CFSE and activated using CD3/CD28 activation beads as mentioned earlier. Finally, the sorted granulocytes and monocytes were co-cultured in 96-well round-bottomed plates with the activated CD8+ T (in the presence of IL-2 (30 U/ml)) cells in the ratio 1:3 (MDSC : CD8+T cells) for the CD8+T cell proliferation activity studies for immunosuppressive effects of MDSCs on CD8+T cell activation/proliferation (26). On the same day, Mit-A (600 nM) w/o αPD-L1 mAb (20 µg/ml) was treated to the co-culture and cells collected post 72 h of treatment were analyzed by flow cytometry. For positive and negative controls, activated and non-activated CFSE-stained CD8+T cells were plated separately in 96-well round-bottomed plates and treated with IL-2 similar to the co-cultures and analyzed post 72 h with the Mit-A treated samples.



In Vivo Experiments

All experiments were performed in accordance with the IACUC of the University of South Florida. Orthotopic tumor model: Wild-type C57BL/6 mice (female, 6–8 weeks old; from Jackson Laboratory) mice were anesthetized with isoflurane inhalation and the cecum was exposed via a lower abdominal incision. Approximately 2 × 105 MC38-Luc cells suspended in 50 µl of PBS were injected subserosally using a 30-G BD insulin syringe under the microscope (Day 0). Mice were monitored regularly and surgical clips were removed on Day 7. Images captured every week post 1 week of tumor inoculation by in vivo imaging system (IVIS) (Xenogen; Perkin Elmer (Caliper Life Sciences) following intraperitoneal administration of D-Luciferin. The treatment regimen includes an equivalent amount of DMSO in PBS for vehicle control, 150 µg/mouse for IgG (isotype) and αPD-L1 mAb, 1 mg/kg of Mit-A with or without αPD-L1 in PBS. Initial and final mice body weights were taken.



Flow Cytometry

Spleens and tumors from in vivo experiments were harvested under sterile conditions. Tumors were sliced into 2–4 mm3 pieces post collection and proceeded for enzymatic digestion using the Miltenyi tumor dissociation kit. Tumors were dissociated into single-cell suspensions, RBCs (Red Blood Cells) were removed using an ACK lysing buffer. Spleens were made into single-cell suspension in PBS followed by lyses with ACK lysing buffer. Approximately 1 × 106 tumor cells and splenocytes were incubated with Zombie in PBS for 20 min in the dark at RT (room temperature), followed by washing at 300g for 3 min and subsequently washed with FACS buffer (PBS with 10% heat-inactivated FBS and 2mM EDTA) and stained with relevant antibodies (Abs) for 30 min on ice in FACS buffer followed by washing. For intracellular staining of Foxp3, cells were labeled with all other Abs first except Foxp3, fixed (with 1× Mouse Foxp3 Fixation Buffer), permeabilized (with 1× Mouse Foxp3 Permeabilization Buffer using manufacturer’s protocol). Next washed with FACS buffer and stained with Foxp3 Ab for 20 min at RT, followed by washing, re-suspending in FACS buffer and analyzing immediately using an LSRII flow cytometer (BD Biosciences) and data analyzed using FlowJo software (version 10).



Immunohistochemistry

Approximately 10-micron cryosectioned tumor samples were used for immunostaining. Sections were baked and boiled in antigen unmasking solution (Vector Laboratories Inc., Burlingame, CA; 1–100) for 45 min at 90°C. Post heat antigen retrieval, sections were treated with 3% hydrogen peroxide in water for 20 min, then the sections were blocked and permeabilized with 10% serum, 0.2% Triton X-100 in PBS for 1 h at RT. Following this, the sections were incubated with primary antibody solution (5% host serum, 0.1% Triton X-100 in PBS) at 4°C overnight. Following washing, sections were then sequentially incubated with biotinylated secondary antibody for 2 h at RT, avidin–biotin-peroxidase (ABC, 1:100 Vector Laboratories, Inc, Burlingame, CA) for 1 h at RT and DAB substrate solution (Vector Lab. Inc.) for 5 min. Finally, sections were washed, dried and cover-slipped with DPX mounting medium. All images including bright field ones were taken using a Keyence microscope (BZ-X710 Fluorescence microscope).



q-RT-PCR

Snap frozen tumor samples were homogenized in a lysis buffer and the total RNA was isolated using RNeasy Plus Mini kit (27) (Qiagen; Cat. no. 74134) followed by removing the residual DNA by treating with DNAse I. Using Maxima Enzyme and 5× Reaction Mix (Thermo Scientific), cDNA was prepared from 1 ug of RNA. With the cDNA, qRT-PCR was performed in CFX384 Touch Real-Time PCR Detection System (Bio-Rad). Reactions run in triplicates (n = 3) with cycles 95°C for 3 min, followed by 45 cycles of 95°C for 10 s, 60°C for 1 min and 72°C for 15 s with the reaction mixture containing 1 ul of 5× all-in-one SYBR-master mix, 2.5 ul of RNAse free water and 0.5 µl of primers (Table 1; Supplementary Figure 3) and 1 µl of cDNA. β-actin was run as an internal control for all the genes. Finally, ΔΔ−Ct values were calculated to measure each gene expression change.



Statistical Analysis

Data analyzed in Graphpad Prism (version 8). All quantitative data were analyzed through mean ± S.E.M (standard error of the mean) by Student’s t-test and One-way ANOVA (Fischer’s LSD test) as stated for each experiment.




Results


Mit-A Causes Increased Early Apoptosis in Combination With CB by Sensitizing Ex Vivo Tumor Biopsy Cultures to CB via Enhancing PD-L1 Expression

We have previously reported Mit-A acts as an inhibitor of CRC by targeting the CSCs (23). We aimed to determine whether Mit-A along with αPD-L1 can cause increased cell apoptosis using orthotopic tumor biopsies grown as monolayer culture and compared with MC38 cell line. Firstly, the cytotoxic effect of Mit-A was evaluated with CellTiter-Glo assay and compared with the traditional colon cancer drug 5-FU (5-Fluorouracil) for MC38 monolayer cells. IC50 value for Mit-A and 5-FU was found to be 409.7 ± 8.06 nM and 2.55 ± 0.63 μM (Supplementary Figure 1A) respectively. For MC38 biopsies, the IC50 of Mit-A was found to be 1.27 ± 0.12 μM demonstrating the biopsies to be more resistant to Mit-A compared to immortalized cell line (Figure 1A). In our previous work, we have demonstrated that our in-house FiSS (Fiber-inspired smart scaffold system) forms tumoroids and expands CSCs (23, 28). We utilized these tumoroid cultures grown with orthotopic biopsies (Supplementary Figure 1B) recapitulating the in vivo microenvironment to test the efficacy of our combination treatment regimen (Figure 1B). CellTiter-Glo assay revealed a significantly higher decrease in cell viability for the combination compared to the Mit-A treatment in tumoroid cultures (Figure 1B).




Figure 1 | Mit-A combined with CB causes increased early apoptosis by sensitizing the orthotopic tumor via increased PD-L1 expression. (A) Cell viability assay for monolayer cultures of MC38 cell line or biopsies from orthotopic tumors by CellTiter-Glo (Promega) post 48 h of Mit-A treatment. (B) Cell viability of MC38 tumoroids of orthotopic biopsies grown on scaffold. On Day 4 tumoroids were treated with Mit-A (250 nM) with or without αPD-L1 mAb (10 µg/ml) and Cell Titer Glo assay was performed 48 h post treatment. (C, D) Annexin V-binding assay of monolayer culture of MC38 tumor biopsies treated with vehicle, Mit-A with or without anti-PD-L1 (αPD-L1) mAb (20 µg/ml) (post 72 h of treatment) where (C) depicts the representative images of Annexin-V binding assay; (D) represents the percentage of cells from the Annexin V-binding assay undergoing early apoptosis (Q3). (E, F) Mit-A treatment sensitizes the MC38 biopsy leading to the increased expression of PD-L1 which was reversed upon addition of the αPD-L1 mAb treatment where (E) depicts the histogram from the flow analysis and (F) represents the bar graph plot of PD-L1 expression of MC38 biopsy monolayer cells treated with Mit-A (300 nM) and αPD-L1 mAb (20 µg/ml). (G, H) represent the PD-L1 expressions for HCT116 and HT29 cells grown as monolayer and tumoroids upon treatment with Mit-A (10 and 50 nM for HCT 116 and HT29 monolayer) and (25 and 100 nM for HCT116 and HT29 tumoroids), respectively. IC50 values were analyzed by non-linear regression analysis in Graphpad prism (version 8). Data analyzed as mean ± SEM by One-way ANOVA (Fischer’s LSD test); *p < 0.05, **p < 0.01, ***p < 0.001. A representative of two experiments is shown.



In order to understand whether loss of cell viability is due to apoptosis, an Annexin V-binding assay was performed. We found that a monolayer of MC38 biopsies treated with Mit-A (300 and 600 nM) with or without αPD-L1 mAb (20 µg/ml) showed a significant increase in early apoptosis post 72 h of treatment in a dose-dependent manner (Figures 1C, D). Furthermore, the PD-L1 expression was measured post 72 h of 300 nM of Mit-A with or without αPD-L1 (20 µg/ml) and an increase of 7% was found with Mit-A treatment which was reversed in the presence of αPD-L1 treatment (Figures 1E, F). These results suggest Mit-A sensitizes the tumor biopsy in part by increasing the PD-L1 expression, and causes enhanced early apoptosis upon combination treatment.

In order to understand whether the PD-L1 modulation is specific for MC38 cells or a general feature of epithelial cell lines we checked the PD-L1 expressions with/without treatment of Mit-A on two human other epithelial cell lines, HT29 (p53 mutant, K-RAS wild type, MSS) and HCT116 (p53 wild-type, K-RAS mutant, MSI). We observed a significant increase in the PD-L1 expression in HCT116 monolayer and tumoroid cultures upon treatment with Mit-A (10 and 25 nM) respectively (Figure 1G). Although not as pronounced as HCT116, a significant increase was observed in HT29 monolayer and scaffold when treated with Mit-A for 50 and 100 nM respectively (Figure 1H). The drug concentrations were chosen based on IC50 studies post 48 h of treatment (23). Thus, the modulation of PD-L1 is not restricted to MC38; Mit-A is shown to modulate in the human epithelial cell lines, HT29 and HCT116 that have been tested. Experiments with other epithelial cell lines are needed to find whether the PD-L1 modulation is a general feature of epithelial cells or not.



Mit-A Promotes CD8+T Cell Activation Ex Vivo in the Presence of Orthotopic Immunosuppressive Biopsy

Since the TME creates an immuno- suppressive effect on T cells, we aimed to determine whether Mit-A can reverse the immunosuppressive effects of the tumor milieu present in biopsy tumoroid-CD8+T cell co-culture. Orthotopic biopsy tumoroids were co-cultured with activated CD8+T cells (isolated from the spleen of naïve mice) in the presence of IL-2 at the 1:1 and 1:6 (tumoroid: CD8+T cell ratio) and the proliferation of the CFSE-stained CD8+T cells were measured post 72 h of Mit-A treatment. The proliferation of the activated T cells was hindered in presence of tumoroid reflecting the immunosuppressive effects of the biopsies grown on scaffolds, thus mimicking the TME. This inhibition of proliferation was reversed with Mit-A treatment and the effect was more pronounced with a 1:6 ratio compared to a 1:1 ratio (Figures 2A, B). The differences in the CD8+ T cell proliferation from the vehicle to the Mit-A (600 nM) treated groups for 1:1 and 1:6 ratio were 20.4 and 29.7%, respectively and that for 800 nM Mit-A were 18.7 and 27.3%, respectively. Thus, though there is significant increase in both the ratios, the change was more prominent in the 1:6 ratio compared to the 1:1 for both drug concentrations.




Figure 2 | Mit-A enhances proliferation of activated CD8+ T cells and reverses the immunosuppression of tumoroid culture and g-MDSCs in combination with αPD-L1 mAb treatment. (A, B) CD8+ T cells isolated from naïve C57BL/6 mouse spleen were stained with CFSE proliferation dye, stimulated using CD3/CD28 activation beads and co-cultured with biopsy tumoroid (on Day 4 of tumoroid culture) in presence of IL-2 (30 U/ml). Mit-A was added to the co-culture immediately post T cell addition at various ratios to tumoroid cultures and T cell proliferation assessed by flow cytometry 72 h post addition. CFSE plots are shown in (A) and percent T cell proliferation plotted in (B). (C, D) The sorted g-MDSCs isolated from the spleen of orthotopic MC38 tumor bearing mice were co-cultured with CFSE-labelled activated CD8+ T cells in 1:3 ratio (g-MDSC:T cells) in presence of Mit-A (600 nM) with or without αPD-L1 mAb (20 µg/ml). T cell proliferation was assessed by flow cytometry 72 h post treatment. CFSE plots are shown in (C) and percent T cell proliferation plotted in (D). Data analyzed as mean ± SEM by Student’s t-test. **p < 0.01, ***p < 0.001. A representative of three experiments is shown.





The Combination of Mit-A and αPD-L1 Suppresses the Immunosuppressive g-MDSCs and Reverses Their Suppressive Effect on T Cells

The TME becomes immunosuppressive through the activity of a diverse array of immunosuppressive immune cells, out of which MDSCs play a prominent role. Since MDSCs reprogram the tumor immunity by inhibiting T cell killing and other immunosurveillance (29), we reasoned that Mit-A would have an ameliorating effect in T cell activation. Since PD-L1 expression on MDSCs is known to have a suppressive effect on the immune response (17, 30), we tested whether the combination of αPD-L1 and Mit-A could reverse the mmunosuppressive effect leading to enhanced T cell proliferation. In this aspect, we performed a co-culture experiment where isolated CD11b+ cells from the spleen of an orthotopic tumor-bearing mouse were sorted for CD11b+Ly6G+Ly6Clow (granulocytic; g-MDSCs) and CD11b+Ly6G-Ly6C+ (monocytic; m-MDSCs) (Supplementary Figure 1C) and co-cultured with CD3/CD28 microbeads activated CD8+ T cells (from naïve mice spleen) in the ratio 1:3 (MDSC: T cell) and treated with Mit-A. Approximately 72 h post-treatment, T cell proliferation was found to be suppressed in the presence of the g-MDSCs which was reversed upon Mit-A treatment. The addition of αPD-L1 leads to a greater increase in T cell proliferation, thus revealing the effectiveness of the combination in tuning the T cell activation (Figures 2C, D). Mit-A was not found to increase the T cell proliferation in the presence of m-MDSCs (Supplementary Figure 1D), and neither the addition of αPD-L1 showed an increase in T cell proliferation (data not shown), suggesting that g-MDSCs are the potential targets for the proposed therapy.



The Combination of Mit-A and αPD-L1 Reduces the Tumor Burden in an Orthotopic Mouse Model and Arrests the Tumor Cell Proliferation

The therapeutic effect of Mit-A alone or in combination with αPD-L1 mAb was evaluated in vivo. To determine whether the combination of Mit-A with αPD-L1 mAb inhibits tumor growth and reduces the tumor burden, a luciferase reporter expressing MC38 (MC38-Luc) was injected subserosally in the cecum of the C57BL/6 mice in 50 µl of PBS. Treatment was initiated on Day 6 intraperitoneally and continued every alternate day where control group received vehicle (DMSO/PBS). Isotype and αPD-L1 groups received 150 ug/mouse of IgG and αPD-L1, respectively in PBS. Approximately 1 mg/kg of Mit-A was administered with or without αPD-L1 mAb in PBS (Figure 3A) (n = 4 mice per group). Tumor progression was monitored every week by bioluminescence using IVIS (Figure 3B). On Day 22, mice were sacrificed, tumors collected, weighed, and processed. No significant changes in the body weight were observed during the span of the experiment except for an increase in the weight of the control and IgG treated groups due to tumor growth. We found a significant decrease in tumor growth with Mit-A treatment. Combining it with αPD-L1 mAb resulted in a better tumor growth inhibition than the control and isotype. A reduction in the total flux of the IVIS images of the treatment groups demonstrated that the combination treatment led to higher tumor growth arrest compared to the rest of the groups (Figure 3C). We found significant decreases in the tumor growth in both the αPD-L1 mAb monotherapy and combination treatment groups compared to the isotype and vehicle controls. Although the combination group exhibited the most significant decrease in tumor growth, this difference between combination and αPD-L1 mAb treatment groups was not significant. The results aligned with the tumor growth images captured post sacrifice (data not shown). Histological (H & E) and immunohistochemical (Ki67) staining were performed in tumor sections following different treatments (Figure 3D). Tumors treated with the combination therapy were found to have the smallest tumors with significantly reduced Ki67 expression compared to the monotherapy treated groups and control (Figure 3E). We also tested our combination of Mit-A/αPD-L1 in CT26-bearing (murine colon cancer cell line (p53 wild-type, K-RAS mutant, MSS) subcutaneous tumor model in Balb/c mice. CT26 tumor model showed significantly decreased tumor growth compared to the control (vehicle) group and monotherapy groups (Supplementary Figures 5A, B).




Figure 3 | Combination of Mit-A and αPD-L1 reduces the tumor burden in orthotopic MC38 tumor-bearing mice. (A) Treatment scheme. Approximately 6 to 8 weeks old (female) wild-type C57BL/6 mice were anesthesized with isoflurane inhalation and the cecum was exposed via a lower abdominal incision. Approximately 2 × 105 MC38-Luc cells suspended in 50 µl of PBS were injected subserosally using 30-G BD insulin syringe under the microscope (Day 0). On Day 6, the mice were divided into five groups and treatments were initiated (i.p.) every alternate day (n = 4/per group). The control group received the vehicle (PBS + DMSO), Mit-A group received 1.5 mg/kg/mice, isotype and anti-PD-L1 groups received 150 µg antibodies in PBS/mice and the combination groups got 1.5 mg/kg of the Mit-A + 150 µg of αPD-L1 mAb/mice. Treatment was continued until Day 21 after which the mice were sacrificed. (B) Tumor bioluminescence post 1, 2 and 3 week of MC38-Luc cell inoculation. Images captured by IVIS following i.p. injection of luciferin-D. IVIS images were quantified by Caliper Life Sciences Images software. (C) represents the total photon flux (p/s) measured by IVIS (* and # represent comparison with vehicle and isotype groups respectively for each group). (D) Representative images of the treated tumor sections showing H&E (left panel) and Ki67 (right panel), (E) Histograms showing Image J quantifications of Ki67 immunostaining. n = 3 mice/group. Scale bar 50 µm; inserts 10 µm. Data analyzed as mean ± SEM by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001. where IVIS, In vivo imaging system; Luc, luciferase; p/s, photon/second; PBS, phosphate buffered saline; DMSO, dimethyl sulfoxide; Int. den., integrated density. The data is representative of three experiments. “###” denotes the significance between isotype  and the other groups.





PD-L1 Blockade in Combination With Mit-A Increases T Cell infiltration and Decreases Immunosuppressive Tregs

Both spleen and tumors from the five groups (vehicle control, IgG, αPD-L1, Mit-A, and Mit-A + αPD-L1) were processed, collected as single-cell suspension, and assessed by flow cytometry analysis. Out of live cells, CD45+ cells were gated for CD3+CD8+ and CD3+CD4+ T cells and Tregs were analyzed from CD4+CD25+FoxP3+ cells (Supplementary Figure 2A). A significant increase in CD8+ T cell population for the combination-treated group was found compared to αPD-L1 treatment alone both in spleen and tumor (Figure 4A). Although an increase in CD4+ T cell population was found in the spleen, no similar increase was found in the tumor (Figure 4B). When analyzed in tumor, although a significant decrease in Tregs was found for Mit-A compared to αPD-L1 treatment, the combination treatment showed no significant decrease (Figure 4C). However, a higher CD8:Tregs ratio was found for the Mit-A + αPD-L1 treatment group compared to the αPD-L1 monotherapy in both tumor and spleen (Figure 4D) suggesting that the combination treatment leads to higher T cell infiltration with suppression of the immunosuppressive Tregs cell population.




Figure 4 | PD-L1 blockade in combination with Mit-A increases T cell infiltration and decreases immunosuppressive Tregs. Flow cytometry analysis of tumor and spleen collected from the orthotopic tumor-bearing mice treated with vehicle, Isotype (IgG), Mit-A w/o αPD-L1 mAb. All cell populations were gated out of CD45+ live cells. (A) Percentage of CD8+ T cells (CD3+CD8+) for tumor (left) and spleen (right); (B) Percentages of CD4+ T cells (CD3+CD4+) for tumor (left) and spleen (right); (C) Tregs representing percentage of CD3+CD4+CD25+FoxP3+ for tumor (left) and spleen (right) were analyzed and compared among the treatment groups. (D) CD8+ T cells:Tregs ratio for tumor (left) and spleen (right), respectively shown. Each dot represents one individual mouse. Data pooled of two independent experiments (minimum n = 4 per group for each experiment) and analyzed as mean ± SEM by One-way ANOVA (Fischer’s LSD test). *p < 0.05, **p < 0.01.





Mit-A in Combination With αPD-L1 Leads to a Decrease in the g-MDSCs and M2 Macrophages In Vivo

MDSCs were analyzed in both tumor and spleen from CD45+CD11b+ populations gated from CD45+ live cells (Supplementary Figure 2B), and the granulocytic (CD11b+Ly6G+Ly6Clow) and monocytic (CD11b+Ly6G−Ly6C+) subpopulations were analyzed for the five treatment groups (Figures 5A, B). A significant decrease in the g-MDSC population was found for the combination group compared to the Mit-A alone group. Although a marginally significant increase was observed with the Mit-A single treatment compared to the control and αPD-L1 treatment groups, an overall decrease in the g-MDSC subpopulation was observed when αPD-L1 was combined with Mit-A (Figure 5A). No observable differences in the m-MDSC subpopulation were found in the tumor reflecting that the treatment did not impact m-MDSC subtypes in this model (Figure 5B). For the spleen, we observed a decrease in the g-MDSC cells in the combination and αPD-L1 treated groups compared to the IgG treated group (Supplementary Figure 3A). No significant difference between the Mit-A monotherapy and combination group was found in the spleen, thus emphasizing the combination treatment’s effect on the g-MDSC population in the TME (decreasing its fraction and thus its immunosuppressive effects) (Figure 5A). However, a significant decrease in the splenic m-MDSCs was, observed with the combination and αPD-L1 treatment groups compared to the IgG group (Supplementary Figure 3B).




Figure 5 | Mit-A and anti-PD-L1 combination treatment decreases the immunosuppressive g-MDSCs population. Mit-A sensitizes orthotopic tumor and immune cells by modulating PD-L1 expression in vivo. Flow cytometry analyses of tumor from the MC38 orthotopic tumor bearing mice from the five groups treated with vehicle, IgG (isotype), αPD-L1 mAb, Mit-A and Mit-A + αPD-L1 mAb where all cell populations were gated out of CD45+ live cells. (A) Percentage of g-MDSCs (CD11b+Ly6G+Ly6Clow (granulocytic)) and (B) m-MDSCs ((CD11b+LyG-Ly6C+ (monocytic) populations from tumor of MC38 orthotopic-tumor bearing mice shown. (C, D) Percentage of CD11b+F4/80+ macrophage and CD206+CD11b+F4/80+ anti-inflammatory M2-macrophage populations, respectively from tumor treated with the five treatment groups shown. (E–H) Percentages of PD-L1 expression on CD45- tumor cells (E), g-MDSCs (F), m-MDSCs (G) from tumor (calculated out of total MDSCs) and tumor CD11b+F4/80+ macrophage population (H). Each dot represents one mouse in every group. Data pooled of two experiments (minimum of n = 3 per group for each experiment) and analyzed as mean ± SEM by One way ANOVA (Fischer’s LSD test). *p < 0.05, **p < 0.01, ***p < 0.001.



TAMs are also associated with immunosuppression, and their population is found to be increased in tumor growth and their release of anti-inflammatory cytokines. CD11b+F4/80+ cells representing the total macrophage population were significantly reduced with the combination treatment as compared to the single drug Mit-A, IgG-treated, and vehicle (control) groups (Figure 5C). However, no statistically significant difference was found between the αPD-L1 treated group and the combination-treated group predicting that the association of Mit-A with αPD-L1 was not able to suppress the M2 macrophage population (CD11b+CDF4/80+CD206+) as compared to monotherapy. Although, the M2 population was suppressed in all treatments compared with the control and IgG groups (Figure 5D). Thus, although the combination suppressed the g-MDSCs and overall macrophage population, a robust decrease in the M2 subpopulation was not evident compared to the monotherapy.



Mit-A Sensitizes the Tumor and Immune Cells by Modulating the PD-L1 Expression

In our ex vivo studies, we observed an increased PD-L1 expression of the tumor cells upon treatment with Mit-A alone. A similar observation in vivo of PD-L1 expression on CD45- tumor cells revealed that Mit-A sensitizes the tumor cells by increasing its expression, which was decreased when, combined with αPD-L1 therapy (Figure 5E). Since we found the combination had a suppressive effect on the g-MDSCs population, the PD-L1 expression on tumor (Figure 5F) and spleen (Supplementary Figure 3C) g-MDCS was compared among the treatment groups. Percentage of PD-L1 expression on the g-MDSC when calculated among the total MDSCs (CD11b+Ly6G+Ly6Clow + CD11b+Ly6G-Ly6C+) in the tumor was found to be decreased with the combination treatment compared to the Mit-A alone. We did not observe any change in the PD-L1 expression for a similar population on the spleen (Supplementary Figure 3C). This data suggests that the combination therapy specifically targeted the tumor g-MDSCs, which are known to have suppressive effects. No change in the PD-L1 expression for tumor m-MDSCs was found (Figure 5G). However, although the PD-L1 expression on the tumor CD11b+F4/80+ macrophages was found to be decreased in the combination treatment compared to the Mit-A alone, no significant changes were observed when compared to the αPD-L1 mAb monotherapy (Figure 5H).

Since MDSCs migrate to the tumor site by C–C motif ligand 2 (CCL2) driven pathway and are involved in M2 macrophage polarization we analyzed CCL2 and IL-10 (which are anti-inflammatory cytokines released by M2 and also by MDSCs) (31) gene expression in the tumor sections collected from the treatment groups. A decrease in CCL2 and IL-10 expression was observed in the combination group compared to control and αPD-L1 treatment groups (Figures 6A, B). Since arginase-1 (ARG-1) and nitric oxide synthase 2 (NOS2) activation leads to the suppressive effects of MDSCs (26, 29), we next checked the expression of ARG1 and NOS2 in the tumor collected from the treatment groups. We found a significant decrease in the transcript level of Arg1 compared to the control in the monotherapy and the combination group. We did not find any significant differences, however, in the Nos2 transcript level (Figures 6C, D). This data suggested that Mit-A with/without αPD-L1 has a direct effect on the infiltrating g-MDSCs at least partially in terms of reversal of T cell proliferation. Furthermore, activation of STAT3 is associated with MDSC activation in CRC and its phosphorylation is correlated with tumor growth (29). A significant decrease in the STAT3 expression in the tumor with the combination treatment was found compared to the αPD-L1 therapy validating that MDSCs are suppressed by Mit-A in addition to αPD-L1 (Figure 6E). We have previously reported CSC as potential targets of Mit-A (23). In an attempt to test whether the combination therapy apart from targeting MDSCs and macrophages can foster the CSC killing, CD133 and SP1 gene expression was measured in the tumor sections revealing a significant decrease in both (Figures 6F, G). Thus, Mit-A which not only targets CSCs and inhibits SP1, continues to show these activities when used in combination with αPD-L1. Since IFN-γ produced by T cells is known to upregulate PD-L1 expression (32), we checked the IFN-γ  expression in the tumor lysates of the treatment groups. We found a decrease of IFN-γ in the combination therapy group compared to the PD-L1 monotherapy treated group (Figure 6H). 




Figure 6 | Mit-A in combination with αPD-L1 mAb suppresses the g-MDSCs along with CSCs. Total RNA was isolated from the MC38 orthotopic tumors of the treatment groups (vehicle, isotype (IgG), Mit-A with or without αPD-L1 mAb), and subjected to qPCR analyses of (A) CCL2, (B) IL-10, (C) ARG1, (D) NOS2, (E) STAT3, (F) SP1, (G) CD133 and (H) IFN-γ transcripts (n = 3). The vehicle and group was normalized and other groups were compared with the normalized control (vehicle) group. Gene expressions of vehicle and isotype were found to be similar. Data analyzed as mean ± SEM by One way ANOVA (Fischer’s LSD test). *p < 0.05, **p < 0.01, ***p < 0.001. A representative of two experiments is shown.






Discussion

In the majority of CRC patients, CB therapy has not been successful due to the presence of microsatellite stability and lower mismatch repair deficiencies (5). Although it has been proven to regress tumor growth in MSI-H patients, which comprise 5–10% of the patient population, most do not respond to the single therapy (7). As a result, the combination approach for superior clinical response holds potential for overall survival and progression-free survival (4, 33). While pre-clinical studies for various combination therapies are being tested in subcutaneous models, the lack of tissue-specific TME with its underlining heterogeneous immune profiles in these models makes them unsuitable for an accurate evaluation of these therapies (34). In this context, orthotopic tumors contain a native local tumor milieu enhancing the clinical relevance of this model for testing immunomodulatory agents and checkpoint blockers as combination approaches (35). While the MC38 orthotopic tumor model serves as a syngeneic murine model generated from wt-KRAS, MSI-H, and p-53 mutant MC38 cell line, we demonstrated as a proof-of-concept, the combination treatment could be effective in studying the mechanisms of immune modulation in response to CB (36). The effects of the combination treatment is not limited to MC38 orthotopic tumors. We also tested our Mit-A and αPD-L1 combination in CT26- bearing subcutaneous tumor model with MSS genetic mutations in Balb/c mice and found decrease in tumor growth in the combination groups compared to the control and monotherapy groups.

MC38 cells are known to express PD-L1 which gets up-regulated in the presence if IFN-γ in vitro (37, 38), and in our study, we found increased expression of PD-L1 on MC38 orthotopic tumor biopsies in response to the immunomodulatory drug, Mit-A. Chemoresistance due to significant upregulation of PD-L1 expressions in cancer cells by various drugs, such as doxorubicin (DOX), Oxaliplatin (OXA, a DNA alkylating agent), Paclitaxel (PACLI, a tubulin inhibitor), Irinotecan (IRI, a topoisomerase 1 inhibitor) has been found and the role of ERK activation increase has been correlated to the overexpression of PD-L1 (14, 39). These effects have been attributed to the sensitizing ability of cancer cells to αPD-L1 therapy, thus altering the “cold” TME to “hot” one (40, 41). The expression of PD-L1 on tumor and immune cells correlates to CB therapy’s objective response and clinical outcome. Thus, the level of PD-L1 expressions and its regulation has become a predictive marker for personalized mono- or combination CB treatment (11). In cancer patients, where the PD-L1 level is low, the CB therapy fails. We found that Mit-A treatment increases in PD-L1 expression in cancer and immune cells, and sensitizes the tumor to anti-PD-L1 therapy. However, the mechanism of action is not clear.

Amongst several intrinsic and extrinsic factors that regulate PD-L1 expression in various cancers, DNA methylation of the PD-L1 promoter has been suggested recently in cancer malignancies (42). For instance, TGFβ1 has been shown to induce decrease expression of DNA-methyltransferase 1 (DNMT1) and PD-L1 promoter demethylation, leading to PD-L1 overexpression in lung cancer cells that were undergoing EMT (43). Thus, hypomethylating agents have a direct effect on the PD-L1 expression and thus the epigenetic hypomethylating agents are potential candidates for increasing the combination CB therapy (42).

It has been found that Mit-A reduces the CpG island methylation and inhibits 5’-cytosine-DNA-methyltransferase which is related to anti-metastatic tumor-suppressor genes in lung cancer cells (44). Additionally, Mit-A blocks SP1 from binding to DNA and acetylated SP1 is known to inhibit PTEN expression through binding to the PTEN core promoter (45). PTEN loss activates PI3K signaling that leads to an increase in PD-L1 expression (42). However, the precise mechanism of how Mit-A increases PD-L1 in MC38 tumor cells still remains to be elucidated. Thus, Mit-A which increases the PD-L1 expressions in various epithelial CRC cells, stands as an augmenting agent for CB therapy. Herein, we demonstrated that when orthotopic tumor-bearing mice were treated with Mit-A in addition to checkpoint-blocker αPD-L1, CD8+ T cell infiltration in the tumor increased thereby arresting its growth. The resistance to αPD-L1 monotherapy thus could be overcome by combining Mit-A in the treatment regime.

Immature myeloid cells tend to differentiate into macrophages, granulocytes, and dendritic cells under normal physiological conditions (18). However, in cancer and other pathologic conditions, their differentiation is hampered resulting in the development and recruitment of MDSCs which are activated by suppressing the T cell infiltration locally thus aiding the tumor cells to evade immunosurveillance (46). The two subtypes of MDSCs, g-MDSCs and m-MDSCs hinder the effector T cell function by multiple pathways. Apart from MDSCs, the tumor stroma is infiltrated with TAMs, which also assist in abrogating the anti-tumor immunity (13). The co-inhibitory PD-1 receptors on the T cells with the association with its ligand PD-L1 helps in apoptosis, anergy, and exhaustion of T cells, thereby promoting tumor growth and metastasis (8). Not only on tumor cells, but PD-L1 expressions on immune cells (myeloid) have been reported to be responsible for CD8+T cell suppression in the murine CRC model (37, 47). Therefore, blocking PD-L1 on these cells along with tumor cells with checkpoint inhibitors holds potential for anti-tumor immunity (37). Our study demonstrated the reversal of the inhibition of immunosuppression of T cell proliferation by g-MDSC via Mit-A and αPD-L1 combination in monolayer co-culture platform in vitro as well as in the increase of CD8:Treg ratio in vivo. We showed that our tumoroid platform when co-cultured with T cells mimics an immunosuppressive environment for drug testing. As it has been found MSI-H patients who respond to CB therapy are infiltrated with increased CD8+ T cells along with other factors such as elevated neoantigens and genetic mutations (48), increase in CD8+ T cells as found in our model would aid in improved response to CB. Our data suggest that patients with MSS genetic mutations could respond to this combination therapy which likely to alter the TME via MDSC and TAMs inhibition.

As a monotherapy, Mit-A was unable to block PD-L1 expression within the TME. A dose-dependent increase in PD-L1 expression was observed with Mit-A treatment in vitro for tumor biopsies (data not shown) which reflected in the increased PD-L1 expression in the CD45- tumor cells from tumor-bearing mice treated with Mit-A, thus demonstrating the capacity of Mit-A to sensitize orthotopic tumor cells for improved checkpoint blocking therapy. Although the PD-L1 expression was found to be increased in tumor cells with Mit-A monotherapy, the effect was reversed in presence of the combination suggesting that the cytotoxicity of Mit-A on tumor cells is immunomodulating the TME for enhanced infiltration of T cells via application with the αPD-L1 mAb. The plausible mechanism could be through immunogenic cell death since Mit-A is known to increase tumor sensitivity due to DNA damage (49); this could affect in enhanced combination therapy with CB (50).

We checked the PD-1 on CD8+, CD4+ and Tregs cells (Supplementary Figures 6A–C). PD-1, which is a T cell inhibitory as well as activation marker, was found to be increased on CD8+ T cells within the combination treated tumors compared to Mit-A treated group (Supplementary Figure 6A). However, Mit-A treatment alone led to a decrease in CD8+ PD-1+ cells compared to the control tumors. These data suggest that although the PD-L1 expression was decreased in tumor for combination treatment, PD-1 increased on CD8+ T cells when Mit-A was combined with αPD-L1. This result is consistent with the activation of cytotoxic CD8+ T cells. However, we currently do not know if these T cells remain activated persistently or proceed to an exhausted state. Further studies will be required to answer this question. No significant changes in the PD-1+ CD4+ T cells were observed amongst the treatment groups (Supplementary Figure 6B) suggesting a lack of helper T cell participation with these treatments. A significant decrease of PD-1+ on Tregs (Supplementary Figure 6C) was observed for Mit-A treated group compared to the control group correlating with lesser activation of these immunosuppressive cell populations.

Intratumoral CCL2 expression levels have been reported in CRC patients and accumulation of MDSC induced by CCL2 correlated with the development and growth of colon adenoma (51). Mainly polymorphonuclear MDSCs which represent the granulocytic population are regulated by CCL2 in a STAT-3 dependent manner causing T cell suppression (31). Mit-A alone and in combination led to a decrease in the CCL2 gene expression in vivo as compared to the control tumors suggesting the g-MDSCs are the key targets for the therapy.

TAMS with M2 phenotype is responsible for angiogenesis, tumor promotion and adaptive immunity suppression (27). These M2 macrophages known for drug resistance in CSCs, act via STAT3 activation (52). Consistently, reduced expression of CD133, a marker for CSCs was observed both with Mit-A w/o αPD-L1 in vivo. As evidenced by the decrease in the M2 macrophages (CD206+ F4/80+) by Mit-A along with αPD-L1 treatment, our combination therapy was able to block the resistant CSCs via M2 suppression. Furthermore, tumor lysate IFN-γ measurement by RT-PCR (Figure 6H) was found to be decreased in the combination group compared to the controls. We argued this observation correlated with the decrease in the PD-L1 expressions in the tumor by combination treatment.

Herein, we have investigated the effect of Mit-A on the major tumor-infiltrating immune cells (T-cells, MDSCs, macrophages). Other populations (NK cells, DCs) have very low abundance in the MC38 tumor (53). Since we observed a decrease in the g-MDSCs with the combination treatment, the PD-L1 percentages in those subset populations were checked in particular. No significant change in the NK or dendritic cell population were observed among the treatment group. Granulocytic MDSCS and macrophages contribute to the immunosuppressive populations affecting the TME as observed in most cancer patients (29). Thus, we rationalized that these populations would be affected most compared to other cell populations and our findings largely corroborated this hypothesis.



Conclusion

Herein we have demonstrated the efficacy of Mit-A in overcoming the resistance of αPD-L1 monotherapy by sensitizing the tumor cells when treated in combination by targeting the immunosuppressive TME in the MC38-orthotopic mouse model. Our findings suggest that suppression of g-MDSCs by blocking their PD-L1 receptors and thus increasing the T cell infiltration with the combination strategy could be a potential therapeutic modality for MSS CRC patient cohorts.
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Background

The occurrence and development of cancer could be promoted by abnormally competing endogenous RNAs (ceRNA) network. This article aims to determine the prognostic biomarker of ceRNA for non-small-cell lung cancer (NSCLC) prognosis.



Methods

The expression and clinical significance of LINC00973 in NSCLC tissues were analyzed via the The Cancer Genome Atlas (TCGA), Gene Expression Profiling Interactive Analysis (GEPIA), lnCAR, and clinical samples in Taihe Hospital. The biological functions and signaling pathways involved in target genes of ceRNA network were analyzed via Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). Survival analysis, univariate and multivariate Cox regression analysis were used for prognostic-related mRNA.



Results

Expression of LINC00973 was increased in NSCLC tissues. High expression of LINC00973 was associated with poor prognosis of NSCLC patients. There were 15 miRNA and 238 differential mRNA in the INC00973-miRNA-mRNA ceRNA network, involving cell migration, endothelial cell proliferation, tumor growth factor (TGF)-β, cellular senescence, phosphatidylinositol 3-hydroxy kinase (PI3K)-Akt, Hippo, Rap1, mitogen-activated protein kinase (MAPK), cell cycle signaling pathway, etc. The expression levels of RTKN2, NFIX, PTX3, BMP2 and LOXL2 were independent risk factors for the poor prognosis of NSCLC patients.



Conclusions

LINC00973-miRNA-mRNA ceRNA network might be the basis for determining pivotal post-translational regulatory mechanisms in the progression of NSCLC. BMP2, LOXL2, NFIX, PTX3 and RTKN2 might be valuable prognostic markers and potential therapeutic targets.





Keywords: LINC00973, non-small cell lung cancer, prognosis, biomarker, ceRNA



Introduction

According to Global Cancer Statistics 2020, with an estimated 2.2 million new cancer cases and 1.8 million deaths, lung cancer was the second most commonly diagnosed cancer and the leading cause of cancer death in 2020, representing approximately one in 10 (11.4%) cancers diagnosed and one in 5 (18.0%) deaths (1–4). Lung cancer included non-small cell carcinoma (NSCLC) and small cell carcinoma. At present, surgery was the first choice for NSCLC patients at early-stage, and combined therapy was the main way for NSCLC patients at middle and advanced stage (5). With the improvement of treatment methods, the prognosis of cancer patients was improved, but the overall survival (OS) of NSCLC patients remained still frustrating. Recently, the researches had provided new insights into the molecular mechanisms of NSCLC in genomics and transcriptomics. For example, LCAT1, a member of long non-coding RNA (lncRNA), was an upregulated marker in lung cancer tissues. Elevated LCAT1 expression level was closely associated with poor prognosis of cancer patients (6). LncRNA MNX1-AS1 was upregulated in lung cancer tissues, and the prognosis of lung cancer patients with overexpression of MNX1-AS1 was often terrible. MNX1-AS1 promoted cell proliferation, migration and invasion of lung cancer. The MNX1-AS1/miR-527/BRF2 signaling axis was involved in the occurrence and development of lung cancer (7). The expression of LncRNA AFAP1-AS1 was increased in NSCLC tissues, and related to the TNM stage and tumor size of NSCLC patients. Interfering with the expression of AFAP1-AS1 could inhibit the growth of NSCLC cells in vitro and in vivo (8). Therefore, lncRNA played an essential role in the progression of lung cancer.

Studies have confirmed that non-coding RNA (ncRNA) played important roles in tumorigenesis and metastasis (6–8). microRNA (miRNA) and lncRNA belong to ncRNA, and both of which have miRNA recognition elements (MRE) (9, 10). miRNA could trigger degradation of downstream target genes by recognizing the MRE in the 3’non-transcribed region (11, 12). Therefore, when lncRNA and mRNA had the same MRE, both of them could competitively bind to miRNA, forming a competitive endogenous RNA (ceRNA) regulatory network (13, 14). When miRNA bound to the target mRNA, the stability of mRNA decreased and its translation was hindered, thereby affecting gene expression. When lncRNA bound to miRNA, the stability of competitive mRNA increases instead, so that transcription and translation were well performed. This was a competitive two-way gene expression regulation mechanism composed of endogenous RNA (15, 16).

The ceRNA network mechanism presents a significant role in the occurrence and development of cancer. For example, the expression of circ_0025033 and small nuclear ribonucleoprotein Sm-like4 (LSM4) increased in ovarian cancer tissues and cells. Interfered with circ_0025033 or LSM4 expression could inhibit colony formation, migration, invasion and glycolytic metabolism of ovarian cancer cells. Circ_0025033 acted as a ceRNA to regulate LSM4 expression by targeting miR-184. Overexpression of LSM4 promoted the expression of circ_0025033, thereby inducing colony formation, migration, invasion and glycolysis (17). This indicated that there were abnormalities in the ceRNA network mechanism in the development of cancer. It was recently discovered that lncRNA LINC00973 had a vital effect in cancer. For example, chemotherapy could upregulate the expression level of LINC00973 in normal cells and cancer cells, which might be related to the activation of DNA damage response pathways or mitotic arrest. LINC00973 could reduce p21 levels, activate cancer cell proliferation, and reduce the lethality of drugs (18). Siglec-15 was a tumor immunosuppressive molecule. LINC00973 was highly expressed in Siglec-15 positive clear cell renal cell carcinoma, and it could positively regulate the expression of Siglec-15, which was the direct target molecule of miR-7109. LINC00973 could regulate the expression of Siglec-15 by affecting the role of sponge miR-7109 and forming ceRNA. Therefore, the LINC00973-miR-7109-Siglec-15 ceRNA mechanism was involved in regulating the progression of renal cell carcinoma (19). Nowadays, there was no related literature report about the regulation mechanism of ceRNA network composed of LINC00973 in the progress of NSCLC. Therefore, this study aims to explore the role and potential value of LINC00973-miRNA-mRNA ceRNA in the progression of NSCLC, and to provide new target molecules and potential regulatory mechanisms for NSCLC diagnosis and treatment.



Materials and Methods


NSCLC Tissue Sample

Cancer and normal adjacent tissues of 25 patients with NSCLC undergoing surgical treatment were collected at the Department of Thoracic Surgery, Taihe Hospital from December 2019 to April 2020. Inclusion criteria: (1) NSCLC was diagnosed pathologically; (2) Neoadjuvant chemotherapy or radiotherapy was not performed before surgery; (3) Immunosuppressant therapy, biological therapy, or targeted therapy were not performed. Exclusion criteria: 1) SCLC; 2) Patients voluntarily withdraw. This study was approved by the ethics committee of the Taihe Hospital, Hubei University of Medicine, and the patient has signed an informed consent. Among them, 11 cases were lung adenocarcinoma (LUAD) and 14 cases were lung squamous cell carcinoma (LUSC).



TCGA Database

In October 2020, 1145 samples were downloaded from the TCGA (https://portal.gdc.cancer.gov/) website (108 cases of normal lung tissue, including 59 cases of normal lung tissue from LUAD and 49 cases of normal lung tissue from LUSC; 1037 cases of NSCLC tissue samples, including 535 samples of LUAD Cases and 522 cases of LUSC samples) HTSeq-FPKM transcriptome data and TCGA clinical data of 1026 NSCLC patients. The clinical parameters and prognostic information of NSCLC patients was sorted out. Patients with unknown or incomplete parameters to analyze the relationship between the expression level of LINC00973 and the prognosis was excluded. The limma package was used to analyze the differential expression genes in the tissues of NSCLC patients, and the screening conditions: fold change > 1 and P < 0.05.



Quantitative Real-Time PCR

According to the RNA kit (Invitrogen, USA) instructions, total RNA was extracted from NSCLC tissue, and the qualified RNA concentration was detected. Copying DNA (cDNA) was synthesized using a reverse transcription kit (Takara, Japan), and the expression of LINC00973 was detected by quantitative real-time PCR (qRT-PCR). Primers was supplied by Sangong Co Ltd. GAPDH was used as an internal control. Primer sequence (5’-3’): LINC00973: TTGAAGGCTTCCTGGTCTGAG (Forward), AGGCTTACATTCCAGCTGTGT (Reverse), GAPDH: AACGGATTTGGTCGTATTG (Forward), GGAAGATGGTGATGGGATT (Reverse). Experiments were performed in triplicate independently.



LNCAR and GEPIA Database

The LNCAR (http://lncar.renlab.org/) database data were acquired from the GEO database, which contained the cancer-related lncRNA expression database. The expression of LINC00973 in lung cancer tissues and its potential clinical value were analyzed in the LNCAR database. The screening criteria: P < 0.05. The GEPIA (http://gepia.cancer-pku.cn/) database was a reanalysis online database based on the TCGA and GTEx database data. The expression of LINC00973 and biomarkers in ceRNA network were explored. And the relationship between expression of LINC00973 and NSCLC overall survival (OS) and disease-free survival (DFS) were analyzed in the GEPIA database.



ceRNA Network

The miRNA of LINC00973 were predicted in the LncBase Predicted v.2 database, and the screening criteria: binding coefficient ≥ 0.6. In addition, the miRNA that predicting the differentially expressed genes of TCGA database were performed via the PITA, RNA22, miRmap, microT, miRanda, PicTar, and TargetScan databases, and the screening criteria: the number of databases with targeting relationships needed to be greater than 3. Screening for overlapping miRNA in the LINC00973 target miRNA and miRNA that differentially expressed genes of TCGA database, and the ceRNA network signaling mechanism was constructed via Cytoscape 3.6.1 software.



Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)

LncRNA competitively inhibited the mRNA binding to miRNA, and could maintain the stability of mRNA and promotes RNA transcription when LncRNA binds to miRNA. Therefore, the biological functions and signaling mechanisms involved in the ceRNA network was explored via the R clusterProfiler package. GO annotation included the biological process (BP), molecular function (MF) and cellular component (CC). The screening criteria: P < 0.05.



Prognostic Survival Analysis

Kaplan-Meier survival analysis was used to evaluate the role of differentially expressed genes in the prognosis of NSCLC patients to understand the important target molecules in the ceRNA mechanism. The screening criteria was P < 0.05. On this basis, univariate Cox and multivariate Cox regression analysis were performed, and a nomogram was constructed.



The Value of Poor Prognostic Factors in NSCLC Patients Were Verified

The GEPIA database was used to verify the expression of poor prognostic factors in the ceRNA network in NSCLC tissues. In addition, the Cbioportal database (http://www.cbioportal.org) was used to explore the relationship between poor prognostic factors and clinical pathological characteristics of patients with NSCLC. PrognoScan (http://www.abren.net/PrognoScan/) and Kaplan-Meier Plotter (http://kmplot.com/analysis/) databases were used to verify the value of poor prognostic factors in the prognosis of NSCLC patients, and the grouping standard was according to the best cutoff value.



Statistical Analysis

Data processing and statistical analysis adopt perl and R language. The expression level and prognostic value of LINC00973 and mRNA in the ceRNA network were analyzed by the wilcoxon signed-rank test and Kaplan-Meier survival analysis. In addition, the role of differentially expressed genes in NSCLC prognosis in the ceRNA network were explored via the univariate and multivariate Cox regression analysis. P < 0.05 was considered statistically significant.




Results


LINC00973 Was Upregulated in NSCLC Tissues

In the TCGA database, the expression of LINC00973 was increased in unpaired NSCLC tissues (Figure 1A). The expression of LINC00973 was increased in unpaired LUAD and LUSC tissues (Figures 1B, C). The expression of LINC00973 in 106 paired NSCLC tissues was increased significantly (Figure 1D). The expression of LINC00973 was also increased in 57 paired LUAD and 49 paired LUSC significantly (Figures 1E, F).




Figure 1 | LINC00973 expression was elevated in NSCLC tissue in the TCGA database. (A–C) Expression of LINC00973 in unpaired samples of NSCLC, LUAD and LUSC; (D–F) Expression of LINC00973 in paired samples of NSCLC, LUAD and LUSC. NSCLC, Non-small cell lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; Normal, normal tissues; TCGA, The Cancer Genome Atlas; **P < 0.01; ***P < 0.001.



In addition, the expression of LINC00973 was increased in NSCLC tissues in LNCAR database (Figures 2A–F). The GSE27262 and GSE89039 datasets showed that the expression of LINC00973 (LC_S148 and LC_S39) in lung cancer tissues was elevated, significantly (Figures 2A, B). The GSE101929 dataset revealed that the expression of LINC00973 (LC_S3) in NSCLC tissues was elevated (Figure 2C). The GSE40791 and GSE33532 datasets showed that the expression of LINC00973 (LC_S257 and LC_S216) in LUAD tissues was increased, and it was statistically significant (Figures 2D, E). The GSE33532 dataset showed that the expression of LINC00973 (LC_S218) in LUSC tissues was increased. However, it was not statistically significant (Figure 2E).




Figure 2 | LINC00973 expression was upregulated in the LNCAR database and clinical NSCLC tissues. (A) GSE27262 (LC_S148); (B) GSE89039 (LC_S39); (C) GSE101929 (LC_S3); (D) GSE40791 (LC_S257); (E) GSE33532 (LC_S216); (F) GSE33532 (LC_S218); (G) Clinical NSCLC samples; (H) Clinical LUSD samples; (I) Clinical LUSCsamples. NSCLC, Non-small cell lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; Normal, normal tissues.



Moreover, we collected 25 clinical NSCLC tissues and adjacent normal lung tissues. We found that the expression of LINC00973 was increased in NSCLC and its subtypes via qRT-PCR. However, it was not statistically significant (Figures 2G–I).



Elevated LINC00973 Expression Was Correlated With Poor Prognosis in NSCLC Patients

In the TCGA database, Kaplan-Meier survival curve suggested that increasing level of LINC00973 was closely associated with poor prognosis of NSCLC patients (Figure 3A). Subgroup analysis found that the prognosis of LUAD and LUSC patients with elevated LINC00973 expression levels were with poor prognosis, whereas there was no statistical significance between the LINC00973 expression levels and the prognosis of LUSC patients (Figures 3B, C). In addition, we found that increasing the expression levels of LINC00973 were with poor prognosis of NSCLC patients in the GEPIA database (Figures 3D–F). In detail, increasing levels of LINC00973 were negatively interrelated with OS and DFS in NSCLC patients, which indicated that LINC00973 might be a carcinogen. A consistent conclusion was reached in the LNCAR database. We found that anti-cancer drugs could inhibit the expression of LINC00973 in NSCLC PC9 and HCC827 cells (Figure 4). In detail, compared with the control group, GSE67051,GSE80316, and GSE51212 datasets showed that the expression of LINC00973 in the erlotinib treatment group was significantly decreased. The GSE38302 dataset showed that the expression of LINC00973 in the gefitinib group was significantly decreased.




Figure 3 | NSCLC patients with elevated lncRNA expression have poor prognosis in TCGA and GEPIA databases. (A) TCGA-NSCLC-OS; (B) TCGA-LUAD-OS; (C) TCGA-LUSC-OS; (D) GEPIA-LUAD-OS; (E) GEPIA-NSCLC-DFS; (F) GEPIA-LUSC-DFS. NSCLC, Non-small cell lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; TCGA, The Cancer Genome Atlas; GEPIA, Gene Expression Profiling Interactive Analysis.






Figure 4 | Anti-cancer drugs could down-regulate the expression of LINC00973. (A) GSE67051-erlotinib; (B) GSE80316-erlotinib; (C) GSE38302-gefitinib; (D) GSE51212-erlotinib; (E) GSE67051-erlotinib.





Construction of LINC00973-miRNA-mRNA ceRNA Network

In the LncBase Predicted v.2 database, a total of 210 miRNA were screened with the binding coefficient ≥ 0.6 (Table 1). In the TCGA database, 5367 differentially expressed genes were found in NSCLC tissues. We use heat map and violin map to show the top 20 differentially expressed genes in TCGA via fold changes (Figures S1A, B). We predicted that there were 232 miRNAs for differentially expressed genes (Table S1). Further comparison suggested that there were 15 miRNA that were competitively bound, namely hsa-miR-374b-5p, hsa-miR-216b-5p, hsa-miR-196a-5p, hsa-miR-320c, hsa-miR-138 -5p, hsa-miR-150-5p, hsa-miR-196b-5p, hsa-miR-224-5p, hsa-miR-320a, hsa-miR-186-5p, hsa-miR-320b, hsa-miR -425-5p, hsa-miR-410-3p, hsa-miR-320d and hsa-miR-433-3p (Figure S2). There were 238 target genes for miRNA in the ceRNA network (Table S2), and the LINC0097-miRNA-mRNA ceRNA network signaling mechanism was constructed (Figure 5).


Table 1 | LINC00973-bound miRNA in the LncBase Predicted v.2 database.






Figure 5 | The LINC0097-miRNA-mRNA ceRNA network signaling mechanism.





The Biological Functions and Signaling Pathways Involved in the ceRNA Network Mechanism

We performed GO annotation and KEGG on 238 mRNAs in the ceRNA network to explore the biological roles of LINC00973 of NSCLC. The GO annotation showed that LINC00973 might be involved in biological processes such as cell migration, response to oxygen levels, positive regulation of cell cycle process, and endothelial cell proliferation (Figures 6A–C and Table S3). KEGG showed that LINC00973 might be involved in the regulation of MicroRNAs in cancer, RNA transport, TGF β signaling pathway, Cellular senescence, PI3K-Akt signaling pathway, Hippo signaling pathway, Rap1 signaling pathway, Transcriptional misregulation in cancer, EGFR tyrosine kinase inhibitor resistance, MAPK signaling pathway, cell cycle and renin-angiotensin system and other signaling pathways (Figure 6D and Table 2).




Figure 6 | GO and KEGG showed that the biological functions and signaling pathways involved in the ceRNA network mechanism. (A) BP; (B) CC; (C) MF; (D) KEGG. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, Biological process; CC, Cellular components; MF, Molecular function.




Table 2 | KEGG showed that the signaling pathways involved in the ceRNA network mechanism.





Kaplan-Meier Survival Analysis Screens Prognostic Genes in the ceRNA Network

Kaplan-Meier survival analysis revealed that the expression levels of ANLN, BMP2, CALU, COL1A1, COL1A2, COL3A1, ERO1A, FSCN1, FZD3, LOXL2, MME, MSI2, NFIX, PTX3, RTKN2, SLC2A1, SLC16A1, and SNX30 were relevant with poor prognosis in NSCLC patients (Figure 7). In detail, NSCLC patients with elevated expression levels of ANLN, BMP2, CALU, COL1A1, COL1A2, COL3A1, LOXL2, MME, PTX3 and SLC2A1 had a poor prognosis. The prognosis of NSCLC patients with reduced expression levels of FZD3, MSI2, NFIX, RTKN2 and SNX30 were poor, respectively (P < 0.05).




Figure 7 | Kaplan-Meier survival analysis screens prognostic factors in the ceRNA network. (A) ANLN; (B) BMP2; (C) CALU; (D) COL1A1; (E) COL1A2; (F) COL3A1; (G) ERO1A; (H) FSCN1; (I) FZD3; (J) LOXL2; (K) MME; (L) MSI2; (N) NFIX; (O) PTX3; (P) RTKN2; (Q) SLC2A1; (R) SLC16A1; (S) SNX30.





Univariate and Multivariate Cox Regression Analysis to Screen Prognostic Factors in ceRNA Network

Univariate Cox regression analysis to screen 18 prognostic-related factors, it was found that LOXL2, PTX3, SLC2A1, RTKN2, ANLN, NFIX, CALU, ERO1A, BMP2, FSCN1, COL1A2, SLC16A1, COL3A1, MME, SNX30, COL1A1, and MSI2 might be prognostic risk factors of NSCLC patients (Table 3). Multivariate Cox regression analysis suggested that RTKN2, NFIX, PTX3, BMP2 and LOXL2 were independent risk factors for poor prognosis of NSCLC patients (Figure 8).


Table 3 | Univariate Cox regression analysis showed that the prognostic factors of NSCLC patients in ceRNA. network.






Figure 8 | Univariate and multivariate cox regression analysis showed that prognostic factors of NSCLC patients in ceRNA network. *P < 0.05; **P < 0.01.





Verified the Expression and Potential Clinical Value of Independent Risk Factors in NSCLC Tissues

In the GEPIA database, we found that the expression levels of RTKN2, NFIX, PTX3 and BMP2 in NSCLC subtypes LUAD and LUSC tissues were significantly declined, while the expression of LOXL2 in NSCLC tissues increased (Figure S3). Figure S4 showed the relationship between RTKN2, NFIX, PTX3, BMP2, and LOXL2 mutation status and clinicopathological characteristics of NSCLC patients. In addition, the expression levels of RTKN2, NFIX, PTX3, BMP2 and LOXL2 were correlated with poor prognosis of NSCLC patients in the PrognoScan and Kaplan-Meier Plotter databases (Figure S5 and Table 4). Therefore, we grouped the median values of RTKN2, NFIX, PTX3, BMP2, and LOXL2 expression to construct a nomogram to assess the prognosis of patients (Figure 9).


Table 4 | The expression levels of RTKN2, NFIX, PTX3, BMP2 and LOXL2 were correlated with poor prognosis of NSCLC patients in the PrognoScan databases.






Figure 9 | Alignment to construct prognostic related models.






Discussion

Currently, it was urgent for us to improve the prognosis of NSCLC patients by finding novel and improved therapies. More and more evidences have showed that a large number of lncRNAs played extremely pivotal biological roles in the progression of NSCLC (20). For example, LncRNA KTN1-AS1, CASC9, ABHD11-AS1, LINC00467 could participate in the progress of NSCLC (20–23). Studies have reported that LINC00973 was related to cancer progression (18, 19, 24, 25). The expression level of LINC00973 was upregulated in cetuximab-resistant colorectal cancer H508/CR cells. Interfering the expression of LINC00973 decreased cell viability, increased cell apoptosis, and reduced glucose consumption and lactate secretion, which indicated that LINC00973 acted as a carcinogen (25). In addition, studies have reported that different doses of 5-fluorouracil, oxaliplatin, and irinotecan could impact the expression of LINC00973 in HT-29 and HCT-116 colon cancer cells. Combination medication increased the expression of LINC00973 in colon cancer cells (24). In our results, the expression of LINC00973 was elevated in NSCLC tissues. The high expression of LINC00973 was associated with poor prognosis in NSCLC patients, which indicated that LINC00973 might act as a carcinogen in the progression of NSCLC. As we all know, gefitinib and erlotinib were common anti-cancer drugs for lung cancer (26, 27), and Gefitinib and erlotinib could reduce the expression of carcinogenic LINC00973, which was expected to improve the prognosis of lung cancer patients. Therefore, LINC00973 might be a promising target for the development of new therapies for NSCLC.

lncRNAs could regulate the growth and migration behavior of cancer cells through a variety of mechanisms, including regulate expression of mRNA by ceRNA network, which could lead to its degradation (28, 29). For example, Cui et al. reported that the expression of lncRNA TRPM2-AS was significantly upregulated in NSCLC tissues and cells. Interfering with TRPM2-AS expression could inhibit cell proliferation, migration and invasion, and induce cell apoptosis. miR138-5p was the target downstream molecule of TRPM2-AS, and they showed a negative correlation. Interfering with TRPM2-AS expression could inhibit tumor formation, reduce the expression of EGFR and Ki67, and promote tumor cell apoptosis (28). At present, miR-374b-5p, miR-196a-5p, miR-138-5p, miR-150-5p, miR-196b-5p, miR-320a, miR-186-5p, etc. were related to the progress of NSCLC (30–38). For example, miR-138-5p could reduce the growth of NSCLC cells and increase the number of tumor-infiltrating dendritic cells (DCs). miR-138-5p down-regulates the expression of cyclin D3, CCD20, Ki67 and MCM in A549/3LL cells (37). The expression level of TSPAN12 was down-regulated in NSCLC tissues, and it was negatively correlated with the expression level of miR-196b-5p (35). However, LINC00973 was compatible with miR-374b-5p, miR-216b-5p, miR-196a-5p, miR-320c, miR-138-5p, miR-150-5p, miR-196b-5p, miR-224-5p. The relationship between miR-320a, miR-186-5p, miR-320b, miR-425-5p, miR-410-3p, miR-320d and miR-433-3p has not been reported yet, and we still need to conduct cell research to confirm.

RTKN2, NFIX, PTX3, BMP2 and LOXL2 of the ceRNA network play an important role in cancer progression (39–43). For instance, Ji et al. found that the expression level of RTKN2 in NSCLC tissues and cells was upregulated. Interfered with RTKN2 expression could induce NSCLC cell apoptosis and inhibit cell proliferation by increasing Bax levels and downregulating Bcl-2 levels. Interfered with RTKN2 expression could inhibit the migration and invasion of NSCLC cells by upregulating the expression of matrix metalloproteinase 9 (MMP9) and matrix metalloproteinase 2 (MMP2) (43). Huang et al. reported that elevated the levels of BMP2 were associated with short OS in NSCLC patients. BMP signaling was activated in the metastatic bone tumor of Lewis lung cancer in mice, and BMP2 signaling activation could enhance the bone metastasis of Lewis lung cancer, leading to poor prognosis. BMP2 secreted by mesenchymal fibroblasts could promote the migration and invasion of NSCLC cells (42). The expression of miR-504 in NSCLC tissues was significantly downregulated. The downregulation of miR-504 levels were positively correlated with lymph node metastasis and TNM stage. The overexpression of miR-504 significantly inhibited the proliferation, invasion and EMT process of NSCLC cells. miR-504 could bind to the 3’UTR region of LOXL2 and regulate its expression. Overexpression of LOXL2 could rescue the miR-504-induced inhibition of NSCLC cell proliferation and invasion (41). In our study, Univariate and multivariate Cox analysis found that the target molecules RTKN2, NFIX, PTX3, BMP2 and LOXL2 in the ceRNA network were independent risk factors for poor prognosis of NSCLC patients. This further showed that they had an important biological role in the progression of NSCLC.

In our study, we found that the expression of LINC00973 in NSCLC tissues was increased, and that the increased expression levels of LINC00973 were associated with the poor prognosis of NSCLC patients, and constructed the LINC00973-miRNA-mRNA ceRNA network competition mechanism. Most of the miRNA and mRNA in the competitive ceRNA network have been confirmed to have important biological roles in the progression of NSCLC. There were few studies on LINC00973 in cancer, but we first formally formalize the expression of LINC00973 in NSCLC tissues, and explore the ceRNA network regulation mechanism of LINC00973 to provide new candidate markers for the treatment of NSCLC. Then, our research needs to be verified by in vivo and in vitro experiments to confirm the role and value of LINC00973-miRNA-mRNA ceRNA in the progression of NSCLC.



Conclusion

This study found that LINC00973-miRNA-mRNA ceRNA network might be the basis for determining important post-translational regulatory mechanisms in the progression of NSCLC. BMP2, LOXL2, NFIX, PTX3 and RTKN2 might be valuable prognostic markers and potential therapeutic targets in the progression of NSCLC.
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Gastrointestinal cancer is a leading cause of cancer-related mortality and remains a major challenge for cancer treatment. Despite the combined administration of modern surgical techniques and chemoradiotherapy (CRT), the overall 5-year survival rate of gastrointestinal cancer patients in advanced stage disease is less than 15%, due to rapid disease progression, metastasis, and CRT resistance. A better understanding of the mechanisms underlying cancer progression and optimized treatment strategies for gastrointestinal cancer are urgently needed. With increasing evidence highlighting the protective role of immune responses in cancer initiation and progression, immunotherapy has become a hot research topic in the integrative management of gastrointestinal cancer. Here, an overview of the molecular understanding of colorectal cancer, esophageal cancer and gastric cancer is provided. Subsequently, recently developed immunotherapy strategies, including immune checkpoint inhibitors, chimeric antigen receptor T cell therapies, tumor vaccines and therapies targeting other immune cells, have been described. Finally, the underlying mechanisms, fundamental research and clinical trials of each agent are discussed. Overall, this review summarizes recent advances and future directions for immunotherapy for patients with gastrointestinal malignancies.
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Introduction

Gastrointestinal (GI) cancers are among the top 10 most prevalent and deadliest tumors worldwide, accounting for 26% of global cancer incidence and 35% of all cancer-related deaths (1). To date, surgical resection remains the primary treatment option for patients with colorectal cancer (CRC), gastric cancer (GC) and esophageal cancer (EC). Despite advances in adjuvant and neoadjuvant chemoradiotherapy (CRT), a fair number of patients still develop distant metastases and therapy resistance (2). To improve the prognosis of GI cancers, new therapeutic strategies are urgently needed. Over the last few decades, immune-targeted therapy has emerged as a revolutionary option for cancer treatment (3); however, the regulatory role of the immune system underlying GI cancers remains to be clarified. Fortunately, with the development of immunotherapy, cancer immunotherapy mainly based on checkpoint inhibitors has shown great prospects in clinical research, which shows the importance of immunotherapy in cancer treatment.

In this review, we first provide an overview of GI in terms of the epidemiology, molecular pathogenesis and standard therapy regimens. In subsequent sections, we outline the functional and molecular basis of oncoimmunology, with an emphasis on novel immune checkpoint targets and examples of applications in both laboratory research and clinical trials. We hope that this review will bring new insight into cancer immunotherapy for oncologists and immunologists.



Gastrointestinal Cancers: A General Overview


Esophageal and Gastric Cancer

The esophagus and stomach are part of the upper GI tract, which is part of the digestive system. As two major types of EC, esophageal squamous cell carcinoma (ESCC) occurs more commonly in the upper or middle part of the esophagus, while esophageal adenocarcinoma (SCC) occurs in the lower part of the esophagus. GC can develop in any part of the stomach and can spread throughout the stomach and to other organs, such as the small intestines, lymph nodes, liver, pancreas and colon (4). EC and GC are listed as the seventh and fourth most prevalent cancers worldwide (5). Based on estimates from 2018, 36.4% of digestive cancers, including stomach, liver and esophageal cancers, in China have a very poor prognosis, and the 5-year overall survival (OS) rate is quite low (less than 35% from 2013 to 2015) (6).

In general, surgery plays a key role in the treatment of GC as well as EC at an early stage. Moreover, systemic therapy of advanced, metastatic esophageal and gastric cancer utilizes a combination of multiple cytotoxic chemotherapeutic agents. Combination chemotherapy with a platinum and fluoropyrimidine doublet, such as FOLFOX, CAPOX, cisplatin/5-fluorouracil (5-FU), or cisplatin/capecitabine, is a common regimen with the addition of trastuzumab for the treatment of HER2-positive disease (5, 7, 8). Other agents, such as irinotecan or taxanes, can be utilized with fluoropyrimidines, platinum and/or ramicurumab or applied as monotherapy for those unfit for combination regimens (9, 10).



Colorectal Cancer

In recent decades, the incidence rate of CRC has shown an upward trend worldwide, especially in developing countries. In China, CRC has an incidence rate exceeding 14.2/100,000, a mortality rate exceeding 7.4/100,000 and a 5-year prevalence exceeding 52/100,000. In addition, the prevalence rate of CRC is obviously higher in senior citizens aged over 60 (11). Currently, traditional therapies for CRC include endoscopic and surgical local excision, downstaging preoperative radiotherapy and systemic therapy, extensive surgery for locoregional and metastatic disease, local ablative therapies for metastases, palliative chemotherapy, targeted therapy, and immunotherapy. Although these new treatment options have doubled the OS for advanced disease to 3 years, the best survival rates still occur in patients without metastasis.




The Rationale for Immunotherapy in Gastrointestinal Cancer

The immune system exists within the body, and the execution of immune function is performed by the entire immune system. The immune system consists of immune organs, immune cells and immune molecules. These cell types surrounding cancer cells, including fibroblasts, endothelial cells, immune cells, and extracellular molecules, which include cytokines, hormones, cellular matrix, and growth factors, constitute the tumor microenvironment (TME) (12). According to relevant reports, some immune components in the TME can regulate the occurrence and development of tumors, and these components constitute the tumor immune microenvironment (TIME), which is expected to become a promising target for cancer immunotherapy (13–15) (Figure 1).




Figure 1 | Modulation of the tumor immune microenvironment. The figure shows that immune cells in TME regulate tumor growth through cytokines and other regulatory factors. TGF-β, transforming growth factor β; IL, interleukin; NK cells, natural killer cells; TNF, tumor necrosis factor; IDO, indoleamine 2,3-dioxygenase; CAFs, cancer-associated fibroblasts; Treg cells, regulatory T cells.




Components of the TME


Tumor Cells

Although many improvements in molecularly directed therapies have been achieved, the prognosis of GI cancers remains poor (12). Breakthroughs in the immune checkpoint blockade offer potential therapeutic avenues, particularly with tools to overcome the mechanisms of immunosuppression in the TME. Currently, extensive publications highlight critical roles of the TIME in GI cancers, including CRC and GC (16, 17). As an important determinant of tumor progression and outcome in GI cancers, the TIME can shape cancer cell phenotypes and therapy responses through interplay with cancerous cells via chemokine and cytokine signaling or direct contact (18–20). Several reports have revealed that tumor progression and metastasis are subjected to not only genetic alterations within tumor cells but also the TIME elements. In brief, CD4+ T helper cells, CD8+ CTLs, NK cells, M1 macrophages, and DCs have been shown to be associated with a good prognosis (21). Conversely, CD4+ FOXP3+ Th2 cells, M2 macrophages, and myeloid-derived suppressor cells (MDSCs) have been attributed to a poor outcome (18).



Immune Cells

Tumor-infiltrating lymphocytes (TILs) are immune cells that have migrated to tumor tissue and the local microenvironment. This population is indicative of an immune response generated by the patient against the malignancy. TIL populations across GI tumors generally contain T lymphocytes, particularly CD8+ cytotoxic T lymphocytes (CTLs) (12). In EC cells, blocking the programmed cell death 1 (PD-1)/programmed cell death ligand 1 (PD-L1) and TGF-β signaling pathways can synergistically restore the function of antigen-specific CD8+ T cells and the capacity of antitumor T cells (22). In addition, functional MAGE-A3-specific CD8+ T cells have an independent prognostic effect on the survival of patients with ESCC (22). Recent studies have demonstrated that higher numbers of CD3+, CD8+, or CD45RO+ T cells in tumor tissue are significantly correlated with a superior disease outcome in patients with GC, and an imbalance in Th1 and Th2 cells can lead to an immunosuppressive state dominated by Th2-type cells (23). The Th1/Th2 cell ratio in peripheral blood in GC can be used to predict postoperative prognosis (24). Similarly, the type, density, and location of immune cells in CRC also have prognostic value that is superior to and independent of those of the tumor node metastasis (TNM) classification (25). In addition to T cells, there are many other immune cell types that infiltrate GI cancers.

Tregs, as a subtype of CD4+ T cells, can inhibit effector T cells via a series of chemokine signaling (26). FOXP3+ Tregs, a subtype of Tregs, their roles are ambiguous. Some studies have shown that a high density of FOXP3+ Tregs is beneficial to the prognosis of CRC after undergoing chemo or chemoimmunotherapy (27). On the other hand, it has been shown that Tregs in the esophageal mucosa and peripheral blood of patients with esophageal cancer increase significantly (28).

DCs, on the one hand, express MHC Class II and can present their antigenic peptides to CD4+ T cells. They activate effector T cells to attack tumors and play a crucial role in shaping the host response to cancerous cells. GC patients with good DC infiltration had lower lymph node metastases and lymphatic invasion and better 5-year survival rates (78%) than patients with less DC infiltration (29). On the other hand, activated DCs help in the expansion of Tregs, consequently leading to regulation of immune responses and thereby tumor immune escape (30). Meanwhile, DCs also stimulate the formation of M2 macrophages, thereby increasing the secretion of IL-10 and TGF-β (31), which reduces the expression of IL-12 expressed by DCs and inhibits the activation of adaptive responses (32).

Tissue-resident macrophages are present prior to the development of any malignancy (33, 34). Tumor-associated macrophages (TAMs) can differentiate into two distinct subtypes, M1 and M2. M1 macrophages secrete IL-6 and IL-12 to mitigate resistance during tumor development; they can also be activated by IFN-γ to secrete TNF to kill cancer cells, while M2 macrophages secrete growth factors that promote neoangiogenesis and tumor proliferation (35). In various types of cancers, increased numbers of TAMs are often related to a poor prognosis. However, the roles of TAMs in CRC remain controversial. According to some reports, on the one hand, a high density of TAMs predicts a better postoperative outcome (36), and on the other hand, TAMs also secrete cytokines that favor tumor development (37), which indicates that the impact of TAMs on CRC needs to be further explored. Additionally, in accordance with some studies, TGF-β and other growth factors secreted by cancer-associated fibroblasts (CAFs) promoted the proliferation of CRC cells through the Smad2/Smad4 pathway (38) and MAPK/PI3K/AKT pathway (39).

Neutrophils are similar to TAMs in classification. Neutrophils differentiate into N1 and N2 according to their polarization state. N1 has antitumor activity, which directly kill tumor cells by releasing reactive oxygen species (ROS) and reactive nitrogen species (RNS) (40, 41) and can also recruit M1 macrophages and promote T cell activation. In contrast, N2 has tumor-promoting activity, promoting angiogenesis and inhibiting the function of NK cells by releasing matrix metalloproteinase 9 (MMP9) (42). In addition, N2 recruits M2 macrophages and Treg cells and suppresses the function of CD8+ T cells, as well as other native neutrophils (43). Neutrophil extracellular traps (NETs) activate Toll-like receptor 9 on CRC cells through the MAPK pathway, which leads to the growth, migration and invasion of CRC cells (44).

B lymphocytes play an important role in tumor immunity and cancer biology. However, several studies have revealed that B lymphocytes can take part in carcinogenesis and tumor progression by producing antibodies to facilitate chronic inflammation in the TIME (45, 46). Moreover, regulatory B cells can also restrain antitumor responses mediated by T cells in cancer (47). Regulatory B cells (Breg cells), a novel subset of B lymphocytes, appear to facilitate tumor growth and progression via the production of IL-10 to suppress the activity of CD8+ T cells in squamous carcinoma (48). In CRC, the presence of B cells seems to be detrimental to prognostic outcome (49).

NK cells are unique in that they have both innate and adaptive immune properties. NK cells participate in the antitumor immune response through the production of proinflammatory cytokines, which recruit and induce the proliferation of other immune cells (12). Activated NK cells can directly kill some tumor cells and virus-infected cells. In EC, expanded NK cells had high cytotoxicity against ESCC cells, especially those with the epithelial-mesenchymal transition phenotype (50). In another investigation, a higher NK cell density was shown to be significantly related to a higher survival rate in GC, especially for advanced patients (51).



Cytokines/Chemokines

Cytokines are important players in the tumor microenvironment, and cytokines/chemokines are used to establish connections between various immune cells, such as IL-6 (52), IL-10 (53), IL-12 (54), IL-35 (55), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), tumor necrosis factor alpha (TNF-α) (56), interferon γ (IFN-γ) (57), indoleamine-2,3-dioxygenase (IDO) (58), and transforming growth factor beta (TGF-β) (59). For example, IL-10 and TGF-β switch macrophages from a M1-like (proinflammatory or classically activated) state to a M2-like (anti-inflammatory or alternatively activated) state. M1 macrophages induce antitumor immune signaling and correlate with tumor killing capacity. Conversely, M2 macrophages exhibit protumor effects and contribute to fibrosis and the production of matrix proteins (60) as well as angiogenesis, metastasis, and the suppression of adaptive immunity (61, 62). Human CRC cell lines cultured in vitro are able to polarize macrophages toward the M2 phenotype (63). In GC patient samples, M2 macrophages in the stroma may be correlated with the presence of a lesion (64). The CCL2-CCR2 axis in esophageal carcinogenesis contributes to immune evasion and tumor promotion through the PD-1 signaling pathway (65). At the same time, the activity of NK cells and effector T cells was suppressed due to the increased secretion of cytokines such as IL-10, TGF-β, EGF and VEGF (50).



Cells in the Extracellular Matrix (ECM)

Unlike strictly defined immune cells, fibroblasts are present within the stromal microenvironment and serve to produce extracellular matrix (ECM) proteins in particular collagen. They actively manufacture and respond to cytokines in cooperation with immune cells within the stromal microenvironment. Fibroblasts are also associated with epithelial cell polarity, proliferation, and, to some extent, tumorigenic potential. CAFs have been shown to drive increased tumor growth compared to normal fibroblasts (66). They contribute to cancer cell survival and progression via a series of nutrient-rich ECM proteins or ECM-degrading proteases, resulting in persistent chronic inflammation within the tumor microenvironment and enhanced epithelial mesenchymal transition (EMT) of tumor cells (67, 68).

Recent studies have demonstrated that CAFs have the capacity to produce proinflammatory cytokines, which disrupt the normal cytokine balance to stimulate tumor growth by initiating angiogenesis and inhibiting CTLs (69, 70). Additionally, CAFs have been shown to secrete high levels of the proinflammatory cytokines IL-1β, IL-8, IL-10, tumor necrosis factor-alpha (TNF-α), monocyte chemoattractant protein-1 (CCL2), stromal derived factor-1 (CXCL12) and interferon-beta (IFN-β) (71). The crucial role of CAFs in tumorigenesis has been addressed by genetic analyses showing that their gene expression profiles are very different from those of normal breast fibroblasts. Moreover, the expression profiles of CAFs obtained from tumors with poor versus good prognosis are also very different (72). Good-outcome fibroblasts were associated with immune modulators involved in the Th1 immune response. This includes the expression of T cell receptor complexes (CD8a, CD247, and CD3D), MHC class I protein binding and granzyme A/B activity. The poor-outcome stroma had increased levels of hypoxia and angiogenesis and decreased chemokines that stimulate NK migration and T cell survival (73).




Mechanisms of Tumor Immune Escape

One role of the immune system in mediating tumorigenesis is called “cancer immune editing”, and it can be classified into 3 stages: elimination, stalemate, and escape. The elimination stage includes innate and adaptive immune responses to specific tumor-related antigens and is characterized by the effector functions of T cells, B cells and NK cells mediated by cytokines, including IFN-α, IFN-γ and IL-12. The stalemate stage of immune killing is mediated by the adaptive immune system and the persistence of a small number of malignant clones. The escape stage involves malignant clones gaining the ability to evade surveillance carried out by the adaptive immune system.

The understanding of the mechanisms of tumor immune escape changes with each passing day, and the established mechanisms are as follows. First, there can be a lack of a specific antigen or an alteration in antigen processing. In a study of SCC cell lines and tumor tissues, levels of MIR125a-5p and MIR148a-3p were found to be increased, reducing levels of ATP binding cassette subfamily B member 3 (TAP2) and MHC I, both of which are required for antigen presentation (74). Tumor cells lack the expression of major MHC I molecules or lose the intracellular processing mechanism, enabling the transfer of tumor antigens to the surface of tumor cells for T cells to recognize (75). The high expression of MHC I molecules in SCC is related to markers of the adaptive immune response and significantly decreased OS time in patients (74). Second, tumors can promote the formation of an immune-tolerant microenvironment by affecting the levels of cytokines, such as by increasing the secretion of IL-6, IL-10 and TGF-β or by consuming IL-2. The changes in these cytokines in EC cells promote the infiltration of Treg cells, MDSCs and other types of cells, thus suppressing the function of cytotoxic T cells (76). Third, tumors can upregulate the expression of PD-1 and PD-L1 to induce peripheral T cell depletion (77). Finally, many oncogenic cell signaling pathways were originally thought to be used only to accelerate cell division and growth, but they are now thought to be factors mediating immune escape. For example, constitutively activated KIT signaling in GI tumors can lead to overexpression of indoleamine-2,3-dioxygenase (IDO), thus increasing Treg cell infiltration and promoting tumor growth; furthermore, melanoma cells activated by β-catenin/Wnt signaling can inhibit DC-mediated antigen presentation and prevent CD8+ T cell infiltration (78).




Immunotherapeutic Strategies in Gastrointestinal Cancer: The Current Scenario and Future Perspectives

Immunotherapy refers to the activation of the body’s immune system to fight against tumor cells. It manipulates the immune system to target cancer antigens or break the barriers of T cell infiltration. Immunotherapy methods mainly include cytokines, immune checkpoint inhibitors, CAR T cell treatments, tumor vaccines, and treatments involving other immune cells in the TME.


Activating the Immune Response - Cytokines

Several cytokines impede cancer cell growth via direct antiproliferative or proapoptotic actions or by indirectly enhancing the cytotoxic effect of immune responses against cancer cells. For example, autocrine IL-10 activity on CD8+ T lymphocytes has been shown to be crucial for prolonging the effector activity of cytotoxic CD8+ T cells (79, 80). This concept has been evaluated in a phase I clinical trial in advanced treatment-refractory tumors (NCT02009449) using IL-10 conjugated with PEG to increase its half-life. The administration of PEGylated cytokines (termed pegilodecakin) resulted in partial responses in patients with uveal melanoma, renal cell carcinoma (RCC) and CRC (81). In addition, CCR5 is the receptor for both CCL3 and CCL5, while CCR2 binds to CCL2. In patients with metastatic CRC, CCR2/CCR5 inhibitors, coupled with either chemotherapy or nivolumab, suppressed myeloid cell recruitment by blocking the activity of these chemokines (82). Another paradigmatic case is IFN-α, first discovered in 1957, which induces antitumor efficacy by directly augmenting NK cell-mediated killing and acting on T and B lymphocytes to modulate their activity and/or survival.



Immune Checkpoint Inhibitors

Immune checkpoints play key roles in the innate immune system by ensuring that immune cells are capable of distinguishing self-antigens from exogenous antigens. In the TME, tumors often display self-antigens and escape immune surveillance. By blocking the interaction between immune cells and tumor cells expressing immune checkpoint molecules, checkpoint inhibitors allow the immune system to recognize tumor-associated antigens and consequently destroy malignant cells. As shown in Figure 2, when CTLA-4 and LAG-3 are bound by their corresponding monoclonal antibodies, T cells become activated and differentiate and proliferate; TIM-3 and PD-1 on T cells and PD-L1 on tumor cells are bound by their corresponding antibodies, which prevents T cell death, inhibits tumor cell evasion and promotes tumor cell apoptosis (Figure 2).




Figure 2 | Mechanisms of immune checkpoint inhibitors. The left picture shows that the immune checkpoint molecules on T cells combine with the corresponding ligands on cancer cells, resulting in immunosuppression of T cell. The right picture shows that immune checkpoint molecules bind to the corresponding antibody to prevent T cell death. TCR, T cell receptor; MHC, major histocompatibility complex; TIM-3, T cell immunoglobulin 3; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1; LAG-3, lymphocyte activation gene 3.




CTLA-4

As the first inhibitory receptor identified, CTLA-4 is mainly located on activated T lymphocytes and is also highly expressed in several types of cancer (83). There is a competitive interaction between CD28 and CTLA-4 in binding with CD80/CD86 molecules. CTLA-4 transmits an inhibitory signal to T cells, whereas CD28 transmits a stimulatory signal. A recent study revealed that the combined consideration of CTLA-4 expression and the platelet-lymphocyte ratio (PLR) has potential prognostic value for people suffering from ESCC (84). Therefore, it is not surprising that CTLA-4-targeted agents have shown great potential in the treatment of many cancers. In clinical trials, the tumor response rates of two anti-CTLA-4 agents, ipilimumab and tremelimumab, were approximately 10% (85). A large phase II clinical study explored the efficacy and safety of nivolumab ( ± ipilimumab) in the treatment of advanced CRC. The results revealed that most patients with microsatellite instability-high (MSI-H) metastatic CRC (mCRC) benefited from the nivolumab + ipilimumab regimen, and the regimen was well tolerated, but whether the combination therapy is superior to either drug as monotherapy therapy is still uncertain (86).



PD-1 and PD-L1/L2

PD-1 is one of the crucial immune checkpoint receptor proteins on T cells, B cells and NK cells and can bind to PD-L1 and/or PD-L2, which are located on the surface of multifarious tumor cells as well as hematopoietic cells. The combination of PD-1 and PD-L1/L2 expressed on tumor cells can dramatically inhibit the apoptosis of tumor cells, promoting the depletion of peripheral effector T cells and catalyzing the transformation of effector T cells into Treg cells (87). In 2017, the US Food and Drug Administration (FDA) approved pembrolizumab for the treatment of unresectable or metastatic MSI-H or mismatch repair deficient (dMMR) CRC that progressed following treatment with fluoropyrimidine, oxaliplatin, and irinotecan. This approval was based on results from the phase II CheckMate-142 trial (88), in which the objective response rate (ORR) was 28% in mCRC patients who received prior fluoropyrimidine, oxaliplatin, and irinotecan; in the trial, 1 patient had a complete response (CR), and 14 patients had partial responses (PRs). Furthermore, the expression of PD-L1 in cancer cells and the TME may contribute to the development of EBV-associated GC, and PD-L1 overexpression predicts large tumor size, lymph node metastasis, and poor prognosis in GC (89). A recent study presented at the American Society of Clinical Oncology (ASCO) meeting revealed that an anti-PD-1 monoclonal antibody could significantly prolong the OS of PD-L1-positive patients with advanced EC regardless of whether it was used alone or in combination with chemotherapy; furthermore, the antibody was highly safe (90, 91).



TIM-3

TIM-3 is a cell surface molecule expressed on DCs, monocytes, CD8 T cells and Th1 cells. The ligands of TIM-3 are frequently overexpressed in tumor cells. TIM-3 is a negative regulator of the antitumor immune response and has been proven to be associated with the occurrence and development of several malignant tumors. At both the mRNA and protein levels, the expression of TIM-3 in ESCC is remarkably higher than that in matched adjacent normal tissues; furthermore, researchers have found a close connection between the overexpression of TIM−3 and poor survival in patients with ESCC. Similarly, TIM-3 knockdown significantly inhibited the propagation, migration and invasion of ESCC cell lines. Further research explored whether the depletion of TIM-3 could restrain several signal transduction pathways, including the snail, p-GSK-3β and p-AKT pathways (92). In addition, some studies have suggested that the increased expression of TIM-3 on T cells may be partially responsible for the development of GC by inducing the secretion of IFN-γ and TNF-α (93). Another study has shown that reduced TIM-3 expression induced by genetic polymorphisms of TIM-3 may promote CRC invasion and metastasis (94). Taken together, these findings show that TIM-3 is a critical mediator in the progression of various cancers and may serve as a potential therapeutic target.



LAG-3

LAG-3 is another membrane protein expressed on B cells, some T cells, NK cells and TILs. LAG-3 can enhance the activation of Treg cells and prevent T cells from proliferating and differentiating into effector cells by binding with MHC II. In addition, some basic research has shown that dual blockade of LAG-3 and PD-1 can induce strong antitumor action (95). Furthermore, high expression of LAG-3 is associated with an improved survival rate in patients with ESCC or CRC and is being evaluated as a biomarker to predict response to antitumor treatment. These results indicate that LAG-3 can be used as a marker of the immune response for patients with ESCC or CRC (96, 97).



SIRPα

Signal regulatory protein-α (SIRPα) acts as an inhibitory receptor and is expressed on myeloid cells such as macrophages, DCs, mast cells and neutrophils. It interacts with the broadly expressed transmembrane protein CD47, also called the “don’t eat me” signal. In addition, the interaction between CD47 and SIRPα can help tumor cells avoid phagocytosis in the TME (98). The biological and preclinical relevance of the interaction of SIRPα and CD47 has been extensively investigated. A recent study showed that blocking SIRPα/CD47 signaling in ESCC cell lines could enhance the phagocytosis of ESCC cells in a dose-dependent manner (99). In addition, with the evolution of cancer immunotherapy, SIRPα/CD47 immunotherapy to stimulate the innate immune system as a cancer treatment has drawn increasing interest. Other reports have confirmed that the high expression of CD47 is an independent prognostic factor in GC, and the OS rate of patients with CD47-positive tumors was significantly lower than that of patients with CD47-negative tumors (100). Aberrant expression of CD47 has also been reported to strongly promote the proliferation of tumor cells (101).




CAR T Cell Treatments

Chimeric antigen receptor (CAR) T cell therapy includes T cell modifications that enable activated T cells to recognize specific tumor cell surface antigens independent of MHC and eventually eliminate malignant cells (102). After many years of medical and laboratory research as well as specific clinical trials, in 2017, the US FDA approved the use of two CAR T cell therapies (103, 104). In recent years, some laboratories have attempted to exploit EphA2. CAR T cells recognizing EphA2 have demonstrated the capacity to identify and attack ESCC cells in vitro. These findings open a new avenue for future immunotherapies for ESCC (105). Coincidentally, CAR T cell therapy has been widely used in the treatment of other GI cancers and liver cancers. The HER2 gene plays an important role in the occurrence and development of GC, which highly expresses the protein p185; p185 shows negative expression in healthy individuals, and thus, it could be used as an ideal target for antitumor therapy with CAR T cells (106). Carcinoembryonic antigen (CEA), a sensitive tumor biomarker, was found to be a potent target for CAR T cell therapy for GI cancers (106). Therefore, a great deal of research has been carried out on the treatment of different cancers, such as liver cancer, cholangiocarcinoma and pancreatic cancer. Combined treatment integrating CAR T cell therapy with targeted therapies, such as therapies targeting CEA, HER2, GPC3, MUC1, CD133, EpCAM or EGFR, has exhibited great potential (107–110).



Targeted Therapy Mediating Immune Cells


NK Cells

NK cells are innate lymphocytes and play a pivotal role in host immunity by killing virally infected and/or cancerous cells. Several clinical studies have suggested NK cell-based immunotherapy as a potential therapy for cancer. Inhibitory receptors, such as killer-cell immunoglobulin-like receptors (KIRs) and CD94/NK group 2 member A (NKG2A), recognize human leukocyte antigen (HLA) class I molecules on normal host cells. By lacking inhibitory receptor ligands, tumor cells that have downregulated surface MHC-I expression become susceptible to attack by NK cells. Current NK cell-based cancer immunotherapy aims to reverse tumor-induced NK cell dysfunction and sustain NK cell effector functions (111). To fight against tumors, NK cells can also be modulated to target the cell types responsible for maintaining the immunosuppressive TME, including M2-polarized macrophages, MDSCs, Treg cells, and fibroblasts (112). According to recent reports, adoptive cell therapy (ACT) has become a powerful tool to improve host antitumor activity (113), mainly including autologous NK cell transfer, allogeneic NK cell transfer and CAR-engineered NK cells (114). The three methods all artificially activate and expand NK cells in vitro and then transfer the modified NK cells to patients. Under the stimulation of some cytokines and costimulators, the antitumor ability of NK cells has been significantly improved (113, 115), and NK cells are expected to achieve staged success in the course of immunotherapy.



NKT Cells

Natural killer T cells (NKTs) are unique T lymphocytes that have the characteristics of conventional T cells and natural killer cells (116). They play an important role in connecting the natural immune system with the adaptive immune system and are also an important intermediary for mediating the immune response and tumor monitoring (117). It is usually composed of two parts, namely, the invariant TCRα chain and the semivariant TCRβ chain, recognizing the lipid antigen presented by the nonclassical MHC class I molecule CD1d (118). More importantly, the activation of CD1d-dependent invariant natural killer T cells (iNKT cells) can promote the release of cytokines such as IL-5, IL-6, IL-10, IL-17, IL-21, TNF-α, TGF-β and granulocyte-macrophage colony stimulating factor (GM-CSF) (116, 119, 120) and indirectly activate the antitumor mechanism. At present, several cancer immunotherapies based on iNKT cells have been developed, mainly including antigen-presenting cells (APCs) pulsed with α-GalCer, the transfer of ex vivo–expanded and/or activated iNKT cells, and iNKT cell–activating ligands (117). First, a clinical experimental study has not indicated any major toxicity or severe side effects in patients who have received repeated injection of the tumor immunity agonist α-GalCer (121), implying its clinical value in improving tumor immunity. In addition, patients with head and neck squamous cell carcinoma, who were treated with the combination of iNKT cells and α-GalCer-pulsed DCs, the antitumor immunity was greatly improved (122, 123)



Macrophages

Tumor-infiltrating immune cells play an ambiguous role in tumor development and progression. It has been extensively reported that TAMs promote or inhibit the expansion and dissemination of cancer cells depending on their functional states. Tumor-infiltrating macrophages are mainly recruited by CCL2 or CSF-1, and TAM depletion therapy (e.g., CCR2 or CSF1R antagonists) has already been tested in clinical trials for malignant solid tumors (124, 125). Some studies have also shown that CSF1R inhibitors represent a promising combination partner for T cell-enhancing immunotherapies (126, 127). Further investigation of the synergistic effects of these agents with immunotherapies will lead to the improvement of ongoing immunotherapeutic strategies. At the same time, some cancer immunotherapies targeting TAMs are on the rise, and most of them follow the principle of directly reducing the formation of TAMs or polarizing TAMs from the pro-tumor phenotype (M2-like), which helps tumor development to an antitumor phenotype (M1-like) (128). By preventing the recruitment of TAMs or blocking the CSF1/CSF1R axis, the survival rate of TAMs can be significantly reduced (129, 130), as mentioned above. In addition, some studies have shown that the polarization of TAMs to M1 macrophages can be promoted by targeting antibody-dependent cellular phagocytosis (ADCP) induced by the SIRPα/CD47 axis, thus enhancing the tumor immune response (131). Finally, a possible strategy for cancer treatment is the use of natural living macrophages as drug delivery vehicles (128).



γδT Cells

As a subtype of T lymphocytes, γδT cells have a wide range of antigen recognition abilities and can be used to recognize a series of antigens, including mitochondrial ATPase, human mutS homolog 2 and nonpeptide phosphoantigens (132–134), without using traditional APC to mediate antigen recognition (135, 136). The mechanism of antigen recognition depends on its peptide sequence. Since the sequence of complementarity determining region 3 (CDR3) of the delta chain is longer and more varied, it is more important in the process of antigen recognition (137). In addition to expressing NK cell receptors such as NGG2D, it may be a bridge between the innate immune system and adaptive immunity (138). According to related reports, under certain conditions, γδT lymphocytes may be activated in the late stage of the immune response (139, 140), which shows cytotoxicity by secreting perforin and granzyme and can also regulate the secretion of IFN-γ and TNF-α (141). Conversely, some cytokines may drive γδT lymphocytes to remodel tumor-immunosuppressive functions; thus, there is an urgent need to optimize γδT lymphocytes to obtain new antitumor targets (142). A recent study demonstrated for the first time that CAR-γδT cells obtained by modification using CAR technology are able to migrate to tumor cells and cross-express antigens (143), which opens a new avenue for cancer immunotherapy research.



IDO1

IDO1 is the rate-limiting enzyme that participates in tryptophan metabolism by converting the amino acid L-tryptophan (Trp) into L-kynurenine (Kyn). This enzyme assists tumor cells in maximally utilizing essential amino acids such as tryptophan in the TME to support tumor growth. However, as immune cells lose tryptophan, they lose their ability to fight cancer cells. Overexpression of IDO1 in tumor cells inhibits T cell function and impairs immune surveillance, leading to immune escape (144). In addition, it has been verified that the expression of IDO1 is associated with prognosis in EC and could be used as a prognostic biomarker (145). In a multivariate analysis, IDO1 expression was proven to be an independent prognostic factor for developing recurrence (146). Chen et al. reported that the enzyme activity of IDO1 directly affected the radiosensitivity of CRC, and IDO1 inhibition made CRC cells more sensitive to radiation-induced cell death and protected the normal small intestinal epithelium from radiation toxicity, indicating that IDO1 inhibition enhances the radiotherapy effect in CRC (147). According to relevant studies, IDO1 can also cooperate with COL12A1 to promote GC metastasis. This new discovery suggests that IDO1 and COL12A1 may be promising targets for anticancer therapy in GC (148).




Tumor Vaccines

Tumor vaccines are a therapeutic method that can help educate the immune system to recognize cancer-related antigens and achieve antitumor effects. Tumor vaccines mainly include whole-cell vaccines, molecular vaccines and DC vaccines. DCs are one of the most effective APCs found in humans thus far. In addition, DC vaccines have achieved ideal results in clinical trials of malignant melanoma and prostate cancer (149). Due to the lack of MHC molecules and costimulatory molecules located on the surface of tumor cells, T lymphocyte immunity cannot be activated. Therefore, the immune response triggered by tumor vaccines mainly depends on the primary processing and further presentation of antigens by APCs, which is a key step in the development of effective adaptive immunity. As a new treatment strategy, immunotherapy based on tumor vaccines has received increasing attention in the treatment of advanced EC and other GI cancers (124, 150).




Clinical Application of Immunotherapies in Gastrointestinal Cancers


Colorectal Cancer

Immunotherapies have been studied extensively in CRC due to a better understanding of CRC subsets (particularly MSI/MMR status) and how they respond to immune modulation. Initial work on checkpoint inhibitors in CRC showed limited success. Neither the CTLA-4 inhibitor tremelimumab nor the PD-1 inhibitor nivolumab showed an objective response in CRC patients (151, 152). The Check-Mate-142 trial (phase II) evaluated single-agent nivolumab and nivolumab plus ipilimumab in patients with metastatic CRC with either MSI-H/dMMR or MSS/pMMR status. This study first investigated whether MSI-H tumors may be more responsive to immune checkpoint inhibitor therapy (88). Subsequent studies investigated targeting both CTLA-4 and PD-1 with ipilimumab/nivolumab in the pretreated population. The results were encouraging in that the ORR was 55%, the disease control rate for ≥ 12 weeks was 80%, and the progression-free survival (PFS) rates were 76 and 71% (9 and 12 months, respectively) (153). In the KEYNOTE-164 phase II trial, pembrolizumab monotherapy achieved an ORR of 28% and an excellent 1-year OS rate of 72% in heavily pretreated patients with MSI-H mCRC (154) responses to immune checkpoint inhibitors (155, 156).

Various regimens have been implemented to enhance immunogenicity in MSS/pMMR mCRC. The combination of atezolizumab and the MEK inhibitor conbimetinib showed limited effectiveness in CRC patients at advanced stages compared to regorafenib (157). A combination of FOLFOX and PD-1/PD-L1 inhibitors achieved an ORR of up to 50% and increased PFS (from 14 to 16 months) (158, 159). Preliminary data from the AVETUX trial demonstrated that a combination of FOLFOX, cetuximab, and the PD-L1 antibody avelumab showed a 75% ORR in patients with treatment-naïve microsatellite stable (MSS) mCRC (160). In contrast, the combination of atezolizumab (anti-PD-L1) with maintenance therapy with fluoropyrimidines and bevacizumab failed to improve the PFS of mCRC patients (161). In conclusion, all mCRCs should be tested for their microsatellite status. In MSI-H/dMMR CRC, checkpoint inhibitors should be used after therapy with fluoropyrimidine, oxaliplatin, and irinotecan. Currently, the value of checkpoint inhibitors in MSS CRC is still unclear.



Gastroesophageal Cancer

Compared to CRC, the application of immunotherapy has been limited in gastroesophageal cancer due to tumor heterogeneity and complex immunosuppressive mechanisms. Checkpoint inhibition therapy showed some success in early trials, which is likely to be related to a specific phenotype of GC and its histopathology (162).

According to the outcomes of the KEYNOTE-059 trial, pembrolizumab has been approved by the FDA for the management of refractory GC. In addition, a series of KEYNOTE trials have been conducted in EC, including KEYNOTE-180, KEYNOTE-181, and KEYNOTE-590 (90, 163, 164). Nivolumab, based on the outcomes of ATTRACTION-2, was also approved in heavily pretreated tumors in Japan (165). Checkmate-032 confirmed that the combination of ipilimumab with nivolumab was superior to nivolumab monotherapy (166, 167). ATTRACTION-3 compared nivolumab to chemotherapy in refractory OC and demonstrated significant improvement in survival (median OS 10.9 months vs. 8.4 months; hazard ratio for death 0.77, p = 0.019) (168). Understanding the role of immunotherapy in GC has been improved with a shift in the classification of tumors, and four genomic subtypes of GC have been identified. Similar to CRC, the MSI-H population in GC has shown an encouraging response, as indicated by a subset analysis of trials (169). The EBV subtype is even more promising (170), with all patients of this subtype responding to pembrolizumab immunotherapy in a phase II trial (171). Meanwhile, there are still ongoing trials to evaluate the efficacy of different available immunotherapy agents, such as KEYNOTE-062 and KEYNOTE-061 (Table 1).


Table 1 | Landmark trials of immunotherapy in GI.






Concluding Remarks

In summary, this review systematically describes immunological aspects of GI cancer and discusses the latest progress in cancer immunotherapy. Although immune-targeted therapy has gradually become the mainstream strategy for cancer treatment, side effects, drug resistance and a low response rate still represent challenges for researchers and clinicians. In addition, because immunotherapy may not benefit all the cancer types, there are some patient populations who cannot receive immunotherapy. Based on the above, we should strive to improve the understanding of tumor immunology, and the curative effect should be emphasized in further research. Over the next few decades, we expect to see the advent of more effective immunotherapy, the development of predictive biomarkers or more personalized treatment to help patients who are less likely to respond to current treatments to improve the treatment effect.
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Background

Immune checkpoint inhibitors (ICIs) have improved survival for advanced wild-type non-small cell lung cancer (NSCLC) significantly, but few studies compared single ICI (SICI)-based treatments and double ICIs (DICI)-based treatments. We summarized the general efficacy of ICI-related treatments, compared the efficacy and safety of SICI-based [programmed death 1 (PD-1)/programmed death-ligand 1 (PD-L1) or cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) inhibitors ± chemotherapy (CT)] and DICI-based (PD-1/PD-L1 inhibitors+CTLA-4 inhibitors ± chemotherapy) treatments vs. CT in the first-line treatment.



Methods

We included phase II/III randomized controlled trials (RCTs), including patients with histologically confirmed stage IIIB–IV driver-gene wild-type NSCLC who received first-line ICI-related therapy in at least one arm. PubMed, Embase, and Cochrane Library were searched from January 1, 2005, to December 31, 2020. This network meta-analysis was performed in a Bayesian framework using GEMTC and JAGS package in R.3.6.1. The research was registered with PROSPERO (CRD42020184534).



Results

Twenty RCTs were involved, including 13,032 patients and 17 treatment regimens. The results showed that ICI-based therapies could provide a pooled median overall survival (mOS) (POS) of 15.79 (95% CI: 14.85–16.73) months, and there were no significant differences in OS, progression-free survival (PFS), objective response rate (ORR), and grade 3 or higher adverse events (≥3AEs) between DICI-based treatments (POS: 14.81, 12.11–17.52 months) and SICI-based treatments (POS: 16.17, 14.59–17.74 months) in overall patients. However, DICI-based treatments had significantly prolonged the OS over SICI-based treatments in squamous and PD-L1 <1% subgroups. The ranking of OS benefit by Bayesian surface under the cumulative ranking curve (SUCRA) spectrum showed that DICI+chemotherapy ranked first for overall population and subgroups including squamous, non-squamous, any level of PD-L1 expression, smoking, male, Eastern Cooperative Oncology Group performance status (ECOG PS) = 0/1, age < 65/≥65 while SICI+CT for low tumor mutation burden (TMB), non-smoking, and female subgroups, and DICI for high TMB subgroups.



Conclusions

In the first-line therapy for advanced wild-type NSCLC, both SICI- and DICI-based treatments could bring significant overall advantages over chemotherapy, with comparable outcomes of efficacy and ≥3AEs. DICI-based treatments were more effective than SICI-based treatments in squamous and PD-L1 <1% subgroups. For most populations, DICI+chemotherapy could be the best choice with a survival benefit, while SICI+chemotherapy has established its position actually.
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Introduction

Lung cancer is the cancer with the highest mortality worldwide (1), among which non-small cell lung cancer (NSCLC) accounts for approximately 85% (2). Due to that advanced driver-gene wild-type NSCLC cannot benefit from targeted therapy (3), the third-generation platinum-containing chemotherapy (CT) was the standard first-line therapy in the past. Although pemetrexed or bevacizumab (BEV) maintenance therapy has brought survival benefits for non-squamous NSCLC, the 5-year overall survival (OS) rate of late-stage NSCLC is still limited (4). In recent years, with the development of immune checkpoint inhibitors (ICIs), including programmed death 1 (PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) inhibitors (5), the first-line treatments for driver-gene negative advanced NSCLC have been enriched and optimized, significantly extending the survival of patients (6). As for single ICI (SICI), KEYNOTE 024 proved that pembrolizumab (PEM) significantly increased OS and progression-free survival (PFS) in advanced wild-type NSCLC patients with PD-L1 ≥50% (7, 8). In addition, IMpower 110 demonstrated atezolizumab (ATE) significantly prolonged OS in patients with Tumor cell/Immune cell (TC/IC) = 3 (9). Recently, EMPOWER-LUNG1 also demonstrated that cemiplimab (CEM) prolonged patients’ OS and PFS in PD-L1 ≥50% significantly (10). For patients with a low expression of PD-L1, SICI plus CT (SICI+CT) showed better efficacy. KEYNOTE 021 (11, 12), KEYNOTE 189 (13, 14), KEYNOTE 407 (15, 16), CheckMate 227 part2 (17), CAMEL (18), ORIENT-11 (19), and ORIENT-12 (20) evaluated the efficacy of PD-1 inhibitors in combination with platinum-based CT and obtained significant benefits. However, great differences exist in the efficacy of anti-PD-L1 or CTLA-4 antibodies combined with CT in randomized controlled trials (RCTs) such as IMpower 130 (21), IMpower 131 (22), IMpower 132 (23, 24), Govindan (25), and Lynch (26). In addition to SICI-based treatments (including SICI and SICI+CT), dual ICIs (DICI)-based treatments have also been meaningfully explored. CheckMate 227 proved that nivolumab (NIV) combined with ipilimumab (IPI) improved OS and PFS in patients with advanced wild-type NSCLC (27). Furthermore, durvalumab (DUR) combined with tremelimumab (TRE) failed to indicate OS advantage over CT and is even inferior to CT in PFS in MYSTIC (28). CheckMate 9LA was the first study proving that DICI combined with CT (DICI+CT) significantly improved efficacy; NIV+IPI+CT gained longer OS and PFS over CT (29). While in CCTG BR.34, DUR+TRE+CT failed to obtain OS advantage in contrast to DICI (30).

Both SICI-based and DICI-based treatments have achieved certain success. However, no studies have been conducted to compare the two treatments directly. In theory, DICI-based treatments could target more immune checkpoints and should be more effective but may also produce more side effects. It has become a huge challenge perplexing clinicians whether DICI-based therapies are more effective and whether there exists the best treatment or beneficial populations among SICI, SICI+CT, DICI, and DICI+CT. To address such questions reasonably, we conducted an integrated analysis and network meta-analysis (NMA). Our study summarized the general effects of related treatments and compared the efficacy and safety among SICI, SICI+CT, DICI, DICI+CT, and CT in the first-line treatment of advanced wild-type NSCLC, which will provide valuable evidence for clinical decision-making.



Materials and Methods


Literature Searching Strategies

This NMA was performed according to the PRISMA extension statement (Supplementary Table 1). We used strategies in Supplementary Table 2 to search literature on first-line immunotherapy of advanced wild-type NSCLC in PubMed, Embase, and the Cochrane Central Register of Controlled Trials (January 1, 2005–December 31, 2020). Abstracts of major international oncology conferences (American Society of Clinical Oncology, European Society of Medical Oncology, and World Conference on Lung Cancer) were also reviewed (2018–2020).



Inclusion Criteria

Published phase II/III RCTs reported in English that compared at least two first-line treatments, at least one arm containing ICIs, for histologically confirmed advanced (stage III–IV) driver-gene wild-type NSCLC patients who did not receive prior systemic therapies. The hazard ratio (HR) and 95% confidence interval (CI) of OS and PFS are available.



Exclusion Criteria

Trials involving targeted therapy for driver-gene mutation NSCLC patients or therapies other than ICIs or CT, such as surgery, radiotherapy, antiangiogenesis, immune cells, and cancer vaccines, or currently unavailable drugs such as the anti-TIGIT antibody tiragolumab. Trials that only reported outcomes of maintenance therapy were also excluded.



Data Extraction and Risk of Bias Assessment

We extracted study name, first author, publication year, number and characteristics of patients, OS, PFS, objective response rate (ORR), and the incidence of grade 3 or higher adverse events (≥3AEs) related to treatments. For the same study that reported outcomes of different follow-up times, we extracted the most recent data.

We assessed the bias risk of RCTs using the Cochrane Risk of Bias Tool, including seven items: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective outcome reporting, and other sources of bias (31). RCTs can be evaluated as low, high, or ambiguous risk of bias. Data extraction and risk of bias assessment were conducted by two independent investigators (QX and XZ).



Data Analysis

To judge the median OS (mOS) of each treatment tentatively, we performed pairwise meta-analyses with the frequentist method for head-to-head trials. Heterogeneity between studies was assessed using the Q test and I2 statistics. The random model was used when I2 ≥ 50 or p < 0.05, in which heterogeneity was considered statistically significant (32).

For survival variables (OS/PFS) and binary variables (ORR/≥3AEs), HR or odds ratio (OR) and corresponding 95% CIs were pooled according to the fixed or random model, which were compared using deviance information criteria (DIC) (33). We used the JAGS and GEMTC package in R.3.6.1 for Bayesian NMA using a Markov Chain Monte Carlo simulation technique. For each outcome, 150,000 sample iterations were generated with 100,000 burn-ins and a thinning interval of 1. To ensure the convergence of the model, visual inspection methods of trace plots and Brooks–Gelman–Rubin diagnostic were adopted (34). We used Stata 16.0 to generate network plots, indicating more directly the relationships between treatments. For network consistency, node splitting analysis was used to evaluate the differences between direct and indirect comparisons in the closed loop of treatments. Transitivity was evaluated using visual graphics for patient characteristics between treatment groups and control groups, respectively. To estimate the probability of each treatment being at each rank, we calculated the surface under the cumulative ranking curve (SUCRA). The higher SUCRA value represents that a treatment is to be ranked on the top more likely (35).




Results


Study Characteristics of Network Meta-Analysis

According to the study screening process in Figure 1, 20 RCTs were eligible for our NMA, including 13,032 patients and 17 different treatments. They are SICI regimens, including PEM (7, 8, 36), CEM (10), NIV (37), ATE (9), and DUR (28); SICI+CT regimens, including PEM+CT (11–16), sintilimab (SIN)+CT (19, 20), ATE+CT (21–24), IPI+CT (25, 26), camrelizumab (CAM)+CT (18), and NIV+CT (17); DICI regimens, including DUR+TRE (28) and NIV+IPI (27, 38); DICI+CT regimens, including DUR+TRE+CT (28, 30) and NIV+IPI+CT (29); and CT as control group, including CT with maintenance with pemetrexed (Mpem) and platinum-based doublet CT. The baseline characteristics of the studies were shown in Table 1.




Figure 1 | Flowchart of study selection.




Table 1 | Baseline characteristics of studies included in the network meta-analysis of patients with wild-type advanced non-small cell lung cancer.



The assumption of transitivity was accepted because no variability of population baselines was identified in the treatment group and control group among studies except for KEYNOTE 021 (11, 12), which showed a significant deviation of male proportion (Supplementary Figure 1). The risk of bias assessment was summarized in Supplementary Figure 2. Model convergence was established in accordance with trace plots and Brooks–Gelman–Rubin diagnostic (Supplementary Figure 3).



Integrated Analysis of Median Overall Survival

We firstly performed an integrated analysis of mOS in eligible studies to get a pooled OS of current treatment strategies for advanced wild-type NSCLC. The pooled mOS (POS) of ICI-based treatments was 15.79 months (95% CI: 14.85–16.73). The POS of SICI-based treatments was 16.17 months (95% CI: 14.59–17.74), with 15.32 months (95% CI: 13.28–17.36) for SICI and 16.56 months (95% CI: 14.32–18.81) for SICI+CT. The POS of DICI-based treatments was 14.81 months (95% CI: 12.11–17.52), with 14.05 months (95% CI: 10.04–18.07) for DICI and 16.07 months (95% CI: 13.84–18.29) for DICI+CT (Figure 2C).




Figure 2 | Network diagram of comparisons on different outcomes of treatments and pooled estimates of median overall survival. (A) Network diagram of SICI or DICI-based treatments and CT. (B) Network diagram of SICI, DICI, SICI+CT, DICI+CT, and CT. Each circular node represents a type of treatment. The size of the nodes and the thickness of the lines are weighted according to the number of studies evaluating each treatment and direct comparison, respectively. The total number of patients receiving treatments was shown in brackets. Color “orange” for overall survival (OS), “blue” for progression-free survival (PFS), “purple” for objective response rate (ORR), “green” for adverse events of grade 3 or higher (≥3AEs). (C) Pooled median overall survival (POS) of treatments in the overall population. SICI-based, treatments including single immune checkpoint inhibitor; DICI-based, treatments including double immune checkpoint inhibitors; SICI, single immune checkpoint inhibitor; DICI, double immune checkpoint inhibitors; SICI+CT, single immune checkpoint inhibitor combined with chemotherapy; DICI+CT, double immune checkpoint inhibitors combined with chemotherapy; CT, chemotherapy.





Network Meta-Analysis of Overall Survival, Progression-Free Survival, Objective Response Rate, Grade 3 or Higher Adverse Events in the Overall Population

We first compared the difference in efficacy between SICI/DICI-based treatments and CT (Figure 2A). Both SICI-based (HR = 0.78, 95% CI: 0.72–0.85) and DICI-based (HR = 0.74, 95% CI: 0.63–0.86) treatments showed significant benefits over CT in mOS, while only SICI-based treatments were superior to CT on median PFS (mPFS) (HR = 0.69, 95% CI: 0.60–0.78) and ORR (OR = 1.76, 95% CI: 1.43–2.18). There were no statistical differences in mOS, mPFS, ORR, and ≥3AEs between SICI-based and DICI-based treatments (Figures 3A, B).




Figure 3 | Network meta-analysis composed of SICI- or DICI-based treatments and CT. (A) Pooled hazard ratio (HR) [95% CrIs (credible intervals)] for overall survival (OS) and progression-free survival (PFS) in the overall population. (B) Pooled odds ratio (OR) (95% CrIs) for objective response rate (ORR) and adverse events of grade 3 or higher (≥3AEs) in the overall population. (C) Pooled HR (95% CrIs) for OS of squamous and non-squamous subgroups. (D) Pooled HR (95% CrIs) for OS of PD-L1 <1% and PD-L1 ≥1% subgroups. (E) Pooled HR (95% CrIs) for OS of PD-L1 1%–49% and PD-L1 ≥50% subgroups. (F) Pooled HR (95% CrIs) for OS of high TMB and low TMB subgroups. Data in each cell are HR or OR (95% CrIs) for the comparison of upper row-defining treatment vs. lower row-defining treatment. HR less than 1 and OR more than 1 favor upper-row treatment. Significant results are highlighted in red and bold. SICI-based, treatments including single immune checkpoint inhibitor; DICI-based, treatment including double immune checkpoint inhibitors; CT, chemotherapy.



We then compared the difference in efficacy among SICI, SICI+CT, DICI, DICI+CT, and CT (Figure 2B). For mOS, SICI (HR = 0.82, 95% CI: 0.73–0.93), DICI (HR = 0.77, 95% CI: 0.65–0.91), SICI+CT (HR = 0.76, 95% CI: 0.68–0.84), and DICI+CT (HR = 0.67, 95% CI: 0.52–0.86) showed better efficacy over that of CT, but there was no significant difference among the four treatments. For mPFS, SICI (HR = 0.82, 95% CI: 0.67–0.99), SICI+CT (HR = 0.63, 95% CI: 0.54–0.73), and DICI+CT (HR = 0.64, 95% CI: 0.44–0.94) showed significant advantages compared with CT; the efficacy of SICI (HR = 1.30, 95% CI: 1.02–1.65) and DICI (HR = 1.41, 95% CI: 1.06–1.88) was significantly lower than that of SICI+CT (Figure 4A).




Figure 4 | Network meta-analysis of SICI, DICI, SICI+CT, DICI+CT, and CT. (A) Pooled hazard ratio (HR) [95% CrIs (credible intervals)] for overall survival (OS) and progression-free survival (PFS) in the overall population. (B) Pooled odds ratio (OR) (95% CrIs) for objective response rate (ORR) and adverse events of grade 3 or higher (≥3AEs) in the overall population. Data in each cell are HR or OR (95% CrIs) for the comparison of upper row-defining treatment vs. lower row-defining treatment. HR less than 1 and OR more than 1 favor upper-row treatment. Significant results are highlighted in red and bold. SICI, single immune checkpoint inhibitor; DICI, double immune checkpoint inhibitors; SICI+CT, single immune checkpoint inhibitor combined with chemotherapy; DICI+CT, double immune checkpoint inhibitors combined with chemotherapy; CT, chemotherapy.



For ORR, SICI+CT (OR = 2.07, 95% CI: 1.65–2.62) and DICI+CT (OR = 2.06, 95% CI: 1.10–3.86) showed superior efficacy over that of CT. In general, the ORRs of SICI (OR = 0.61, 95% CI: 0.42–0.89) and DICI (OR = 0.60, 95% CI: 0.38–0.94) were lower than that of SICI+CT (Figure 4B). In terms of ≥3AEs, those in SICI+CT and DICI+CT were markedly higher than those in SICI, DICI, and CT, while those in SICI and DICI were significantly lower than that in CT. In addition, the incidence of ≥3AEs was significantly lower in SICI compared with that in DICI (OR = 0.42, 95% CI: 0.35–0.51), while ≥3AEs in SICI+CT were significantly higher than that in DICI+CT (OR = 1.38, 95% CI: 1.02–1.86) (Figure 4B).



Network Meta-Analysis of Pathology Subgroup

In the squamous NSCLC subgroup, both SICI-based treatments and DICI-based treatments achieved significant OS advantages compared to CT only, while SICI-based treatments achieved significantly shorter mOS than that in DICI-based treatments (HR = 1.25, 95% CI: 1.01–1.54) (Figure 3C and Supplementary Figure 4A). SICI (HR = 0.73, 95% CI: 0.62–0.85), DICI (HR = 0.62, 95% CI: 0.49–0.78), SICI+CT (HR = 0.81, 95% CI: 0.73–0.89), and DICI+CT (HR = 0.64, 95% CI: 0.48–0.85) showed improved OS over that of CT. In the comparison of these four measures, the mOS of DICI was significantly longer than that of SICI+CT (HR = 0.77, 95% CI: 0.60–0.99) (Figure 5A). In terms of mPFS, SICI (HR = 0.57, 95% CI: 0.36–0.89) and SICI+CT (HR = 0.63, 95% CI: 0.45–0.82) showed significant benefits compared with that of CT (Supplementary Figure 5A). In non-squamous NSCLC, both SICI-based treatments and DICI-based treatments prolonged OS significantly compared with CT, with no difference between SICI-based and DICI-based treatments. SICI (HR = 0.80, 95% CI: 0.65–0.97), SICI+CT (HR = 0.74, 95% CI: 0.62–0.88), and DICI+CT (HR = 0.65, 95% CI: 0.46–0.92) showed significant OS advantages compared with CT, but DICI failed to prolong OS significantly vs. CT (HR = 0.79, 95% CI: 0.59–1.05) (Figure 5A); significant PFS benefits were achieved in SICI+CT (HR = 0.59, 95% CI: 0.47–0.74) and DICI+CT (HR = 0.34, 95% CI: 0.13–0.84) (Supplementary Figure 5A).




Figure 5 | Network meta-analysis for overall survival of subgroup analyses. (A) Pooled hazard ratio (HR) [95% CrIs (credible intervals)] for overall survival (OS) of squamous and non-squamous subgroups. (B) Pooled HR (95% CrIs) for OS of PD-L1 <1% and PD-L1 ≥1% subgroups. (C) Pooled HR (95% CrIs) for OS of PD-L1 1%–49% and PD-L1 ≥50% subgroups. (D) Pooled HR (95% CrIs) for OS of high TMB and low TMB subgroups. Data in each cell are HR (95% CrIs) for the comparison of upper row-defining treatment vs. lower row-defining treatment. HR less than 1 favors upper row-defining treatment. Significant results are highlighted in red and bold. SICI, single immune checkpoint inhibitor; DICI, double immune checkpoint inhibitors; SICI+CT, single immune checkpoint inhibitor combined with chemotherapy; DICI+CT, double immune checkpoint inhibitors combined with chemotherapy; CT, chemotherapy.





Network Meta-Analysis of Programmed Death-Ligand 1 Expression Subgroup

In all PD-L1 expression subgroups, SICI-based and DICI-based treatments could prolong OS over CT (Figures 3D, E). In PD-L1 <1% subgroup, the OS of SICI-based treatments turned out to be significantly shorter than that in DICI-based treatments (HR = 1.23, 95% CI: 1.01–1.49) (Figure 3D). DICI (HR = 0.67, 95% CI: 0.55–0.81), SICI+CT (HR = 0.76, 95% CI: 0.68–0.85), and DICI+CT (HR = 0.62, 95% CI: 0.45–0.85) were obviously better than CT in mOS, while the efficacy of SICI was significantly worse than those of DICI (HR = 1.77, 95% CI: 1.22–2.58), SICI+CT (HR = 1.55, 95% CI: 1.11–2.17), and DICI+CT (HR = 1.90, 95% CI: 1.21–2.98) (Figure 5B). In terms of mPFS, DICI, SICI+CT, and DICI+CT also showed significant advantages over CT (Supplementary Figure 5B). In PD-L1 ≥1% subgroup, SICI (HR = 0.88, 95% CI: 0.81–0.95), DICI (HR = 0.88, 95% CI: 0.78–0.99), SICI+CT (HR = 0.72, 95% CI: 0.64–0.82), and DICI+CT (HR = 0.64, 95% CI: 0.50–0.82) all achieved obvious OS benefits compared with CT. In addition, both SICI+CT and DICI+CT were significantly better than SICI or DICI (Figure 5B). For mPFS, the advantages of DICI (HR = 0.82, 95% CI: 0.69–0.97), SICI+CT (HR = 0.53, 95% CI: 0.48–0.59), and DICI+CT (HR = 0.60, 95% CI: 0.40–0.91) over CT were maintained, while SICI could equally prolong OS compared with CT (HR = 1.00, 95% CI: 0.92–1.09). SICI+CT was superior to SICI and DICI, while DICI was significantly better than SICI (Supplementary Figure 5B).

In PD-L1 1%–49% subgroup, SICI+CT (HR = 0.77, 95% CI: 0.65–0.92) and DICI+CT (HR = 0.61, 95% CI: 0.44–0.84) had a significant OS advantage compared with CT. SICI (HR = 1.51, 95% CI: 1.06–2.15) and DICI (HR = 1.54, 95% CI: 1.05–2.26) had significantly worse mOS than that of DICI+CT. In addition, the effect of SICI+CT on mPFS was more prominent than those of SICI and CT (Figure 5C and Supplementary Figure 5C). In PD-L1 ≥50% subgroup, the OS benefits of SICI (HR = 0.71, 95% CI: 0.64–0.78), DICI (HR = 0.75, 95% CI: 0.62–0.90), SICI+CT (HR = 0.66, 95% CI: 0.54–0.81), and DICI+CT (HR = 0.58, 95% CI: 0.42–0.79) were conspicuous compared with that of CT, while all the differences disappeared within those four ICI-based therapies (Figure 5C). Besides, the mPFS of these four treatments was also significantly longer than that of CT, and the efficacy of SICI was significantly inferior to that of SICI+CT (HR = 1.74, 95% CI: 1.24–2.43) (Supplementary Figure 5C).



Network Meta-Analysis of Tumor Mutation Burden Subgroup

The superiority of SICI-based and DICI-based treatments over CT in OS and PFS was observed in the high TMB subgroup. However, there was no statistical difference between SICI and DICI. In the low TMB subgroup, there was also no statistical difference in mOS and mPFS between SICI-based or DICI-based treatments and CT (Figure 3F and Supplementary Figure 4D). In the high TMB populations, SICI, DICI, SICI+CT, and DICI+CT showed significant prolongation of both OS and PFS in contrast to those of CT (Figure 5D and Supplementary Figure 5D). In the low TMB populations, only SICI+CT showed a significant advantage over CT in mOS (HR = 0.75, 95% CI: 0.56–1.00) and mPFS (HR = 0.60, 95% CI: 0.46–0.77). In addition, the mPFS of SICI and DICI was statistically inferior to that of CT (Figure 5D and Supplementary Figure 5D).



Network Meta-Analysis of Smoking, Gender, Age, or Eastern Cooperative Oncology Group Subgroup

In smokers, all ICI-based measures significantly prolonged OS compared with CT, and SICI+CT was inferior to DICI+CT (HR = 1.28, 95% CI: 1.05–1.57) (Supplementary Figure 6A). In non-smokers, the four ICI-based strategies achieved equal outcomes on OS with CT (Supplementary Figure 6B). In males, they yielded superior OS than CT, while DICI is the same with DICI+CT (HR = 1.01, 95% CI: 0.82–1.26). DICI was significantly better than SICI; DICI and DICI+CT were also superior to SICI+CT (Supplementary Figure 7A).

DICI, SICI+CT, and DICI+CT all showed significant OS benefits compared with CT regardless of age (Supplementary Figures 8A, B). In patients <65 years old, the mOS of SICI+CT was significantly shorter than that of DICI+CT (HR = 1.29, 95% CI: 1.00–1.67) (Supplementary Figure 8B). In Eastern Cooperative Oncology Group performance status (ECOG PS) = 0 populations, DICI, SICI+CT, and DICI+CT obtained significantly longer mOS than CT, while DICI+CT dramatically reduced the risk of death by 52% (HR = 0.48, 95% CI: 0.32–0.72). When combined with CT, the efficacy of SICI+CT was significantly worse than that of DICI+CT (HR = 1.70, 95% CI: 1.10–2.63) (Supplementary Figure 9A). In the ECOG PS = 1 subgroup, SICI, DICI, SICI+CT, and DICI+CT all achieved significant OS benefits compared with CT, while there were no statistical differences among the four ICI-based measures (Supplementary Figure 9B).



Rank Probabilities

The Bayesian ranking curves of comparable treatments in different populations are shown in Supplementary Figures S10A, B (ranking profiles and corresponding SUCRA are shown in Supplementary Figures 11A, B and Supplementary Figures 12A, B). The result of Bayesian ranking is approximately consistent with NMA. Overall, DICI+CT was most likely to be ranked first for mOS; SICI+CT was ranked first for mPFS and ORR (Supplementary Figure 10A). In subgroup analysis, mOS of DICI+CT ranked first for squamous, non-squamous, any PD-L1 expression, smoking, males, ECOG PS = 0/1, age <65/≥65; SICI+CT for low TMB, non-smoking, and females; DICI for high TMB (Supplementary Figures 11A, B; Supplementary Figures 12A, B).



Inconsistency Assessment and Sensitivity Analyses

The fit of the consistency model in most comparisons was better than that of the inconsistency model, except for mOS (overall, non-squamous, females subgroups), mPFS (overall, squamous, non-squamous, PD-L1 ≥50% subgroups), and ORR, for which the random model was used (Supplementary Table 3). Inconsistency between direct and indirect comparisons using the node-splitting approach did not show significant differences in comparisons except for mOS and mPFS in the low TMB subgroup (Supplementary Table 4).

The populations of KEYNOTE 024, CheckMate 227, MYSTIC, IMpower 110, and EMPOWER-LUNG1 were all highly PD-L1 selected, which magnified the efficacy of SICI or DICI. Therefore, we conducted sensitivity analysis excluding studies with highly selected populations in overall and squamous, non-squamous subgroups. Sensitivity analysis showed that the NMA results were relatively stable except for some small changes such as in mOS, SICI was significantly worse than SICI+CT (HR = 1.15, 95% CI: 1.04–1.28) and DICI+CT (HR = 1.29, 95% CI: 1.08–1.54); DICI was also inferior to DICI+CT (HR = 1.24, 95% CI: 1.04–1.47). In mPFS, both SICI (HR = 1.00, 95% CI: 0.82–1.23) and DICI (HR = 1.00, 95% CI: 0.78–1.28) were equally effective compared with CT, and the two treatments were inferior to ICI+CT (Supplementary Figure 13A). In the non-squamous subgroup, the significant OS advantage of SICI over CT disappeared, while SICI was significantly worse than CT on mPFS (Supplementary Figures 13C, D). In squamous NSCLC, DICI+CT replaced DICI to rank first on OS (Supplementary Figure 14).



Network Meta-Analysis of Specific Treatment Regimens

We compared the efficacy and safety of specific treatment regimens (Supplementary Figure 15). SICI-based regimens SIN+CT (HR = 0.59, 95% CI: 0.43–0.81), PEM+CT (HR = 0.67, 95% CI: 0.56–0.80), and CEM (HR = 0.68, 95% CI: 0.53–0.87) and DICI-based regimen NIV+IPI+CT (HR = 0.66, 95% CI: 0.55–0.80) significantly prolonged mOS compared with CT. For mPFS, SIN+CT, PEM+CT, CEM, and ATE+CT showed obvious advantages over CT ± Mpem. For ORR, PEM+CT and NIV+CT were superior to CT ± Mpem, while the advantages of SIN+CT over CT disappeared when compared with CT+Mpem. In terms of ≥3AEs, CT-free treatments showed markedly lower ≥3AEs than CT. Compared with CT, ≥3AEs in combination treatments were significantly higher except for DUR+TRE+CT (HR = 0.70, 95% CI: 0.33–1.51), PEM+CT (HR = 1.25, 95% CI: 0.92–1.70), and SIN+CT (HR = 1.19, 95% CI: 0.84–1.67) (Supplementary Figures 16A, B).




Discussion

As mentioned above, to compare and evaluate the efficacy of SICI- and DICI-based therapies in advanced wild-type NSCLC, we performed an integrated analysis of survival outcomes and NMA among these first-line treatment strategies. Despite those negative primary endpoints of many ICI-related RCTs, we found that ICI-based therapies could provide a POS of nearly 16 months for overall patients with advanced NSCLC. Furthermore, both SICI-based therapies (POS: 16.17 months) and DICI-based therapies (POS: 14.81 months) had significant OS benefits compared with CT, without significant difference in mOS, mPFS, ORR, and ≥3AEs between the two ICI-based strategies. DICI-based therapies were significantly superior to SICI-based therapies in squamous and PD-L1 <1% subgroups on mOS. DICI was more effective than SICI in PD-L1 <1% and male subgroups. In subgroups such as smoking, male, age <65, ECOG PS = 0, DICI+CT obtained significantly longer OS than SICI+CT. Bayesian ranking spectrum showed that DICI+CT had the best OS advantage in the overall population and squamous, non-squamous, any PD-L1 level, smoking, male, ECOG PS = 0/1, <65/≥65 subgroups; SICI+CT ranked first in subgroups of low TMB, non-smoking, and female subgroups, while DICI ranked first in high TMB subgroups.

In our NMA, the overall efficacy of SICI-based and DICI-based therapies was consistent possibly due to the limited number of RCTs on DICI-based therapies with different conclusions. Notably, DICI-based therapies were significantly superior to SICI-based therapies in low immunogenicity subgroups (squamous or PD-L1 <1%), suggesting that dual-target interventions can improve the immune response by transforming the “cold” tumors to “hot” tumors and thereby lead to better efficacy. Interestingly, in populations with potentially high immune responses (smoking, male, <65, ECOG PS = 0), DICI+CT also brought more OS benefits than SICI+CT. In terms of specific treatment regimens, NIV+IPI, with or without CT, all obtained positive survival results and got Food and Drug Administration (FDA) approval, while DUR+TRE ± CT failed to replicate the success of NIV+IPI ± CT. So how to match the anti-PD-1/L1 and anti-CTLA-4 correctly is the key to get the most considerable benefit of DICI. Interestingly, when comparing anti-CTLA-4 plus anti-PD-1 therapy with anti-PD-1 monotherapy, we found that the OS of NIV+IPI was significantly higher than that of NIV monotherapy or DUR monotherapy, which is consistent with the finding of the previous study (39). However, the OS benefit of NIV+IPI vs. that of PEM monotherapy is comparable, manifesting that PEM may amplify the efficacy of SICI.

Obviously, further explorations are needed. The key to applying DICI-based treatments reasonably focuses on how to reduce the side effects of anti-CTLA-4 and maximize the efficacy and synergy of ICIs combined with CT. Although the current exploration of DICI-based regimens is still insufficient, with the increasing number of related studies and the effective control of drug dose and toxicities, such strategy possesses great potential to improve the survival of patients with advanced NSCLC to a large extent. For example, some novel anti-PD-L1 antibodies, such as M7824 (40) and YM101 (41), exhibited broader ranges of antitumor spectrum compared to the SICI recently. These biologicals simultaneously blocked transforming growth factor (TGF)-β and PD-L1 pathways, or targeted some new immune checkpoints other than PD-1/L1 or CTLA-4, thus having potential to overcome resistance to SICIs or the present DICI treatment in future clinical practices.

We found that SICI-based therapies also obtained satisfactory results. Due to a large number of such studies and participants involved, the integrated results and NMA comparison were more reliable and robust. Based on the current comparative results, SICI-based therapies, especially SICI+CT, were the first-line treatment regimen with definite efficacy and tolerable side effects. In terms of specific treatment regimens, SIN+CT and PEM+CT ranked in the top on OS, with equal ≥3AEs to that of CT alone. Therefore, SICI+CT is currently the most practical treatment for the unscreened population. How to optimize the period and duration of medication to achieve the unity of efficacy improvement and side effect reduction remains a key problem to be resolved.

Our study also has several limitations. First, some studies were classified as moderate or high risk of bias because of inadequate randomization, allocation concealment, and blinding. Second, although all the studies in our analysis included patients with advanced wild-type NSCLC, some studies included a few patients with driver-gene mutated NSCLC. Thirdly, mOS data in some studies were immature and were extracted or calculated from interim analysis or the latest meeting abstracts. Fourth, it is not possible to compare all treatment strategies in each subgroup due to the limited availability of outcomes. For example, the comparison of mPFS in the PD-L1 1%–49% subgroup lacked data on DICI-based therapies. Fifth, the prediction of SUCRA for treatment strategy ranking is not absolute; when SUCRA prediction contradicts NMA results, the HR estimation of NMA should be given priority. Finally, due to the limited number of RCTs and participants involved in DICI-based therapies, the reliability and robustness of related NMA results and conclusions need to be further verified.



Conclusions

In the first-line therapy for advanced wild-type NSCLC, both SICI-based and DICI-based treatments could bring significant overall advantages vs. CT, with comparable outcomes for mOS and ≥3AEs. DICI-based treatments were more effective than SICI-based treatments in squamous and PD-L1 <1% subgroups, while DICI in combination with CT could be the best first-line choice for most populations. We need more research to further evaluate the efficacy and safety of DICI-based treatments. At the same time, SICI-based therapies have established their position in the current first-line treatment. In addition, NMA and ranking possibilities of specific regimens could provide strong evidence for clinical selection of individualized treatment regimens to maximize survival benefits for related patients.
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Background

Microsatellite instability (MSI) is one of the important factors that determine the effectiveness of immunotherapy in colorectal cancer (CRC) and serves as a prognostic biomarker for its clinical outcomes.



Purpose

To investigate whether the metabolic parameters derived from18F-fluorodeoxyglucose (18F-FDG) positron emission tomography/computed tomography (PET/CT) can predict MSI status in patients with CRC.



Materials and Methods

A retrospective analysis was performed on CRC patients who underwent 18F-FDG PET/CT examination before surgery between January 2015 and April 2021. The metabolic 18F-FDG PET/CT parameters of the primary CRC lesion were calculated and recorded with different thresholds, including the maximum, peak, and mean standardized uptake value (SUVmax, SUVpeak, and SUVmean), as well as the metabolic tumor volume (MTV) and the total lesion glycolysis (TLG). The status of MSI was determined by immunohistochemical assessment. The difference of quantitative parameters between MSI and microsatellite stability (MSS) groups was assessed, and the receiver operating characteristic (ROC) analyses with area under ROC curves (AUC) was used to evaluate the predictive performance of metabolic parameters.



Results

A total of 44 patients (24 men and 20 women; mean ± standard deviation age: 71.1 ± 14.2 years) were included. There were 14 patients in the MSI group while there were 30 in the MSS group. MTV30%, MTV40%, MTV50%, and MTV60%, as well as TLG50% and TLG60% showed significant difference between two groups (all p-values <0.05), among which MTV50% demonstrated the highest performance in the prediction of MSI, with an AUC of 0.805 [95% confidence interval (CI): 0.657–0.909], a sensitivity of 92.9% (95% CI: 0.661–0.998), and a specificity of 66.7% (95% CI: 0.472–0.827). Patients’ age and MTV50% were significant predictive indicators of MSI in multivariate logistic regression.



Conclusion

The metabolic parameters derived from18F-FDG PET/CT were able to preoperatively predict the MSI status in CRC, with MTV50% demonstrating the highest predictive performance. PET/CT imaging could serve as a noninvasive tool in the guidance of immunotherapy and individualized treatment in CRC patients.
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Introduction

Colorectal cancer (CRC) is the third most common cancer and one of the major causes of cancer-associated mortality worldwide (1). Multiple treatments for primary and metastatic CRC have emerged, which includes curative surgery, radiotherapy, neoadjuvant chemotherapy, and immunotherapy (2). Immunotherapy is a treatment option that utilizes the body’s own immune system to attack cancer cells (3). Blocking immune checkpoints is currently one of the most promising approaches to activate therapeutic anti-tumor immunity and has shown encouraging results in CRC therapy (4).

However, the strong heterogeneity of CRC often leads to different prognosis and clinical outcome in patients who received similar treatment (5). As previously reported, chromosomal and genetic alterations that occur during the pathogenesis of CRC may be one of the contributing factors of heterogeneity (6). Microsatellites are short tandem repeat DNA sequences of one to three base pairs distributed throughout the human genome. Owing to their repeated structure, microsatellites are particularly prone to replication errors that are normally repaired by the mismatch repair (MMR) system. Microsatellite instability (MSI), caused by the absence of one or more MMR genes, has been considered as a reliable biomarker in the prediction of treatment response and prognosis in patients with CRC. Passardi et al. found that CRC with MSI selectively displayed highly upregulated expression of multiple immune checkpoints, including programmed death-1 (PD-1) and programmed death-ligand 1 (PD-L1) (7). In other words, CRC with MSI seem to be particularly responsive to immunotherapy, such as anti-PD-1 or anti-PD-L1 drugs. Moreover, MSI was identified as an important indicator in the selection of chemotherapy drugs of CRC (8). Recent studies showed that CRC with MSI was resistant to 5-fluorouracil (5-FU) chemotherapy and did not benefit from it (9). Typically speaking, MSI status is assessed with pathological specimen after surgery or biopsy, which is invasive and subject to sampling error (10). Therefore, a noninvasive method is urgently needed to preoperatively evaluate the MSI status and better facilitate the immunotherapy of CRC patients.

Medical imaging can capture information about the heterogeneity of the entire tumor noninvasively and could well predict tumor subtypes and the sensitivity of immunotherapy (11, 12). Moreover, imaging biomarkers were reported to be one of the effective indicators for predicting MSI expression in CRC (13–15). Wu et al. found that the quantitative imaging features derived from dual-energy computed tomography (DECT) showed good predictive performance for MSI status in CRC patients (13). In addition, radiomics-based artificial intelligence (AI), such as MRI-based deep learning models, also demonstrated optimal diagnostic capability for discriminating MSI from microsatellite stability (MSS) (14). However, the abovementioned studies either failed to reflect tumor metabolism or entailed complicated procedure, which was unavailable in clinical practice yet. Positron emission tomography/computed tomography (PET/CT) is a molecular imaging technique that can reflect tumor microenvironment and metabolic information with clinical radiotracer, such as 18F-fluorodeoxyglucose (18F-FDG) (16). A recent study showed that glucose metabolic response could predict anti-PD-1 therapeutic response in lung cancer (17). However, the role of metabolic parameters in CRC and MSI predictions remained unknown. Therefore, the purpose of this study was to investigate whether metabolic parameters derived from 18F-FDG PET/CT can predict MSI status in patients with CRC.



Materials and Methods


Patients

This retrospective study was approved by the Institutional Review Board of our institution, and the written informed consent was waived. We screened the medical records of patients who underwent preoperative 18F-FDG PET/CT followed by curative operations for CRC at our institution between January 2015 and April 2021. Detailed inclusion criteria were as follows: patients with (a) primary colorectal lesions diagnosed as colorectal adenocarcinoma by pathology; (b) complete preoperative whole body 18F-FDG PET/CT images before surgery within 3 months; (c) adequate immunohistochemical staining for the assessment of MMR protein expression.

We initially included 92 patients, and patients (a) who received neoadjuvant chemoradiotherapy (CRT) before18F-FDG PET/CT examination (n = 10); (b) without complete surgical pathology records (n = 27) or immunohistochemical assessment (n = 2); and (c) diagnosed as other pathological types (n = 9) were excluded (Figure 1).




Figure 1 | The flowchart of patient inclusion and exclusion.





PET/CT Acquisition Protocol

All patients were asked to fast at least 8 h before the examination. In patients with diabetes, antihyperglycemic drugs were requested to stop for 12 h before the exam. The blood glucose of patients was tested before the injection of 18F-FDG, and the blood glucose level was required to be lower than 8 mmol/L. Patients were intravenously administered 5.5 MBq/kg 18F-FDG and received PET/CT examination after1 h rest.

PET/CT examination was performed with a hybrid scanner (Biograph Duo or Biograph mCTFlow64-4R, Siemens Healthcare Solutions Knoxville, TN). A non-contrast CT scan was firstly performed for localization and attenuation correction, with a slice thickness of 5 mm, a tube voltage of 120 kV, and tube current depending on the patient’s weight. Afterwards, PET images were acquired from the base of the skull to the proximal thigh for 3 min per bed position in a three-dimensional mode (Biograph Duo), or continuous table motion acquisitions (Biograph mCT Flow 64-4R). PET images were then reconstructed with an ordered method of ultra HD-PET, which included time of flight (TOF) and resolution recovery (TrueX) information.



Image Analysis

All PET/CT images were analyzed by using Syngo TrueD VE40E workstation (Siemens Medical Solutions). The primary lesions were identified and analyzed by two experienced independent nuclear physicians who were blinded to any clinical and pathological information. Malignant lesions typically showed higher 18F-FDG concentration than that of the surrounding normal tissue. One of the physicians reviewed and analyzed all cases after a 2-week washout period.

The characteristic of suspicious colorectal lesions was diagnosed according to the location, shape, size, radioactivity distribution, and standardized uptake value (SUV) of the lesions. The semi-automatic quantitative measurements started with a manually placed elliptical working frame, which was drawn large enough to include the primary lesion, and manual adjustment was performed to exclude adjacent lymph nodes, metastatic lesions, and high physiologic uptake organs (Figure 2). The SUVmax and SUVpeak would be automatically calculated and generated after the placement of the working frame. Afterwards, a three-dimensional volume of interest (VOI) would be automatically outlined with chosen threshold within the working frame. According to previous studies, two common methods were selected to set the threshold. The first one was using the fixed threshold, also known as fixed absolute threshold; the thresholds of 2.5, 3.0, 4.0, and 5.0 were applied (18, 19). The second approach was using the percent threshold, also known as fixed percentage threshold, setting the threshold between 30% and 60% with an increment of 10% of the SUVmax (20, 21). With different thresholds, metabolic tumor volume (MTV), and SUVmean could be identified inside the segmented VOI. Additionally, total lesion glycolysis (TLG) was calculated by MTV multiplying SUVmean (TLG = MTV × SUVmean), with representative images shown in Figures 3, 4.




Figure 2 | The workflow of 18F-FDG PET/CT metabolic parameter measurements.






Figure 3 | Axial PET, CT, and fusion images of an 86-year-old female with histopathologically proven CRC with MSI (A–C). 18F-FDG PET/CT images showed that intense uptake in the sigmoid colon (SUVmax = 22.59, SUVpeak = 15.91, SUVmean50% = 14.22, MTV50% = 13.23 ml, TLG50% = 188.13).






Figure 4 | Axial PET, CT, and fusion images of a 77-year-old female with histopathologically proven CRC with MSS (A–C). 18F-FDG PET/CT images showed that intense uptake in the sigmoid colon (SUVmax = 22.58, SUVpeak = 15.13, SUVmean50% = 14.64, MTV50% = 5.63 ml, TLG50% = 82.4).





Immunohistochemical Evaluation

All patients underwent surgical resection within 3 months of PET/CT examination. The conventional HE and immunohistochemical staining of resected specimens were evaluated by a senior pathologist in a blind fashion. Specifically, the general pathological types, differentiation grade, TNM stages, and the expression of MMR proteins (MLH1, PMS2, MSH2, and MSH6) were assessed.

Proficient mismatch repair (pMMR) was identified when all of the four proteins were intact and expected to be microsatellite stable (MSS). On the contrary, those with the loss of one or more abovementioned MMR proteins were referred to as defective mismatch repair (dMMR) and characterized as MSI.



Statistical Analysis

The continuous variables were first checked for normality. The normally distributed data were expressed as the mean ± standard deviation (SD) and the difference was analyzed by Student’s t test, while the data were expressed as medians and interquartile ranges and tested by Mann–Whitney U-test if not normally distributed. The categorical variables were shown as the number of cases and percentages, and compared by chi-squared test (or Fisher’s exact test).

All quantitative PET/CT parameters were tested for inter-observer agreement and intra-observer agreement by interclass correlation coefficient (ICC) analysis, and ICC value greater than 0.90 was regarded as excellent agreement; between 0.75 and 0.90 as good agreement; between 0.5 and 0.75 as moderate agreement; and less than 0.50 as poor agreement. Receiver operating characteristic (ROC) analysis and the area under the ROC curve (AUC) were used to compare the predictive capabilities of quantitative PET/CT parameters between MSI and MSS group, and the sensitivity, specificity, optimal cutoff value, and 95% confidence interval (CI) were also calculated for each parameter. The comparison of different AUCs was conducted by the method described by DeLong et al. (22). Significant clinicopathological factors and the metabolic parameters with highest AUCs were entered into the multivariate logistic regression analysis.

All statistical analysis was performed by using SPSS software (version 22.0 IBM Corp, Armonk, NY) and MedCalc software (version 15.8). Two-sided p-values less than 0.05 were considered statistically significant.




Results


Patient Characteristics

A total of 44 patients were finally enrolled in this study (24 males, 20 females, age range 28–90 years, median age 73 years), with 14 patients in the MSI group and 30 patients in the MSS group. In the current cohort, patients in the MSI group were older and their tumors appeared more often in the colon than the MSS group. There was no difference in TNM stage, pathological general types, differentiation grade, and tumor size between two groups. Detailed patient information and clinicopathological characteristics are listed in Table 1.


Table 1 | Clinicopathological characteristics of included patients.





Inter-Observer and Intra-Observer Agreement of PET/CT Parameters

The excellent inter-observer and intra-observer agreement was found in SUVmax and SUVpeak with ICC values ranging from 0.999 to1.000. Other quantitative parameters also showed excellent inter-observer and intra-observer agreement with ICC values ranging from 0.958 to 0.999.



Difference of PET/CT Parameters in MSI and MSS Groups

The detailed SUVmax, SUVpeak, SUVmean, MTV, and TLG in MSI and MSS groups are demonstrated in Tables 2, 3. Specifically, MTVs were larger in CRC patients with MSI, with MTV30%, MTV40%, MTV50%, and MTV60% showing significant difference (all p-values <0.05). Moreover, TLG50% and TLG60% were significantly larger in the MSI group than in the MSS group (all p-values <0.05). No significant difference was found in SUVmax, SUVpeak, and SUVmean between two groups.


Table 2 | SUV measurements of CRC patients.




Table 3 | MTV and TLG measurements of CRC patients.





Predictive Performance of PET/CT and Clinical Parameters for MSI

For PET/CT parameters, MTV50% demonstrated the highest predictive performance among the metabolic parameters, although not in a significant statistical way (all p-values >0.050),with an AUC of 0.805 (95% CI: 0.657–0.909), a sensitivity of 92.9% (95% CI: 0.661–0.998), and a specificity of 66.7% (95% CI: 0.472–0.827), respectively. The detailed predictive performance of PET/CT parameters and its ROC curves is illustrated in Table 4 and Figure 5. For clinical parameters, the AUCs of age and tumor location were 0.843 (95% CI: 0.702–0.935) and 0.681 (95% CI: 0.523–0.813), respectively. No significant difference was found between AUCs of clinical and metabolic parameters (all p > 0.050). In multivariate logistic regression, age, tumor location, and metabolic parameters were entered. To avoid multicollinearity, we only selected one significant metabolic parameter in each category for assessment, which were MTV50% and TLG60%. The odds ratio and p-value of age, tumor location, MTV50%, and TLG60% were 0.819 (p = 0.005), 20.460 (p = 0.059), 0.831 (p = 0.039), and 1.008 (p = 0.276), respectively, which suggested age and MTV50% as the independent predictive indicators for MSI.


Table 4 | Predictive performance of metabolic parameters.






Figure 5 | Receiver operating characteristic curves of MTV30%, MTV40%, MTV50%, and MTV60% as well as TLG50% and TLG60% derived from PET/CT images for predicting MSI in CRC patients. The AUCs for predicting MSI from MSS were 0.764, 0.795, 0.805, and 0.795 for MTV30%, MTV40%, MTV50%, and MTV60%, respectively. In addition, the AUCs were 0.707 and 0.717 for TLG50% and TLG60%.






Discussion

The current study revealed that age, tumor location, and certain metabolic parameters with specific thresholds had a significant difference between the MSI and MSS groups in patients with CRC. MTV and TLG with higher percentage thresholds showed good predictive ability in identifying MSI, especially theMTV50%.

With the advancement of image analysis technology, MTV and TLG, which are volumetric indexes derived from 18F-FDG PET, have been proposed for risk stratification of cancer patients (23). TLG is calculated by multiplying MTV by the SUVmean of all voxels in the MTV, and represents both the degree of 18F-FDG uptake and the size of the tumor. In other words, MTV is affected by tumor size and the distribution of the SUV, and TLG is affected by the whole metabolic and volumetric burden of the tumor (24–26). In fact, MTV and TLG were considered to be more reliable markers reflecting tumor burden and aggressiveness, as these indexes provide tumor burden information and additional information that takes into account intra-tumoral biologic variation. In the current study, we found that MTV and TLG were significantly different between MSI and MSS groups, which was in agreement with the previous findings (27). Jiang et al. (27) retrospectively analyzed the pretreatment parameters of PET and reported the highest diagnostic performance of MTV3.0 and TLG3.0 in predicting PD-L1 expression level in CRC. On the contrary, SUVmax, SUVpeak, and SUVmean did not show a significant difference between MSI and MSS groups in the current study. SUVmax and SUVpeak only represent certain parts of the tumor and reflect the maximum extent of glucose metabolism within tumor cells (28), while SUVmean was the average of tumor glucose uptake value. Therefore, SUV itself provides limited information on tumor lesion, and heterogeneity might not be accurately shown by the SUV values.

The present study found that patients’ age and MTV50% were significant predictive indicators of MSI, which was in agreement with a previous study (29) showing that CRC patients with MSI tended to be older. Similarly, Taieb et al. found that older age was associated with shorter survival after CRC recurrence (30). In addition, the predictive value of MTV with a higher percentage threshold tended to show better performance although not in a statistical way, which may due to the small sample size of the MSI group. Recent studies also confirmed that the different thresholds of MTV would affect the diagnostic performance. Bang’s study (21) found that MTV calculated using various thresholds was significantly associated with the 3-year disease-free survival (DFS) rate of locally advanced rectal cancer, and MTV calculated using a higher threshold (40%–70% SUVmax) tended to be more strongly associated with 3-year DFS. In another study, various thresholds of metabolic parameters from FDG PET/CT were obtained and analyzed, and they found that TLG40% can predict the treatment outcome of regorafenib in metastatic CRC (25). Moreover, we found that MTV with the percentage thresholds, rather than the fixed thresholds, showed better predictive performances of MSI status in patients with CRC. Previous studies also demonstrated percentage thresholds method as a better way of measurements, as it was an easily evaluated semiquantitative measurement of tumor textural heterogeneity and could minimize individual variations (19, 21). In addition, Henriksson et al. found the association between FDG uptake and the intra-tumoral heterogeneity in nude mice (31). On the other hand, Smedt et al. reported significant higher levels of cytotoxic T cells in the tumor and peritumoral region of MSI compared with MSS tumors (32). Therefore, MTV calculated using a higher threshold might be a representative marker for tumor clinicopathological characteristics in patients with CRC.

We acknowledged several limitations in our study. First, there may be selection bias due to the retrospective nature of this study. Second, the sample size was limited in this study, and further validation is required by including a large cohort. Finally, our results were obtained from a single institution, and further multicenter investigations are needed to validate the utility of these metabolic parameters for predicting MSI in patients with CRC.

In conclusion, the metabolic parameters derived from18F-FDG PET/CT were able to preoperatively predict the MSI status in CRC, with MTV50% demonstrating the highest predictive performance. Using these parameters, the noninvasive evaluation of MSI can be achieved, and thus better guiding immunotherapy in CRC patients.
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The programmed cell death protein 1 inhibitor pembrolizumab, an immune checkpoint inhibitor, has subsequently been approved for the treatment of a wide variety of malignant tumors. Compared with conventional chemotherapy, immunotherapy is associated with a unique set of immune reactions, known collectively as immune-related adverse events. Although often mild, dermatologic toxicity can occasionally be high grade and potentially life-threatening. Here we describe a rare case of bullous pemphigoid (BP) associated with pembrolizumab. A 79-year-old male patient presented with scattered erythema, papules, blisters, and pruritus after pembrolizumab treatment. Then, the rash gradually aggravated and spread to the whole body. The extensive edematous erythema, blisters, bullae, and blood blisters were loose and easy to rupture, forming an erosive surface and with pruritus and obvious pain. The hemidesmosomal protein BP180 (type XVII collagen) was detectable in the serum, and the histological examination diagnosis was bullous pemphigoid. After 10 days of glucocorticoid (methylprednisolone, iv, 80 mg/day) treatment, new blister formation ceased. We need to increase the awareness on and facilitate the earlier identification of the cutaneous adverse effects of BP with immunotherapy so that treat can begin early in order to limit the duration and severity of toxicity.
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Introduction

Pembrolizumab is a humanized monoclonal antibody IgG4 programmed cell death protein 1 (PD-1) antagonist. As a new drug of immune checkpoint inhibitor, pembrolizumab has shown great promising prospects in clinical antitumor immunotherapy and has rapidly become the first-line therapy for a variety of advanced malignancies. It has been recommended in antitumor guidelines of many countries and opened a new era of tumor immunotherapy (1). While immune checkpoint inhibitors can enhance the immune system and cause cells to attack tumor cells, they can also cause cells to attack normal cells in the body, causing a series of inflammatory diseases mimicking autoimmune diseases, some of which may be serious. These major adverse effects are termed “immune-related adverse events” (irAEs) and present with organ-specific tissue inflammation (2–4). Here we report a case of bullous pemphigoid (BP) associated with pembrolizumab, emerging with a potentially serious dermatologic toxicity, and we will use this case to highlight the diagnosis and management of cutaneous irAEs associated with checkpoint inhibitors.



Case Report

In May 2019, a 79-year-old male patient underwent resection of the left kidney and ureter for invasive high-grade papillary urothelial carcinoma. The tumor size was 1.2 × 1 × 0.2 cm, and the tumor TNM scale was T1N0M1. In January 2020, multiple round nodules of different sizes can be seen in both lungs by CT and PET-CT, with a smooth boundary. The largest one is located in the left lower lung, about 2.2 × 1.8 cm. From February to September 2020, he had received 10 cycles of pembrolizumab therapy (100 mg, iv, q21d) because of lung metastatic carcinoma. From April 2020, erythema and pimples accompanied by pruritus appeared successively on the trunks and limbs of the patient. After symptomatic treatment, the rash subsided and appeared repeatedly. From November 2020, the rash aggravated gradually; macroscopically, the lesions appeared as strained blisters filled with serous fluid and blood on erythematous skin, spreading throughout the body. The blood bullae were big, loose, and easy to break, forming the erosive surface (Figures 1A, B), and accompanied by itchy and obvious pain. According to the descriptions of select cutaneous immune-related adverse events as defined by the CTCAE, version 5.0 (Common Terminology Criteria for Adverse Events), given the blisters of the patient covering >30% of body surface area which limit his self-care/activities of daily living, his disease grade was classified as grade 3.




Figure 1 | (A, B) Skin lesions on admission.



Histopathological findings showed epidermal hyperplasia and edema, subepidermal blister formation, numerous eosinophils in the blister, and obvious eosinophil infiltration around the superficial dermis vessels (Figures 2A, B). Immunofluorescence was positive for IgG (Figure 3) and C3 (Figure 4). The hemidesmosomal protein BP180 (type XVII collagen) was detectable in the serum, with 137.32 U/ml titer by enzyme-linked immunosorbent assay (ELISA) method. BP230 detection was normal. Taken together, the clinical presentation and laboratory findings were consistent with the diagnosis of BP. According to Naranjo’s adverse drug reaction assessment with a score of 8 (Table 1), BP probably caused by pembrolizumab was considered.




Figure 2 | Skin pathology: (A) H&E, ×200; (B) H&E, ×400.






Figure 3 | IgG immunoglobulin deposits along the dermo-epidermal junction.






Figure 4 | C3 deposits along the dermo-epidermal junction.




Table 1 | Naranjo’s assessment scale in the evaluation of adverse drug reaction (ADR).



Our differential diagnosis included paraneoplastic pemphigus (PNP). Direct immunofluorescence did not show a deposition of immunoglobulins at the cell surface of keratinocytes. By employing PET-CT, multiple hypermetabolic metastases in the lungs were detected on January 10, 2020, while the PET-CT image taken on November 19, 2020 showed that the original lesions were not clearly displayed. This suggested that immunotherapy was effective in the early stage, and the tumor achieved clinical complete remission (CR) after the treatment. No typical malignant hypermetabolic lesions were found in the rest of the body, so PNP can be excluded. BP can be caused by some drugs, including furosemide and anti-DPP4 inhibitors. This patient was not prescribed with these drugs.

After 3 days of glucocorticoid treatment (methylprednisolone, iv, 80 mg/day, 1.25 mg/kg/day), the cutaneous lesions improved. In some parts, the blister fluid was absorbed and the skin surface shrunk, the erosive surface began to scab and heal, and the color of erythema became pale. After 10 days, all the blisters disappeared, and new bullae formation ceased. All the superficial erosions were scabby and most of the scabs fell off, leaving dark red pigmentation spots (Figures 5A, B). After 2 weeks of glucocorticoid treatment, the methylprednisolone dose was changed to oral administration and gradually tapered. At 1 month later, BP180 detection was normal with 8.49 U/ml titer.




Figure 5 | (A, B) Skin lesions on the 8th day after glucocorticoid treatment.



In February 2021, when methylprednisolone has been used as treatment for 4 months and was reduced to 24 mg/day, several blood blisters fused together with a size of about 20 × 7cm, which appeared in the skin of the left hip joint of the patient. BP180 was redetected, suggesting BP recurrence. The dose of methylprednisolone was increased to 44 mg for treatment. The blood blisters were broken and formed a big ulcer with yellow green pyoderma, and regular debridement and treatment with topical ointment, such as human epidermal growth factor gel, halometasone cream, and silver ion dressing, were continued for several months. So far (in July 2021), the skin lesions were not healed (Figure 6), the dose of methylprednisolone was reduced to 25 mg/day, and the monitored BP180 was in the normal range. In March 2021, the patient began to have a cough and low fever, and the lung CT showed invasive pulmonary fungal infection; he received antifungal treatment. During the antifungal treatment, for three times the lung CT showed that there was no lung carcinoma, and the carcinoma was still in CR.




Figure 6 | Bullous pemphigoid reappearance after steroid tapering and continuous therapy for 5 months; skin of left hip joint.





Discussion

As a new anti-tumor drug, pembrolizumab is an IgG4 antibody which antagonizes the PD-1 receptor. It has been approved for the treatment of a wide variety of malignant tumors, including melanoma, non-small cell lung cancer, head and neck squamous cell carcinoma, classical Hodgkin’s lymphoma, urothelial carcinoma, gastric cancer, and cervical cancer. However, immune checkpoint inhibitors may abnormally enhance the normal immune response and cause T cells to attack the tumor cells in the body, causing a series of toxic reactions similar to autoimmune diseases (5, 6). Although the immune-related toxicity of pembrolizumab events are rare, serious adverse events, such as BP, can occur if it involves multiple systems and has a wide range of influence. It has been reported that the rash caused by the PD-1 inhibitor is often seen as pruritus or atypical macular papules in the early stage, and mucosal involvement is rare (7–9). The incidence of high-grade cutaneous toxicity with PD-1 inhibitors is low (approximately 1–2%) (10). Direct immunofluorescence showed the linear deposition of IgG and C3 at the dermo-epidermal junction. ELISA is the most commonly used antibody to detect the dermal component BP 180 (11), and in our case, BP 180 antibody was detected. The immune checkpoint inhibitors may determine the depletion of regulatory T cells (TREGs) that, in turn, leads to the proliferation of antigen-specific B cells and can facilitate the humoral response at the germinal center lever of lymphatic follicles. All these caused the production of the BP180 antibody (12). Sometimes the antibody to BP230 can be detected. Although this is the same pathomechanism believed to cause conventional BP, it is still unclear how anti-PD-1/PD-L1 immunotherapy facilitates this reaction (9).

Differently from other BP induced by traditional drugs, BP related to anti- PD-1/PDL1 may continue for several months after drug withdrawal. The incubation period of BP induced by PD-1 inhibitors is longer. Bullous lesions usually appear within the first 20–32 weeks of treatment; the mean time is 39 weeks, with some cases taking even more than 80 weeks. This may be related to the sustained immune activation (12, 13). BP is of high-grade dermatologic toxicity and potentially life-threatening if not be treated early. The delayed effect of the PD-1 inhibitor induced BP and may be the lasting effect of the drug itself, or the pathomechanism of the PD-1 inhibitor induced BP, which involves the key node in the pathogenesis of BP. Once triggered, it will form a positive feedback cycle and can no longer stop by itself. In our case, the onset of BP induced by PD-1 inhibitors is about 28 weeks.

Pembrolizumab has changed the treatment of malignant tumor, but more and more patients have immune-related adverse events. BP is of high-grade cutaneous toxicity to patients and potentially life-threatening. Although the continued use of anti-PD-1 drugs may aggravate BP, discontinuation does not lead to complete remission. These patients may still need intermittent or continuous treatment of BP. According to the severity of BP, glucocorticoid can be used locally or systematically. The systemic application of glucocorticoids can improve the prognosis of pemphigoid and reduce the mortality to 25–45%. After combining with other adjuvant therapy, the mortality was less than 10%. The cause of death of pemphigoid is very complex. Most scholars believed that respiratory tract infection and hormone adverse effects are the main cause. Some people think that the prognosis of pemphigoid is related to systemic failure and coronary heart disease. A few patients died of complications of long-term systemic use of high-dose corticosteroids and immunosuppressants, and infection was the most common cause of death (3).



Conclusion

With the use of pembrolizumab, clinicians should have increased awareness and facilitate the earlier identification of this rare but potentially serious cutaneous irAEs. Because cutaneous irAEs may occur late and even occur after pembrolizumab therapy has been completed, clinicians should keep in mind and evaluate carefully the new cutaneous adverse effects. Early treatment of BP is important to limit the duration and severity of toxicity. It is important to prevent and/or reduce interruptions in potentially life-saving cancer therapy.
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Background

Stratification of patients who could benefit from immune checkpoint inhibitor (ICI) therapy is of much importance. PD-1hiCD8+ T cells represent a newly identified and effective biomarker for ICI therapy response biomarker in lung cancer. Accurately quantifying these T cells using commonly available RNA sequencing (RNA-seq) data may extend their applications to more cancer types.



Method

We built a transcriptome signature of PD-1hiCD8+ T cells from bulk RNA-seq and single-cell RNA-seq (scRNA-seq) data of tumor-infiltrating immune cells. The signature was validated by flow cytometry and in independent datasets. The clinical applications of the signature were explored in non-small-cell lung cancer, melanoma, gastric cancer, urothelial cancer, and a mouse model of breast cancer samples treated with ICI, and systematically evaluated across 21 cancer types in The Cancer Genome Atlas (TCGA). Its associations with other biomarkers were also determined.



Results

Signature scores could be used to identify the PD-1hiCD8+ T subset and were correlated with the fraction of PD-1hiCD8+ T cells in tumor tissue (Pearson correlation, R=0.76, p=0.0004). Furthermore, in the scRNA-seq dataset, we confirmed the capability of PD-1hiCD8+ T cells to secrete CXCL13, as well as their interactions with other immune cells. In 581 clinical samples and 204 mouse models treated with ICIs, high signature scores were associated with increased survival, and the signature achieved area under the receiver operating characteristic curve scores of 0.755 (ranging from 0.61 to 0.91) in predicting therapy response. In TCGA pan-cancer datasets, our signature scores were consistently correlated with therapy response (R=0.78, p<0.0001) and partially explained the diverse response rates among different cancer types. Finally, our signature generally outperformed other mRNA-based predictors and showed improved predictive performance when used in combination with tumor mutational burden (TMB). The signature score is available in the R package “PD1highCD8Tscore” (https://github.com/Liulab/PD1highCD8Tscore).



Conclusion

Through estimating the fraction of the PD-1hiCD8+ T cell, our signature could predict response to ICI therapy across multiple cancers and could serve as a complementary biomarker to TMB.





Keywords: immune checkpoint inhibitor, cancer, PD-1hiCD8+ T cell, biomarker, CXCL13



Introduction

Genomic alterations in malignant tumors distinguish them from normal cells and produce persistent antigenic stimulation, thereby suppressing T cell functions (1–3). Immune checkpoint inhibitors (ICIs) successfully reinvigorate T cell functions and have led to impressive progress in the treatment of non-small-cell lung cancer (NSCLC), melanoma, and urothelial cancer, especially in the advanced stages (4–6). However, only a limited proportion of patients receiving ICI therapy have superior clinical outcomes across various cancer types. To solve this problem, several biomarkers have been identified in recent years, including tumor mutational burden (TMB), tumor-neoantigen burden, programmed cell death protein 1 (PD-1) or programmed cell death ligand 1 (PD-L1) expression level, interferon-gamma (IFNγ) signature, and CD8+ T cell infiltration (7–11). Although these factors are related to the effectiveness of ICIs, their predictive power is not sufficient (9, 12), nor do they fully explain the mechanism of resistance to ICIs. There is thus an urgent need for new biomarkers that can be used to identify patients sensitive to ICI therapy

PD-1hiCD8+ T cells represent a distinct population of CD8+ T cells, which are upregulated in T-cell-exhaustion and cell proliferation process (13). A recent retrospective analysis used immunohistochemistry (IHC) assays to estimate the fraction of PD-1hiCD8+ T cells in the tumor microenvironment (TME) and demonstrated that this was positively associated with treatment response and patient survival in cases of NSCLC treated with PD-1 blockade (13). This finding raised the question of whether the predictive value of PD-1hiCD8+ T cells could be extrapolated to other cancer types. Commonly available datasets such as RNA sequencing (RNA-seq) datasets could help to settle this issue. Therefore, we built a transcriptional signature for PD-1hiCD8+ T cells, validated its ability to quantify such cells in the TME, and further explored its predictive performance with respect to ICI therapy outcomes across multiple cancer types.



Materials and Methods


Data Collection

We identified ICI-treated patients with available RNA-seq data from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) and Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra/) databases. Data from The Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov/;legacy archive, version 2016_01_28) were downloaded from FIREBROWSE (http://firebrowse.org/). All the deposited datasets are summarized in Table 1.


Table 1 | Key resource table.





Identification of Differentially Expressed Genes

The RNA-seq data were aligned to the human genome (GRCH38/hg38) using the STAR (24) version 2.5.4b 2-pass mapping strategy. Transcript assembly and gene level quantification were performed using StringTie version v1.3.4d (25). DEGs were identified using DESeq2 (30) (version 1.26.0). Genes were considered to be DEGs based on adjusted p value (p.adj) < 0.05 and |log2 [fold change (FC)] | >1.



Construction of Gene Signature for PD-1hiCD8+ T Cells

The workflow followed to build the signature building is described in Figure 1 (left). First, we combined CD8+-T-cell-specific genes from Schmiedel et al. (39) with PD-1hiCD8+-T-cell-specific genes from NSCLC tumor-infiltrating lymphocytes (TILs) (13). In the latter case, PD-1hiCD8+-T-cell-specific genes were defined as genes that were significantly upregulated in PD-1hiCD8+ T cells compared with other CD8+ T cells. Second, we excluded genes that were highly expressed in solid tumors using expression data from The Cancer Cell Line Encyclopedia (CCLE, https://portals.broadinstitute.org/ccle). Genes were retained if their median expression (log transcripts per million [TPM]) in cancer cells was below 3.1. Third, to determine the optimal threshold for filtering low expression genes in PD-1hiCD8+ T cells, we scanned a range of cutoffs to select top genes as input for unsupervised hierarchical clustering (from 20% to 80%, with 20% increments). We found that the top 60% genes were sufficient to distinguish PD-1hiCD8+ T cells from other CD8+ T cells and kept them as the initial gene set. The signature scores were calculated by singscore (32), where the background gene set was selected as genes with mean TPM>1 in TCGA samples (21 cancer types). When calculating the signature score of the initial gene set in a single-cell RNA-seq(scRNA-seq) dataset (GSE120575) (21), we found that a cluster of CD8+ T cells resembled PD-1hiCD8+ T cells from NSCLC TILs (13). Therefore, we kept the cluster marker genes from the initial signature genes and got a reduced final signature. The discrimination abilities of the initial and final gene signature scores were compared using the area under the receiver operation characteristic curve (AUC). Finally, we supplied an easy-to-use R package “PD1highCD8Tscore” to calculate our signature score.




Figure 1 | Flowchart of PD-1hiCD8+ T cells signature building, validation, and clinical implications in immune checkpoint inhibitor therapy.





Signature Validation

To explore whether the signature genes were specific to PD-1hiCD8+ T cells, we compared the expression levels of signature genes between PD-1hiCD8+ T cells and other immune cells in an external dataset (39) after normalization by 15 house-keeping genes (RPL38, UBA52, RPL4, RPS29, SLC25A3, CLTC, RPL37, PSMA1, RPL8, PPP2CA, TXNL1, MMADHC, PSMC1, RPL13A, and MRFAP1) (40). Two previous studies also sorted and sequenced PD-1hi/low/negCD8+ T cells among hepatocellular carcinoma (HCC) and breast cancer TILs with a similar gating and sorting strategy (14, 15). To estimate whether our signature characterized similar cell populations in NSCLC, breast cancer, and HCC, we performed principal component analysis (PCA) and calculated the correlations between all cells after removing the batch effect using the “limma” package (31). Scores were calculated and compared in each bulk RNA-seq dataset. Moreover, we calculated the scores in 17 HCC tumor samples and analyzed the correlation between scores and the absolute fraction of PD-1hiCD8+ T cells. The absolute fraction of PD-1hi CD8+ T cells was defined as the product of the relative fraction of PD-1hi CD8+ T cells in CD8+ T cells and the fraction of CD8+ T cells in tumor samples. The former fraction was based on the flow cytometry results of Kim et al. (data were obtained by personal communications). The latter fraction was estimated by QuanTIseq (29).

We downloaded TPM data and/or count data and cell labels from two scRNA-seq (21, 22) datasets for immune cells. Cells with 1,000–5,000 detected genes and expressing <5% mitochondrial genes were retained. Standard procedures for variable gene selection, dimensionality reduction, and clustering were performed using Seurat version 3 (33), and the top 3,000 variable genes were selected. Signature scores were calculated based on TPM data. The cluster with the highest signature score was labeled the PD-1hiCD8+ T cell, and other clusters were labeled according to the original paper. Clustering results were visualized using uniform manifold approximation and projection. Differential expression test was performed using the “FindMarkers” function with Wilcoxon rank-sum test in genes expressed in at least 25% of cells using the default threshold (|logFC|>0.25). Gene ontology (GO) enrichment analyses were performed using Metascape (26) with p<0.01 and enrichment score >1.5. Cell–cell communication analysis was conducted using CellPhoneDB (27).



Signature Scores in ICI-Treated Patients and Mouse Models

We scored all ICI-treated samples (5, 16–20) and compared the differences between responders (durable clinical benefit, DCB) and nonresponders (nondurable benefit, NDB) by Wilcoxon rank-sum test. DCB was defined as complete response (CR), partial response (PR), or stable disease (SD) for more than 6 months. NDB was defined as progressive disease (PD) or SD for less than 6 months. In two studies (17, 18), no detailed information was available on DCB/NDB; therefore, we compared the CR/PR group with the PD group as a surrogate. In a mouse model of ICI-treated breast cancer (23), we used the “biomaRt” package (37) to convert genes from mouse to human and compared the scores between ICI-resistant and ICI-sensitive samples. The predictive value of the signature score in response for ICI therapy was evaluated by calculating AUC values (36). Patients with survival data available were divided into high and low score groups according to the Yuden index. Overall survival (OS) and progression-free survival (PFS) were estimated by Kaplan-Meier curves, and the log-rank test was used to compare Kaplan-Meier survival curves. A multivariable Cox proportional hazard model was built to correct the effects of potential confounding factors.



TCGA Data Processing

Reported objective response rates (ORRs) across 21 cancer types were obtained from Lee and Ruppin (9). We scored 6,764 samples from TCGA in the corresponding cancer types. We investigated the correlation of the proportion of high signature score samples in each cancer type with the response rate. DEGs between the samples with the top 33% and bottom 33% signature scores were detected by edgeR (34). The definition of DEGs was the same as that in Section 2.2. Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets from the Molecular Signatures Database (MSigDB, http://www.gsea-msigdb.org/gsea/msigdb) were scored for DEGs using gene set variation analysis (GSVA), where p<0.05 and |normalized enrichment score (NES)| >1 were considered to indicate significance.



Other ICI Therapy Biomarkers

We compared our signature with other predictive biomarkers for ICI. PD-L1 is an IHC biomarker approved by the Food and Drug Administration (FDA) (41). PD-L1 gene expression was used here as an IHC surrogate. PD-1 gene expression is also a predictor of ICI therapy response (7). IFNγ was found to be a response biomarker by Ayers et al. (10). The mean expression of six genes (IFNG, STAT1, IDO1, CXCL10, CXCL9, and HLA-DRA) in this pathway was used to estimate their performance (10). The score for Anti-CTLA4 resistance MAGE genes (CRMA) was calculated as the average of MAGEA3, MAGEA2, MAGEA2B, MAGEA12, and MAGEA6 (42). Immunophenoscore (IPS) was calculated using a script supplied by The Cancer Immunome Atlas (https://tcia.at/) (38). Tertiary lymphoid structure (TLS) signature genes were obtained from Cabrita et al.  (43). CD8+ T cell proportions were estimated by CIBERSORT (28) (CD8+ T CIBERSROT). TMB was available for two cohorts. For Figures 6A, B, a logistic regression of TMB and signature score was used to assess the combined predictive value for ICI. In the survival analysis of Figures 6C–F, patients were divided into four groups, TMBhighScorehigh, TMBlowScorehigh, TMBhighScorelow, and TMBlowScorelow, according to their TMB and signature score. The cutoff was determined by the best Yuden index. Similarly, the effect of combination of PDL1 and our score was also analyzed.



Statistical Analysis

All the software packages and algorithms are summarized in Table 1. R version 3.5.1 was used for statistical analysis and visualization. The AUC was used to evaluate the predictive value of the signature score to ICI therapy. A two-sided Wilcoxon rank-sum test was used for between-group comparisons, and p-value<0.05 was regarded as statistically significant.




Results


Building the PD-1hiCD8+-T-Cell-Derived Signature

The flowchart of the process of building the PD-1hiCD8+-T-cell signature is depicted in Figure 1 (left). We first combined CD8+-T-cells-specific genes and DEGs in PD-1hiCD8+ T cells (Supplementary Figure 1), resulting in 394 genes. To identify immune-specific genes, the sequencing data of solid cancer from CCLE were downloaded, and 150 genes highly expressed (logTPM>3.1) in cancer cells were filtered. We selected the top 60% expressed genes in PD-1hiCD8+ T cells as an initial signature (152 genes), which were sufficient for clustering PD-1hiCD8+ T cells apart from PD-1low/negCD8+ T (Supplementary Figures 2, 3A, B). In a scRNA-seq dataset, we found a cluster of cells with a high initial signature score that exhibited a similar phenotype to that of PD-1hiCD8+ T cells (upregulated genes enriched in T cell exhaustion and cell proliferation/growth) (Supplementary Figures 4A, B). The common genes between the initial signature and marker genes of this cluster were considered as the final signature (31 genes, Table S1). The discrimination ability of the final signature was the same as that of the initial signature (AUC=1) (Supplementary Figures 3A, B). The signature included seven cell-cycle-associated genes (BARD1, CENPE, RAD51, SMC2, GINS2, CLSPN, and CCNF) and seven T-cell-exhaustion-associated genes (CTLA4, PDCD1, TOX, SIRPG, HAVCR2, TIGIT, and IGFLR1) (44, 45).



Validation of PD-1hiCD8+-T-Cell-Derived Signature

The PD-1hiCD8+-T-cell signature was validated in both bulk RNA-seq and scRNA-seq data (Figure 1, middle). In the bulk RNA-seq data (13, 39), we found that the signature score could discriminate PD-1hiCD8+ T cells from other immune cells collected from healthy individuals (p<0.0001), and the signature genes were relatively specific (Figures 2A, B). In two independent studies (14, 15), PD-1hi/low/negCD8+ T cells were also sorted and sequenced from HCC and breast cancer TILs by flow cytometry. The PCA and correlation results showed that the sorted PD-1hiCD8+ T cells had similar transcriptional features and were tissue-agnostic among lung, liver, and breast tissues (Supplementary Figures 3C, D). The PD-1hiCD8+ T cells had the highest signature score compared with other CD8+ T cells and were accurately identified by our score (AUC=1) (Figure 2C and Supplementary Figures 3A, B, E). The signature score was correlated with the fraction of PD-1hiCD8+ T cells in HCC tumor samples (Pearson correlation, R=0.76, p=0.0004, Figure 2D). Patients with high fractions of PD-1hiCD8+ T cells had higher scores than other patients (p=0.0009, Supplementary Figure 3F). In scRNA-seq data of melanoma TILs (21), the PD-1hiCD8+ T cells were identified by our score (Figure 2E and Supplementary Figure 4A), and most of the signature genes had higher expression values in this subset than other immune cells in the TME. (Figure 2F). Similar results were found in another scRNA-seq data of NSCLC TILs (Supplementary Figure 4C) (22). We identified a high-scoring subcluster of exhausted CD8+ T cells, with highly expressed genes enriched in cell proliferation/growth (Supplementary Figure 4B). GSVA analyses also confirmed that the cell cycle pathway was more activated in PD-1hiCD8+ T cells compared with other exhausted CD8+ T cell subsets with PD-1 expression (melanoma: NES=2.07, p.adj=0.0059; NSCLC: NES=1.98, p.adj=0.0130). Increased glycolysis (melanoma: p<0.0001; NSCLC: p<0.0001) and secretion of CXCL13 were found in (melanoma: logFC=1.22, p.adj<0.0001; NSCLC: logFC=0.85, p.adj<0.0001) PD-1hiCD8+ T cell, consistent with a previous report (Supplementary Figure 5) (13). The cell–cell interaction analysis using CellPhoneDB found that PD-1hiCD8+ T cells interacted with B cells (mean= 5.424, p<0.0001), regulatory T cell (mean= 3.801, p<0.0001), and cytotoxicity T cells (mean= 3.683, p<0.0001) through the CXCL13-CXCR5 axis (Figure 2G).




Figure 2 | Validation of the signature score from bulk and single-cell RNA-seq data. (A) Bulk RNA-seq data of PD-1hiCD8+ T cells and other immune cells from the database of immune cell expression project were integrated after normalization by house-keeping genes. PD-1hiCD8+ T cells had the highest score than other immune cells (****: p<0.0001). (B) Signature genes were specific to PD-1hiCD8+ T cells. (C) The signature score can discriminate PD-1hi/low/negCD8+ T cells in another study (18), where these cells were sorted and sequenced from hepatocellular carcinoma (HCC). (D) The proportion of PD-1hiCD8+ T cells in HCC tumor samples was correlated with the signature score (Pearson correlation, R=0.76, p=0.0004). (E) In single-cell RNA-seq of melanoma tumor infiltrating immune cells, PD-1hiCD8+ T cells had the highest score (****: p<0.0001), and the signature genes were highly expressed in this cluster (F). (G) The ligand–receptor interactions between PD1hiCD8+T cells and other immune cells. PD1hiCD8+T cells secreted CXCL13 chemokine and interacted with the chemokine receptor CXCR5 expressing on B cells, cytotoxicity lymphocytes, memory T cells, and regulatory T cells. G1, B cells; G2, plasma cells; G3, monocytes/macrophages; G4, dendritic cells; G5, lymphocytes; G6, exhausted CD8+ T cells; G7, regulatory T cells; G8, cytotoxicity lymphocytes; G9, exhausted/heat-shock CD8+ T cells; G10, memory T cells; G11, exhausted/cell cycle (CD4+ T cell).





Effectiveness of Signature Score in Predicting Response to ICI Therapy

To evaluate the effectiveness of our signature score in predicting response to ICI therapy, we obtained 581 RNA-seq samples from eight cohorts (six studies) across four cancer types, NSCLC, melanoma, gastric cancer, and urothelial cancer (Figure 1, right). These studies are summarized in Supplementary Table 2. Interestingly, the signature scores were significantly higher in responders than in nonresponders, except in one cohort where the difference was nearly significant (p=0.096) (Figures 3A–H). In another 204 ICI-treated breast cancer mouse models, the sensitive groups had higher scores than resistant groups at all the 4 timepoints of sample collection (pretreatment, p<0.0001;3 days after ICI p=0.0002;7 days after ICI p=0.0001; end of study p<0.0001; Supplementary Figure 6). Next, we calculated AUCs to evaluate the predictive value of PD-1hiCD8+ T cells for ICI therapy response. The median AUC across the eight cohorts was 0.755 (range: 0.61 to 0.91) (Figure 3I). In two studies involving both pretreatment and on-treatment datasets, the AUCs in the on-treatment groups were higher than those in the pretreatment group from the same study. Moreover, the signature score (continuous variable, Table S3) was positively associated with OS and PFS. We divided each cohort into high- and low-score groups and found that high-score patients had better survival with respect to either OS or PFS (Figure 4). Furthermore, to explore whether the signature score was an independent prognostic factor, we built a multivariable Cox proportional hazard model including age, sex, and treatment regimens if available. A high PD-1hiCD8+ T cell score was found to be independently associated with a 76–94% reduction in the risk of disease progression and a 28–92% reduction in the risk for all mortality (Table 2). Similarly, the hazard ratios (HRs) in the on-treatment cohort (OS, HR=0.08, p=0.034; PFS, HR=0.06, p=0.003) were smaller than those in the pretreatment group (OS, HR=0.29, p=0.002; PFS, HR=0.29, p<0.001). Taken together, these results showed that our signature score could predict ICI therapy response and survival outcomes.




Figure 3 | The signature scores were associated with response rates across different cancer types. (A–H) In all datasets, the response group samples had significant (Wilcoxon rank-sum test) higher signature scores than nonresponse group samples (marginally significant in the Riaz pretreatment dataset; C). (I) Receiver operating characteristic curve analysis for response prediction in all datasets.






Figure 4 | Signature score and patients survival outcomes. Patients treated with immune checkpoint inhibitors were divided into high and low signature score groups. Kaplan–Meier curves showed that high score group patients had better survival outcomes: (A) In the pretreatment Gide dataset, p=0.013 (log-rank test) in overall survival, (B) p=0.0002 in progression-free survival. (C) In the on-treatment Gide dataset, p=0.017 for overall survival, (D) p=0.0034 in progression-free survival. (E) In the Mariathasan dataset, p=0.0087 for overall survival. (F) In the Jung dataset, p=0.0055 for progression-free survival.




Table 2 | Multivariable Cox proportional model of signature score and other clinical factors.





Predictive Value of the Signature Score in Pan-Cancer Analysis

We calculated the signature scores of 6,764 samples across 21 cancer types from TCGA and collected ORR data for anti-PD-1/PD-L1 therapy from Lee and Ruppin (9). The distribution of signature scores was higher in immune-hot tumors, including colon adenocarcinoma with microsatellite instability phenotype (COAD_MSI), lung squamous cell carcinoma (LUSC), lung adenocarcinoma (LUAD), head and neck squamous cell carcinoma, skin cutaneous melanoma (SKCM), and bladder urothelial carcinoma (BLCA) which were more sensitive to ICI therapy (Figure 5) (46, 47). In prostate adenocarcinoma, ovarian serous cystadenocarcinoma (OV) and glioblastoma multiforme tumors, which are known to be immune-cold tumors, the signature scores were lower (46, 47). Moreover, in the Mariathasan dataset, the immune-inflamed phenotype had higher scores than the immune-desert and immune-excluded phenotypes (Supplementary Figure 7A). Generally, the breast cancer samples showed low immune infiltration but had scores at the median level. This phenomenon could be attributed to the heterogeneity of tumor subtypes; triple-negative breast cancer had higher scores than other subtypes (p<0.0001, Supplementary Figure 7B). The fraction of high-score (80th-percentile) samples was correlated with ORR (Pearson correlation, R=0.78, p<0.0001). To explore the differences between high-score (top 33%) and low-score (bottom 33%) samples, DEGs were identified and their KEGG pathway enrichment was analyzed (Supplementary Figure 8). T cell receptor signaling pathway, cytokine–cytokine receptor interaction, and chemokine signaling pathway were activated in samples with high signature score across most cancer types (85%, [17/20], 100% [20/20], and 85%[17/20], respectively). The cell adhesion molecule (CAM) pathway, an important mediator of immune cell migration (48), was also upregulated in high-score samples (85%[17/20]). These results demonstrated that cancers with high signature scores had increased cell cross-talk and immune cell infiltration, reflecting an immune-hot phenotype. We also found that glycolysis and fatty acid metabolism were upregulated only in some ICI-therapy-sensitive cancer types. The interaction of PD-1 with the PD-L1 axis can upregulate aerobic glycolysis and induce fatty acid oxidation in T cells, leading to immunosuppression (49). Consequently, these cancer types were sensitive to anti-PD-1/PD-L1 therapy.




Figure 5 | Evaluation of the correlates of immune-check point inhibitors to signature scores across cancer types. (A) Distribution of the signature scores across 21 cancer types in The Cancer Genome Atlas (TCGA) dataset. The red dot within each cancer type denoted the median score; the orange line represented the 80th percentile score across all samples. (B) The proportion of high signature score (>80th percentile) samples was correlated with the reported objective response rates in a published paper (Pearson correlation, R=0.78, p<0.0001). ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KIRC, kidney renal clear cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; UCEC, uterine corpus endometrial carcinoma; UVM, uveal melanoma.





Comparison With Other ICI Biomarkers

We compared the predictive performance of our signature score with those of other widely used transcriptome biomarkers, including IFN-γ, PD-L1, PD-1, CRMA, TLS, IPS, and CD8+ T CIBERSORT. Our score was positively associated with all of these markers except CRMA (Supplementary Figure 9A). The net reclassification index showed that our score could better classify responders to ICI therapy except in two Riaz cohorts (Supplementary Figure 9B). A possible explanation was that in the Riaz cohorts, some of the patients had received ipilimumab therapy before PD-1 treatment, which may have influenced their immune status. The AUCs of the signature score, IFN-γ, and PD-L1 were higher than those of the other biomarkers (Supplementary Figure 9C). PD-L1 mRNA expression was correlated with our score (Supplementary Figures 9A, 10A–H). In many cases (n=452), PD-L1 and our score stratified patients consistently (Supplementary Table 4). In the Mariathasan cohort, where there were 75 discordant samples between PD-L1 and our signature score, the combination of PD-L1 and our score resulted in slightly improved predictive value (AUC from 0.61 to 0.63). It is noteworthy that the OS rate was significantly higher for PD-L1highScorehigh samples than for other samples (log-rank, p=0.0025) (Supplementary Figures 10I–K). TMB has been reported as a genomic predictor of ICI therapy response in multiple cancer types (9). In two cohorts where TMB data were available, we found no significant association between TMB and our score (Supplementary Figure 9A). The combination of our signature and TMB was of higher predictive value than either our signature or TMB alone (Figures 6A, B). Next, we divided the patients into four groups by our signature score and TMB. The 1-year OS rates were 70.0% (95% CI: 59.0-83.0%) for the TMBhighScorehigh group, 39.7% (95% CI: 29.0–54.3%) for the TMBhighScorelow group, 42.4% (95% CI: 31.8–56.7%) for the TMBlowScorehigh group, and 30.1% (95% CI: 21.7–41.7%) for the TMBlowScorelow group (Mariathasan cohort, Figure 6C). The 1-year PFS rates were 60% (95% CI: 29–100%) for the TMBhighScorehigh group and 50.0% (95% CI: 18.8–100%) for the TMBlowScorehigh, in the other two groups; all patients progressed in less than 1 year (Jung cohort, Figure 6D). Patients in the TMBhighScorehigh group showed better survival outcomes compared with other groups (log-rank p<0.001 for OS, p=0.045 for PFS, Figures 6E, F). In the Mariathasan cohort, patients in the TMBhighScorehigh group showed increased OS compared with patients in the TMBhighScorelow group (log-rank p=0.008; HR=0.51, 95%CI: 0.30-0.84, p=0.008), suggesting that the signature score could act as a complementary biomarker to TMB.




Figure 6 | The signature score could improve the predictive and prognostic value of tumor mutational burden (TMB). The area under the receiver operating characteristic curve (AUC) of the combination of the signature score and TMB was higher than TMB and the signature score (A: Mariathasan dataset; B: Jung dataset); Significant differences exist between the four groups (TMBhighScorehigh, TMBlowScorehigh, TMBhighScorelow, and TMBlowScorelow) in either overall survivals (C: Mariathasan dataset, p=0.0002) or progression-free survivals (D: Jung dataset, p=0.024) than other groups. TMBhighScorehigh group patients had better overall survival (E: Mariathasan dataset, p<0.0001) and progression-free survival (F: Jung dataset, p=0.045) than other three groups.






Discussion

The introduction of ICI therapy represents a milestone in cancer therapy. However, the low response rates to this type of therapy will increase the economic burden on cancer patients. Treatment with anti-PD-1 agents requires about $6,000 per infusion, which is a much higher cost than transcriptome tests. Therefore, developing biomarkers for predicting ICI therapy response is an urgent and cost-effective field. In this study, we built a transcriptional signature of PD-1hiCD8+ T cells. The signature score could discriminate this population from other immune cells in both bulk and single-cell-level datasets across different cancer types. Based on flow cytometry and RNA-seq results from an independent study, we validated the ability of our signature to quantify the fraction of PD-1hiCD8+ T cells in tumor samples. Furthermore, we found that in NSCLC, melanoma, gastric cancer, urothelial cancer, and a mouse model of breast cancer, samples with high signature scores showed more benefit from ICI therapy. The predictive value of the signature score was better than those of other transcriptional markers. Combination of the signature score with TMB would improve its predictive value. In 21 TCGA cancer types, the signature score was correlated with ICI therapy response, revealing the intrinsic connection of the immunological activity of the TME described by the signature of each cancer tissue. Our study also offers an easy-to-use R package to evaluate PD-1hiCD8+ T cell infiltration in more tumor samples.

Many studies have revealed that CD8+ TILs are heterogenous, and that different types of CD8+ TILs showed different response to ICIs (1, 21, 44). Our results also demonstrated the limited predictive value of CD8+ TILs. Persistent antigen exposure from tumor cells or antigen-presenting cells can cause CD8+ T cell exhaustion, inducing sustained expression of PD-1 in CD8+ TILs (1). Even within this dysfunctional compartment, CD8+ T cells have distinct roles in tumor immunity. Thommen et al. found that in NSCLC, the presence of PD-1hiCD8+ T cells strongly predicted response to ICI therapy and was correlated with increased OS (13). In these cells, immune-checkpoint genes (PD-1, CTLA4, TIGIT, HAVCR2/TIM-3, and TNFRSF9) (8) and transcription factor TOX, a central regulator of distinct exhausted T cell transformation (45), were highly expressed. PD-1hiCD8+ T cells were distinct from other PD-1 positive CD8+ T cells, as the cell cycle and glycolysis process were upregulated in these cells. This phenotype was similar to that of the PD-1+TIM-3+ TRM cell identified by Clarke et al. (50), which was shown to be a favorable ICI therapy marker in NSCLC (50). Although it was not clear to what extent PD-1hiCD8+ T cells overlapped with PD-1+TIM-3+ TRM cells, the predictive values of PD-1hiCD8+ T cells were confirmed across 5 cancer types in nearly 600 clinical samples and 204 mouse models. Generally, we found that PD-1hiCD8+ T cell scores of on-treatment samples were better than those of pretreatment samples because of the better reflection of immune status after therapy (51). Two studies have reported that the relative fraction of PD-1hiCD8+ T cells in CD8+ cells, rather than the absolute fraction in total tumor tissue as estimated by our signature score, was negatively associated with ICI therapy outcomes (21, 52). In predicting ICI therapy response, the relative fraction of PD-1hiCD8+ T cells might be largely influenced by the complex functions of other intratumor CD8+ T cells with negative or low PD-1 expression (21, 53).

Our results indicated that the PD-1hiCD8+ T cell score was associated with the immune phenotype. Immune-hot tumors (COAD_MSI, SKCM, BLCA, LUSC, and LUAD) had higher signature scores and were sensitive to ICI therapy. Our score was predictive of the ORR to anti-PD-1/PD-L1 therapy across 21 cancer types in 6,764 TCGA samples (Pearson correlation, R=0.78, p<0.0001). In support of these results, we found that important pathways in antitumor activity were consistently upregulated in high-score samples, including cytokine–cytokine receptor interaction, chemokine signaling pathway, and T cell receptor signaling pathway (54). The CAM pathway was also activated in the high-score group, which was correlated with T cell infiltration in tumors (48). Moreover, in the Mariathasan dataset, immune-inflamed tumors had higher signature scores than immune-excluded or immune-desert samples. However, not all scores for these tumors were correlated with their phenotype. This discordance could be related to the spatial location of PD-1hiCD8+ T cells and the impact of other immune cells, whereas our study mainly focused on the transcriptional features of PD-1hiCD8+ T cells. Heterogeneity of tumor subtypes could also weaken the associations between our score and immune phenotypes. For example, breast cancer is generally considered as low immune-reactive cancer, but triple-negative breast cancer has been reported to be a high-immune-infiltration subtype (55). Our results consistently showed that this subtype had higher scores than other subtypes. Similarly, the COAD_MSI subtype was of immune-hot phenotype, unlike other COAD subtypes (56). On the other hand, glycolysis and fatty acid metabolism were only upregulated in some of the ICI-sensitive cancer samples with high scores. In PD-1 signaling, tumor cells can block antitumor immunity through this two metabolic pathways (49). These results partially explain why these cancer types are sensitive to anti-PD-1/PD-L1 therapy. Recent findings showed that targeting these metabolic interventions in combination with ICI could offer opportunities to improve therapy response; several clinical trials of such treatment are ongoing (57).

The main function of PD-1hiCD8+ T cells is the secretion of CXCL13. In a previous study, CXCL13 was found to be mainly expressed by CD4+ follicular helper T cells, recruiting B cells and inducing TLS formation in the nonlymphoid tissue (58). In scRNA-seq data, as well as identifying a cluster of CD4+ T cells with high CXCL13 expression, we confirmed the secretion of CXCL13 from PD-1hiCD8+ T cells and their interaction with B cells and regulatory T cells through the CXCL13-CXCR5 axis. These results indicated that PD-1hiCD8+ T cells might recruit and organize immune cells through secretion of CXCL13, modulating the TME to an immune-hot phenotype. The positive association between the TLS score and the PD-1hiCD8+ T cell score also supports this. The importance of CXCL13 in ICI therapy has been confirmed in vivo. Anti-PD-1 therapy failed in a CXCL13-null mouse model of BLCA, whereas the wild-type model showed a good response (59), and the treatment with a combination of CXCL13 and anti-PD-1 successfully retarded tumor growth in another mouse model of OV (60). Although the differences in CXCL13 secretion between CD4+ T cells and PD-1hiCD8+ T cells remain elusive, these results indicate that CXCL13 is a potential therapeutic target that could be targeted in combination with ICI therapy.

Increasing evidence shows that response to ICI therapy is influenced by both immune cells and tumor-associated factors. PD-L1 positivity of tumor cells has been shown to be a good indicator of response to ICI therapy. In recent years, it has been recognized that high PD-L1 expression in dendritic cells, regulatory T cells, and macrophages can attenuate T cell activation and promote T cell exhaustion (61). The expression of PD-1 or PD-L1 in the TME is important for ICI therapy. In our study, patients in the PD-L1highScorehigh group benefited more from ICI therapy than other patients (Supplementary Figure 10K). TMB-high tumors had high levels of neoantigens, which make them more immunogenic and trigger a TIL response (11, 12). TMB has been approved by the FDA as a genomic biomarker in some cancer types (41, 62). However, TMB has some limitations as a biomarker, and it has been suggested that a combination of TMB with other predictors may show superior performance (12). Whereas TMB is reflective of tumor properties, our signature score for the PD-1hiCD8+ T cell characterizes the tumor environment. In our analysis, TMB and the signature score both showed a good predictive value for ICI but were independent of each other. Therefore, it was intuitive to explore their potential combined effects. When samples were divided into four subtypes based on TMB and the signature score, the patients in the TMBhighScorehigh group not only were highly immunogenic (characterized by a high TMB) but also showed an immune hot phenotype (characterized by a high signature score). These patients would be expected to be more sensitive to ICI therapy, and indeed they exhibited the best clinical outcomes in two independent datasets. These results warrant further confirmation and extension.

One of the potential limitations of our study was that our analysis was an integrated, retrospective study. Second, although the multivariable Cox proportional hazard model showed that the PD-1hiCD8+ T cell score was an independent prognostic indicator, some clinical prognostic factors, including the number of metastatic sites, first-line therapy information, and details of ICI therapy regimens, were not available. In the Riaz cohort, the difference between responders and nonresponders was not as obvious as those in other cohorts. Some patients receiving ipilimumab therapy before PD-1 treatment might be an additional confounder that would weaken the statistical power of our analysis (63, 64). Third, our study did not explore the mechanisms underlying the different effects of the PD-1hiCD8+ T cell score in different cohorts or the variation in cutoff values for high-score samples in different cohorts. One possible mechanism may involve the complicated PD-L1 status in tumor cells or immune cells, like dendritic cells and macrophages. However, the gene expression of PD-L1 is a mixture of those cell types in RNA-seq; other methods including cytometry by time of flight and codetection by indexing may help explore this in the future.



Conclusions

In summary, we built a 31-gene signature to represent the fraction of PD-1hiCD8+ T cells from bulk RNA-seq data and demonstrated promising potential of the PD-1hiCD8+ T cell as a pan-cancer biomarker in patients receiving ICI therapy. The combination of the signature score with TMB could further increase its predictive value. The secretion of CXCL13 is a potential mechanism of how PD-1hiCD8+ T cells modulate the TME and why high-scoring patients tend to have favorable outcomes of ICI therapy.
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Background

The lung immune prognostic index (LIPI) is recently developed to predict immune checkpoint inhibitors (ICIs) treatment outcomes for non-small cell lung cancer. However, its predictive value for other types of cancer remained unclear. This meta-analysis aimed to evaluate the association between pretreatment LIPI score and therapeutic outcomes in cancer patients treated with ICIs.



Methods

We searched PubMed, Cochrane Library literature databases and EMBASE for abstracts and full-text articles published from the inception of the database until 16th, Nov 2020. Meta-analyses were performed separately for progression-free survival (PFS) and overall survival (OS) by using the random-effects model.



Results

A total of 12 studies involving 4883 patients receiving ICIs treatment were identified for the primary analysis. The pooled results implied that compared with good LIPI score groups, patients with poor or intermediate LIPI score were significantly associated with worse OS (HR=3.33, 95%CI 2.64-4.21, P < 0.001, I2 = 64.2%; HR=1.71, 95%CI 1.43-2.04, P < 0.001, I2 = 43.6%, respectively) and PFS (HR=2.73,95%CI 2.00-3.73, P < 0.001, I2 = 78.2%; HR=1.43, 95%CI 1.28-1.61, P < 0.001, I2 = 16.3%, respectively). Also, for 1873 patients receiving chemotherapy, a poor LIPI score was significantly associated with worse OS (HR=2.30, 95%CI 1.73-3.07, P < 0.001; I2 = 56.2%) and PFS (HR=1.92,95%CI 1.69-2.17; P < 0.001; I2 = 0.0%) compared with good LIPI score groups.



Conclusions

A good LIPI score was significantly correlated with improved OS and PFS in cancer patients receiving ICIs or chemotherapy, regardless of the types of cancer.





Keywords: lung immune prognostic index, immune checkpoint inhibitors, solid cancer, chemotherapy, meta-analysis



Introduction

Immune checkpoint inhibitors (ICIs) mainly include antibodies against cytotoxic T lymphocyte-associated protein 4 (CTLA-4), programmed cell death 1 (PD-1), and its major ligand (PD-L1) (1). ICIs have marked efficacy in the treatment of patients with solid cancers (2–4), still the majority of patients show intrinsic resistance to ICIs treatment owing to the tumor microenvironment (TME) and an impaired T cell tumor interaction mediated by immune escape mechanisms of tumor and immune cells (5). Therefore, resistance to ICIs treatment restricts patients with advanced cancer to achieve durable responses.

There are no candidate biomarkers for predicting response or resistance to immunotherapy in solid cancers, including hepatocellular carcinoma (6). Biomarkers that can predict whether patients have long-term favorable respond to ICIs therapy are eagerly awaited. At present, several biomarkers have been recognized to be associated with clinical outcomes for ICIs treatment. PD-L1, PD-1, neutrophil-lymphocyte ratio (NLR), tumor-infiltrating lymphocyte (TIL), microsatellite instability (MSI), gene expression profiling (GEP), and tumor mutational burden (TMB) can improve the predictive accuracy for ICIs outcomes in solid cancers (7–10).

The lung immune prognostic index (LIPI) was developed on the basis of derived neutrophils/(leukocytes minus neutrophils) ratio (dNLR) greater than three and lactate dehydrogenase (LDH) greater than upper limit of normal (ULN), characterizing three groups (good LIPI score group, 0 factor; intermediate LIPI score group,1 factor; poor LIPI score group, 2 factors) (11). Current evidence proved that the LIPI score could be used to identify cancer patients who benefit from ICIs treatment in multiple cancers (11, 12). Meanwhile, contradictory results have also been published (13, 14).

Herein, we performed a systematic review and meta-analysis, to investigate the significance of the LIPI score as a predictive tool in solid cancer patients receiving ICIs treatment based on 12 published studies.



Methods

This meta-analysis was performed by the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines (15), with inclusion criteria being set out according to the PICOS model.


Search Methods and Study Selection Criteria

Two authors (HL, XLY) independently searched relevant studies from the PubMed, EMBASE, and Cochrane Library literature databases from the inception of the database until 16th, Nov 2020. Those studies were restricted to the English language. The following search retrieval keywords for the literature were employed, including neoplasms, cancer, lung immune prognostic index, LIPI, PD-1, PD-L1, CTLA-4, nivolumab, atezolizumab, avelumab, durvalumab, ipilimumab, tremelimumab, pembrolizumab, ICIs, immune checkpoint inhibitor. The detailed search strategy is presented in Supplementary Retrieval Methods.

Two investigators (HL and XYY) independently screened the literature, and discrepancies were reviewed by another investigator on the team (TL) and resolved by consensus. The main criteria used for the eligibility study were as follows: (1) the studies in which patients were histologically diagnosed with cancer and treated with ICIs or chemotherapy. (2) the studies where the association between LIPI and therapeutic outcomes such as progression-free survival (PFS), overall survival (OS) were evaluated. (3) the studies where the related data could be collected directly or calculated indirectly. (4) the studies provided sufficient information to assess hazard ratio (HR) with 95% confidence interval (95%CI). (5) the studies that were published in English. For re-published research, only the latest literature and relevant data can be collected, or the research with the largest sample size can be selected.



Data Extraction and Quality Assessment

Two researchers (HL and XLY) independently performed the following data from each study: (1) first author, publication year, country, sample size, immune checkpoint inhibitors, study design, follow-up time. (2) the outcome measures (OS, PFS) and HR with 95% CI extracted from original studies. When both univariate analysis and multivariate analysis are available, we give priority to the results in multivariate analysis. If the information we needed was unreported or unable to be calculated indirectly, or not available after contacting the corresponding authors, the study will be used for systematic review or discarded.

The quality of studies will be evaluated by the Newcastle-Ottawa Scale (NOS) criteria (16). Studies with a score greater than seven were considered as high-quality literature, studies with a score of five to seven were considered as medium-quality literature, studies with a score less than five were considered as poor-quality literature.



Statistical Analysis

Data analyses were performed through Stata 12.0 statistical software (Stata Corp LP, College Station, TX), P < 0.05 was considered statistically significant. OS and PFS were used to evaluate the correlation between LIPI score and clinical data of cancer patients receiving ICIs or chemotherapy. HR with 95%CI was used for the pooled analyses of OS and PFS.

We compared the good LIPI score groups with the poor LIPI score, and intermediate LIPI score groups. Intermediate/poor (intermediate + poor) LIPI score groups were also compared with good LIPI score groups due to the combination of intermediate and poor LIPI score groups. Subgroup analyses were performed by cancer type, sample size, study region. At the same time, we also evaluated the association between different LIPI score and cancer patients receiving chemotherapy. Meta-analysis was used to pool the estimates, using the random-effects model.

Statistical heterogeneity was evaluated by using the Cochran Q and the inconsistency index (I2) statistic tests. P > 0.05 and I2 < 50% indicated a lack of heterogeneity among all studies. We chose the random effect model in this meta-analysis due to the inherent clinical heterogeneity among studies included in this meta-analysis (17). Funnel plots, Egger’s regression asymmetry test, and Begg’s rank correlation test were used to examine the potential publication bias (18).




Results


Retrieval Result and Study Characteristics

A flow chart of the literature search process is summarized in Figure 1. In total, 76 records were initially identified. Then, 45 studies were retained after the removal of duplicates. After screening for titles and abstracts, 6 records were excluded (not relevant, review, not ICIs or chemotherapy). After reviewing the remaining 39 articles via the full-text view, 27 full-text articles were excluded due to lack of intended outcomes (OS, PFS), HR with 95% CI or repeatedly published studies. Finally, 12 studies published between 2018 and 2020 were included in this analysis (11–14, 19–26).




Figure 1 | Flow diagram of study selection.



The detailed characteristics of all eligible studies are presented in Table 1. One of twelve studies was prospectively designed; the rest of the literature was retrospectively designed. In total, our meta-analysis included 4883 cancer patients receiving ICIs treatment. The sample size was ranging from 70 to 1489 per study. Eight studies were conducted in Europe; two were conducted in China; one was from Australia; one was conducted in Canada; a conference abstract was not reported. Among these studies, seven studies included patients with non-small cell lung cancer (NSCLC), one for hepatocellular carcinoma and one with squamous cell carcinoma of the head and neck (SCCHN); the rest four studies for other types or multiple cancers. All patients enrolled were treated with ICIs or chemotherapy. The quality assessment results of the all 12 studies ranged from 5 to 7, as shown in Table 1. Four studies scored 7 points, seven studies scored 6 points, and one study scored 5 points.


Table 1 | The characteristics of included studies.





Association Between LIPI Score and OS or PFS of Cancer Patients Receiving ICIs Treatment

OS data was available in 8 studies involving 4443 patients receiving ICIs treatment. Compared with good LIPI score groups, poor LIPI score groups were significantly associated with worse OS (HR=3.33, 95%CI =2.64-4.21; P< 0.001), with a significant level of heterogeneity (I2 = 64.2%, P=0.003) among the studies (Figure 2). Intermediate LIPI score predicted poor OS compared with good LIPI score groups (HR=1.717, 95%CI 1.43-2.04; P< 0.001) (Figure 2) with a moderate level of heterogeneity (I2 = 43.6%, P=0.088). The sensitivity analysis showed that the pooled OS results (Supplementary Figures 1 and 2) were not significantly changed by any single study.




Figure 2 | Meta-analysis of OS in cancer patients after ICIs treatment (poor LIPI score groups vs. good LIPI score groups, intermediate LIPI score groups vs. good LIPI score groups).



PFS data was available in 4 studies involving 3669 patients. The pooled results implied that poor LIPI score groups had a significantly higher risk of poor PFS compared with good LIPI score groups (HR =2.73, 95%CI 2.00-3.73, P < 0.001). The heterogeneity test showed significant heterogeneity existed among these studies (I2 = 78.2%, P< 0.001) (Figure 3). The pooled results revealed that intermediate LIPI score indicated poor PFS compared with good LIPI score groups (HR=1.43, 95%CI 1.28-1.61, P< 0.001) with a moderate level of heterogeneity (I2 = 16.3%, P=0.309) (Figure 3).




Figure 3 | Meta-analysis of PFS in cancer patients after ICIs treatment (poor LIPI score groups vs. good LIPI score groups, intermediate LIPI score groups vs. good LIPI score groups).



4 studies, covering 440 patients receiving ICIs treatment, were analyzed separately due to the combination of intermediate and poor LIPI score groups (intermediate/poor LIPI score groups). Significantly worse OS was also found in intermediate/poor LIPI score groups than good LIPI score groups (HR=2.77, 95%CI 2.11-3.63, P < 0.001), without any heterogeneity (I2 = 0.0%, P=0.396) (Figure 4). PFS data was available in 3 studies involving 370 patients receiving ICIs. Intermediate/poor LIPI score groups had inferior PFS (HR=2.13, 95%CI 1.55-2.93; P<0.001) compared with good LIPI score group. The heterogeneity test showed moderate heterogeneity existed among these studies (I2 = 41.7%, P=0.18) (Supplementary Figure 3). The sensitivity analysis also showed that no individual research influenced the pooled effects on PFS (Supplementary Figures 4 and 5).




Figure 4 | Meta-analysis of OS in cancer patients after ICIs treatment (intermediate + poor LIPI score groups vs. good LIPI score groups).





Association Between LIPI Score and OS or PFS of Cancer Patients Receiving Chemotherapy

3 of the 12 studies involving 1873 patients receiving chemotherapy provided OS and PFS data. According to the random-effects model, compared with the group with good LIPI score, the group with poor LIPI score was significantly correlated with the group with inferior OS (HR=2.30, 95%CI 1.73-3.07, P < 0.001) (Figure 5) and PFS(HR=1.92, 95%CI 1.69-2.17; P < 0.001) (Figure 6). The heterogeneity test showed that heterogeneity existed among these studies in OS (I2 = 56.2%, P=0.077), but not PFS (I2 = 0.0%, P=0.592). Intermediate LIPI score was also a significant association with worse OS (HR=1.54, 95%CI 1.27-1.86, P < 0.001) (Figure 5) and PFS (HR=1.45, 95%CI 1.29-1.64; P < 0.001) (Figure 6) compared with good LIPI score groups. Neither of them is heterogeneous (I2 = 0.0%, P=0.646; I2 = 0.0%, P=0.639). However, the LIPI score may not predict therapeutic outcomes in cancer patients receiving chemo-immunotherapy (26). The sensitivity analysis also showed that no individual study influenced the pooled effects on OS and PFS (Supplementary Figures 6 and 7).




Figure 5 | Meta-analysis of OS in cancer patients after chemotherapy (poor LIPI score groups vs. good LIPI score groups, intermediate LIPI score groups vs. good LIPI score groups).






Figure 6 | Meta-analysis of PFS in cancer patients after chemotherapy (poor LIPI score groups vs. good LIPI score groups, intermediate LIPI score groups vs. good LIPI score groups).





Association Between Subgroup Analyses and OS or PFS

Subgroup analyses for OS and PFS were further performed to assess the interaction of LIPI score with cancer type, sample size, and study region and the results are shown in Table 2. When stratifying by cancer type, compared with the good LIPI score groups, poor LIPI score was significantly associated with worse OS and PFS in patients with NSCLC (OS: HR=3.011, 95%CI 2.303-3.936; P<0.001) (PFS: HR=3.011, 95%CI 2.303-3.936; P<0.001) and multiple/other (OS: HR=4.107, 95%CI 2.525-60681; P<0.001) (PFS: HR=4.791, 95%CI 2.997-7.659; P<0.001) (Table 2). The conclusion was the same when stratifying by sample size and study region. There was significant heterogeneity in the sample size less than 200 (I2 = 82.8%, P=0.001), NSCLC (I2 = 70.8%, P =0.003) and other study region (I2 = 89.4%, P=0.002).


Table 2 | Subgroup analyses of the associations between LIPI score and outcomes (poor vs. good).





Publication Bias

The funnel plot indicated no significant publication bias in all the pooled analyses (Supplementary Figures 8 and 9). Funnel plot asymmetry was further assessed by the method of Egger’s and Begg’s linear regression test (P < 0.05 was considered a significant publication bias) (18). The Begg’s and Egger’s test also revealed no evidence of publication bias for OS (Begg’s test: P = 0.534, Egger’s test: P = 0.536) and PFS (Begg’s test: P = 0.707, Egger’s test P = 0.021) (Supplementary Figures 10 and 11). We did not conduct a publication bias analysis for those with too few studies.




Discussion

The LIPI score is developed based on LDH and dNLR, which are simple and easy to calculate (11). In this meta-analysis, we have evaluated the association of LIPI score with the prognosis of cancer patients receiving ICIs or chemotherapy. Compared with good LIPI score groups, the pooled results show that regardless of whether the patients received ICIs or chemotherapy, the OS and PFS of the poor or intermediate LIPI score group were significantly reduced. Although some studies have shown that the LIPI score cannot be used to identify cancer patients who have benefited from chemotherapy, these data are not available (11).

Inflammation plays a key role in tumor progression, affecting the survival of cancer patients (27). The inflammatory status of various cancers can be measured by dNLR. As an essential component of the inflammatory response, neutrophils not only target tumor cells, but also indirectly act on the tumor microenvironment to promote tumor development (28). Lymphocyte infiltration in the tumor is also associated with a better response to immunotherapy and prognosis in solid tumor patients (29). LDH and dNLR are independent risk factors for mortality among patients, and are correlated with poor outcomes in several solid cancer types according to the current evidence (30, 31).

Immunotherapy has demonstrated great clinical success in certain cancers, but so far, immunotherapy has only achieved success in a limited number of cancers (32). Specifically, Callahan, M.K., et al. have demonstrated that the majority of such patients can now be successfully treated with concurrent ipilimumab and nivolumab therapy (33). However, the deleterious effects of immune-related adverse events (irAEs) might outweigh the benefit from the addition of ipilimumab (34). Until now, there is still no biomarker for some cancers to predict the response or resistance to immunotherapy (6). Robust biomarkers are needed to predict patient responsiveness to immunotherapy and for their stratification (35). Our meta-analysis provides new evidence supporting that LIPI scores are used as prognostic indicators for cancer patients receiving ICIs or chemotherapy. In addition, LIPI score may also has prognostic value for doublet immunotherapy such as ipilimumab and nivolumab, as one included study has revealed the potential application of the LIPI scores in such circumstances (12). However, more studies are warranted to fully exploit its predictive value.

Our findings suggest that the LIPI scores may be a promising predictive biomarker for the therapeutic outcomes of ICIs or chemotherapy in solid cancer patients. The pooled results for subgroup analyses, which involved types of cancer, sample size, and study regions, indicated that there is significant heterogeneity in the sample size less than 200, and other study regions (including Australia and China). Previously, the LIPI score may be an independent and complemented indicator for improved survival in cancer patients receiving immunotherapy or chemotherapy, because there was no significant correlation among PD-L1, TMB, and LIPI score (36).

Although our analysis provided a comprehensive summary of current literature, our present study still had some limitations that need to be considered. First of all, the major limitation lies in the fact that most of the included studies were retrospective, leading to some unavoidable bias sources. Secondly, only studies published in English were included, which may lead to publication bias. Cancer type is also a limitation; thus, we performed a subgroup analysis to further explain the correlation between LIPI score and the clinicopathologic features of patients receiving ICIs or chemotherapy. Although there is significant heterogeneity when the sample size is less than 200, this does not affect our results. Further high-quality prospective study is warranted.



Conclusions

In summary, a good LIPI score was significantly correlated with improved OS and PFS in cancer patients receiving ICIs or chemotherapy, regardless of the different types of cancer. Our analysis supported that the LIPI score is a reliable predictive tool that can be used to identify cancer patients who benefit from ICIs or chemotherapy, and to guide decisions in the era of personalized cancer treatments.
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Procollagen-Lysine,2-Oxoglutarate 5-Dioxygenase 3 (PLOD3) is related to a variety of human diseases. However, its function in Colorectal cancer (CRC) remains uncertain. PLOD3 expression was analyzed using The Cancer Genome Atlas (TCGA) pan-cancer data. DAVID was used for enrichment analysis of PLOD3-related genes. The correlation between PLOD3 expression and immune cell infiltration was evaluated. Four expression profile datasets (GSE17536, GSE39582, GSE74602, and GSE113513) from Gene Expression Omnibus, and two proteomic datasets were used as validation cohorts for assessing the diagnostic and prognostic value of PLOD3 in CRC. What’s more, we performed immunohistochemistry (IHC) staining for PLOD3 in 160 paired CRC specimens and corresponding adjacent non-tumor tissues. PLOD3 was highly expressed in many tumors including CRC. PLOD3 was upregulated in advanced stage CRCs, and high PLOD3 expression was associated with poor survival. High PLOD3 expression was associated with low levels of B cells, CD4+ T cells, M1 macrophages, CD8+ T cells, and multiple immunerelated characteristics. In addition, the high PLOD3 expression group had a higher TIDE score and a lower tumor mutation burden and microsatellite instability, indicating that patients with high PLOD3 expression may be resistant to immunotherapy. Additional datasets and IHC analysis were used to validate the diagnostic and prognostic value of PLOD3 at the mRNA and protein levels in CRC. Patients with non-response to immunotherapy showed increased PLOD3 expression in an immunotherapy treated dataset. PLOD3 is a potential biomarker for CRC diagnosis and prognosis prediction. CRCs with high PLOD3 expression may be resistant to immune checkpoint therapy.
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Introduction

Colorectal cancer (CRC) is one of the most common malignant tumors of the digestive system, and its morbidity and mortality rates are high worldwide (1). Despite effective cancer screening measures and modern medicine, CRC remains the leading cause of cancer-related mortality worldwide (2). According to the “Cancer Statistics in China”, the incidence and mortality of CRC have increased in China (3). Therefore, it is important to identify novel diagnostic and prognostic biomarkers and to explore potential relevant targets for the treatment of CRC.

Recently, growing evidence has reported that the elevated deposition of collagen and its cross-linking can worsen tumor progression by promoting cancer cell proliferation, migration, and invasion (4, 5). Collagen deposition and cross-linking are dependent on the hydroxylation of lysine residues, which is mainly catalyzed by procollagen-lysine, 2-oxoglutarate 5-dioxygenase (PLOD). PLOD3, a member of PLOD family (6), is a multifunctional enzyme with lysyl hydroxylase, collagen galactosyltransferase, and glucosyltransferase activities (7). Collagens constitute a highly specialized family of extracellular matrix (ECM) proteins that maintain tissue architecture and regulate cellular responses (8, 9). PLOD3 is localized on chromosome 7q22.1, and its activity is critical for the biosynthesis of type IV and VI collagens (10). PLOD3 overexpression is correlated with high circulating protein levels in some patients (11) and increasing evidence suggested that PLOD3 is associated with tumorigenesis in various cancer types. PLOD3 is a novel diagnostic marker for early-stage hepatocellular carcinoma (12), human glioma prognosis (13) and ovarian cancer (14). In addition, PLOD3 interacts with STAT3 immunosuppressive signals, which promotes lung cancer metastasis via dysregulated RAS-MAP kinase pathway (15). These results suggested an underlying association between PLOD3 and tumor tumorigenesis as well as antitumor immunity. Several pancancer studies (16–18) published in the last year reminded us to explore the molecular features of PLOD3 using the high-throughput sequencing data. The aim of this study was to uncover the functional role, as well as the diagnostic and prognostic value of PLOD3 in CRC.



Methods


Patients and Samples

A total of 160 paired paraffin-embedded CRC specimens and corresponding adjacent non-tumor tissues were collected to design a tissue array chip from the Shanghai Tenth People’s Hospital, Tongji University School of Medicine. The study was approved by the Research Ethics Committee of Shanghai Tenth People’s Hospital and carried out in accordance with the ethical standards formulated in the Helsinki Declaration. The related ethical approval code is 2020-KN155-01. Tissue microarray was constructed by 1.5-mm cores.



Immunohistochemistry

Immunohistochemistry (IHC) for PLOD3 was carried out on CRC tissue microarray slides. The slides were first incubated at 60°C for 4 h, deparaffinized in xylene, and then rehydrated in alcohol. After heating in citrate buffer for 23 min, we used 0.3% of hydrogen peroxide (H2O2) to block endogenous peroxidase activity. Slides were blocked with 3% bovine serum albumin for 30 min and incubated in the anti-PLOD3 antibody (diluted 1:200; ab128698; Abcam) overnight at 4°C. The next day, after 3 washes with PBS, slides were incubated with secondary antibody for 1 h, then we used the 3,3-diaminobenzidine (DAB) kit for visualization, and hematoxylin was used to stain nuclei. After the experiments, the slides were observed by microscope. All stainings were scored based on the staining intensity and extensity of positive cells, the intensity (0=genitive, 1=weak, 2=moderate, and 3=strong) and extensity (0 = 5% or less of cells stained positive; 1 = 5%-25%; 2 = 26% to 50%; 3 = 51% to 75%; and 4 = 75% or more) of tumor staining were evaluated. The positive cell density of each core was counted by two independent investigators blind to clinical outcome and knowledge of the clinicopathological data. The final IHC score was calculated by multiplying the strongest intensity score and the total extensity score (maximum value of 12).



Data Acquisition and Preprocessing

The Cancer Genome Atlas (TCGA) colon adenocarcinoma (COAD) and rectum adenocarcinoma (READ) data, including gene expression quantified by fragments per kilobase million and clinical information of 51 normal tissues and 638 tumor tissues, were obtained from the UCSC Xena project (http://xena.ucsc.edu/). Four independent validation cohorts (GSE17536, GSE39582, GSE74602, and GSE113513) were obtained from the Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo). Gene level mutations (Mutect2) of the COAD and READ cohorts were acquired from TCGA data portal (https://portal.gdc.cancer.gov/).



TIMER Database Analysis

The TIMER (12) database was used to analyze differences in PLOD3 expression between tumors and normal controls from TCGA data set.



Comprehensive Tumor Immune Analysis

The pan-cancer immune cell infiltration scores for TCGA were obtained from a previously published study (19). The results were based on CIBERSORT (20) and were used for further analysis. TCGA CRC cancer samples were divided into two groups according to median PLOD3 expression (high versus low), and immune cell infiltration was compared between groups. Tumor Immune Dysfunction and Exclusion (TIDE) algorithm (21) was used to estimate a tide score and the predicted response to immune checkpoint blockade. Immunescore and Stromalscore were calculated via “estimate” (22) package.



Biological Functions of PLOD3 in CRC

The top 1000 genes showing the highest correlation with PLOD3 were extracted from the LinkedOmics database (http://www. linkedomics.org) (23). Function annotations were performed to identify potentially involved biological processes and signaling pathways using DAVID (24) 6.8 (https://david.ncifcrf.gov/).



Mutation Analysis

Tumor mutation analysis was performed using the “maftools” package (25). High and low PLOD3 expression oncoplots were generated via “oncoplot” function, and tumor mutation burden (TMB) was calculated using the “maftools” package. Differentially mutated genes between PLOD3-high and low groups were evaluated via Fisher’s exact test.



Validation of the Diagnostic, Prognostic and Therapeutic Value of PLOD3

Four independent validation cohorts (GSE17536 (26), GSE39582 (27), GSE74602, and GSE113513) were obtained from the GEO database and used as validation cohorts to determine the diagnostic and prognostic value of PLOD3. GSE17536 (177 patients) and GSE39582 (585 patients) with relevant survival information were applied for PLOD3’s prognostic value validation; GSE74602 (30 pairs) and GSE113513 (14 pairs) including the CRC tissues and matched adjacent tissues were employed for validating the expression difference of PLOD3 between tumor and normal tissues. In this analysis, patients were divided into low- and high-PLOD3 groups according to an optimal PLOD3 cutoff, which was generated using the association between PLOD3 and survival data with the survminer package. GSE91061 (28) including 105 immunotherapy-treated samples was used for the validation of PLOD3’s therapeutic value. After immunotherapy treatment, samples were classified into the following categories according to the patient’s response: complete response (CR), partial response (PR), stable disease (SD) and progressive disease (PD). Among them, CR and PR are recognized as patients who respond to immunotherapy. SD and PD are recognized as patients who do not respond to immunotherapy. Moreover, the protein levels of PLOD3 in colorectal tumors and normal tissues were assessed using a proteomic dataset (29). Another proteomic dataset (30) was used to validate the prognostic value of PLOD3 according to protein expression levels.



Statistical Analysis

Differences in variables between groups were tested using the Wilcoxon test or chi-squared test, as appropriate. Kaplan-Meier curves were drawn to estimate the overall survival distribution. The log-rank test was used to analyze the statistical difference in survival curves between two groups. Kruskal-Wallis tests were used for comparing PLOD3’s expression difference among more than two comparison groups and Wilcoxon test was used for comparison between two groups. The ROC curve was plotted via “pROC” package. All figures and statistical analyses were performed using R software (version 4.0.2; http://www.R-project.org). A value of p < 0.05 was considered statistically significant. All statistical tests were two-sided.




Results


Pan-Cancer PLOD3 Expression Analysis

Analysis of PLOD3 using the TIMER2 database showed that PLOD3 expression was higher in 19 TCGA tumors than in the corresponding normal tissues, including bladder urothelial carcinoma, breast invasive carcinoma, cholangiocarcinoma, COAD, esophageal carcinoma, Glioblastoma multiforme, head and neck squamous cell carcinoma, Kidney Chromophobe, kidney renal clear cell carcinoma, kidney renal papillary cell carcinoma, Liver hepatocellular carcinoma, lung adenocarcinoma, lung squamous cell carcinoma, Pheochromocytoma and Paraganglioma, Prostate adenocarcinoma, READ, Skin Cutaneous Melanoma, Stomach adenocarcinoma, and Uterine Corpus Endometrial Carcinoma (Figure 1A). Particularly, higher PLOD3 expression was observed in TCGA COAD and READ cohorts, separately and collectively, compared with the adjacent normal tissues (Figures 1B, C), suggesting that PLOD3 plays a role in the pathogenesis of CRC.




Figure 1 | Pan-cancer PLOD3 expression analysis. (A) PLOD3 expression in tumor and normal tissues from pan-cancer data of The Cancer Genome Atlas (TCGA). (B) PLOD3 expression in tumor and normal tissues from CRC obtained from TCGA. (C) PLOD3 expression in paired CRC tumor and normal tissues from TCGA. Data are expressed as the mean ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001.





Correlations Between PLOD3 Expression and Clinical Parameters in CRC Patients

The role of PLOD3 in CRC remains unclear. Investigating the correlation between PLOD3 expression and clinical features may clarify the function of PLOD3 in the progression of CRC. In this study, we examined the relationship between PLOD3 expression and the clinical parameters of CRC using TCGA cohort. The results showed that PLOD3 expression differed significantly according to tumor N stage, M stage, clinical stage, and microsatellite instability (MSI) status. Increased N, M, and clinical stages were associated with increased PLOD3 expression (all p < 0.05), suggesting that PLOD3 may be a poor prognostic factor (Figures 2A–C). The microsatellite stable (MSS) group also showed higher PLOD3 expression (Figure 2D). Survival analysis using PLOD3 median expression as the cut-off value showed that CRCs with higher expression of PLOD3 had a worse prognosis than those with lower expression (log rank p < 0.01) (Figure 2E).




Figure 2 | Association of PLOD3 expression with clinicopathological characteristics, including (A) CRC N stage, (B) CRC M stage, (C) CRC pathologic stage, (D) MSI and MSS, and (E) overall survival (OS). *p < 0.05, ***p < 0.001, ns, No Significance.





Gene Function Annotation and Pathway Analysis

After determining the prognostic value of PLOD3 in CRC, we next explored the biological functions associated with PLOD3. GO and KEGG enrichment analyses were performed, and the top GO terms and signaling pathways are shown in Figures 3A, B. PLOD3 gene expression was associated with many biological processes, such as vesicle-mediated transport, ephrin receptor signaling pathway, and autophagy. PLOD3 was also associated with Notch signaling, neurotrophin signaling, and glycosaminoglycan biosynthesis.




Figure 3 | (A) GO BP pathway analysis of PLOD3 related genes in CRC. (B) KEGG pathway analysis of PLOD3 related genes in CRC.





Differences in Genomic Mutation Profiles and TMB Between Different PLOD3 Groups

To examine the relationship between PLOD3 and mutation profiles in CRC, tumor mutations were compared between PLOD3 high and low groups. We chose the top 20 mutation genes in the whole CRC cohort and compared the mutation frequency difference between PLOD3 high (Figure 4A) and low (Figure 4B) groups using the Fisher’s test. Furthermore, we visualized these mutation genes in a forest (Figure 4C). TP53, APC, and KRAS, were significantly mutated in the PLOD3-high group, whereas PIK3CA, FAT4, and OBSCN were specifically mutated in the low-expression group. In addition, a significant (p < 0.001) negative correlation was observed between PLOD3 and TMB (Figure 4D).




Figure 4 | Genomic mutation profiles and TMB characteristics of PLOD3-high and PLOD3-low groups. (A) Distribution of top 20 frequently mutated genes in PLOD3-high TCGA-CRC subgroups. The upper bar plot shows the TMB for each patient, and the left bar plot indicates the gene mutation frequency in different risk groups. (B) Distribution of top 20 frequently mutated genes in PLOD3-low TCGA-CRC subgroups. The upper bar plot shows the TMB for each patient, and the left bar plot indicates the gene mutation frequency in different risk groups. (C) Differentially mutated genes between PLOD3-high and low groups. The p values were calculated by Fisher’s exact test. *p < 0.05; **p < 0.01; ***p < 0.001, NS, No Significance. (D) Correlation analysis of TMB and PLOD3 in TCGA-CRC cohort.





PLOD3 and the Immune Microenvironment in CRC

Next, we analyzed the immune cell infiltration difference between PLOD3 high and low groups. The infiltration scores of B cell plasma, T cell CD8+, T cell CD4 memory resting, T cell CD4 memory activated, T cell follicular helper, T cell gamma delta, and macrophage M1 were higher in the PLOD3-low cohort than in the PLOD3-high cohort (Figure 5A). PLOD3 was significantly negatively correlated with StromalScore (Figure 5B) and immuneScore (Figure 5C). In addition, PLOD3 was significantly negatively correlated with multiple immune checkpoints (Figure 5D) and many other immune related genes, such as antigen-presentation, chemokines, interferons, and T cell inflamed genes (Figure 5E). What’s more, a significantly higher TIDE score was observed in PLOD3-high group (Figure 5F). In an immunotherapy-treated cohort, patients showed non-response to immunotherapy presented with higher PLOD3 expression (Figure 5G). Given that higher PLOD3 expression was associated with lower immunescore, infiltration of multiple immune cells and many immune-related genes, TMB, and MSI score, consistent with the higher TIDE score, we speculated that CRC patients with high PLOD3 expression may be resistant to immunotherapy, which was justified in an immunotherapy-treated cohort.




Figure 5 | Correlation analysis of immune cell infiltration and PLOD3 in CRC. (A) Immune cell infiltration levels in high and low PLOD3 expression groups from TCGA-CRC cohort. (B) Correlation analysis of StromalScore and PLOD3 in TCGA-CRC cohort; (C) Correlation analysis of ImmueScore and PLOD3 in TCGA-CRC cohort. (D) Correlation between PLOD3 and immune checkpoint levels; green represents positive correlation, red represents negative correlation; color intensity is positively related with the strength of the correlation. (E) Correlation between PLOD3 and immune related genes; green represents positive correlation, red represents negative correlation; color intensity is positively related with the strength of the correlation. (F) Boxplot shows the TIDE score for high and low PLOD3 expression groups. Data are expressed as the mean ± SD. * p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001. ns, not significant. (G) Boxplot shows the PLOD3 expression for immunotherapy response (CR and PR) and non-response groups (SD and PD). CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.





Validation of the Diagnostic and Prognostic Value of PLOD3

Two GEO datasets (GSE74602 and GSE113513) were used to validate the diagnostic value of PLOD3 using paired tumor and normal samples. PLOD3 expression was significantly higher in tumor than in normal samples (Figures 6A, B). PLOD3 protein expression was higher in CRC than normal tissues (Figure 6C). Figure 6D showed PLOD3 protein presented with good diagnostic value between CRC and normal tissues. To further confirm the diagnostic value of PLOD3 in CRC patients, the expression of PLOD3 were analyzed by TMA-based IHC. we compared 160 CRC tumor tissues with paired adjacent normal tissues in a microarray, the representative IHC images of positive PLOD3 expression in tumor tissue and negative PLOD3 expression in normal tissue were shown (Figure 6E). Grossly, PLOD3 was overexpressed in tumor parts comparing to normal specimens (Figure 6F, p-value = 4.2e-14).




Figure 6 | PLOD3 expression in CRC and normal tissues from the GSE74602 (A) and GSE113513 (B) cohorts; PLOD3 protein expression difference in CRC and normal tissues and TMT ratio means the protein abundance by TMT-based quantitation (C) and ROC curve of PLOD3 protein for discriminating tumor and normal tissues in proteome dataset (D); (E) Representative microphotographs of PLOD3 immunohistochemical staining in CRC tissue and adjacent normal tissue by IHC. Scale bar = 50 μm. (F) IHC scores in CRC tissues and adjacent tissues. Prognostic value of PLOD3 in the GSE17536 (G) and GSE39582 (H) cohorts; Prognostic value of PLOD3 in the proteome dataset (I, J).



GSE17536 and GSE39582 were used to validate the prognostic value of PLOD3. In the GSE17536 dataset, patients with higher PLOD3 expression had a worse disease-free survival (Figure 6G). In GSE39582, patients with higher PLOD3 had a worse progression-free survival (Figure 6H). The proteomic dataset generated by Li et al. (30) was used to validate the prognostic value of PLOD3 protein expression, and the results revealed that patients with higher PLOD3 protein expression had a worse overall survival and progression-free survival (Figures 6I, J). Taken together, the results indicate that PLOD3 is a promising biomarker for the diagnosis, prognosis, and treatment of CRC.




Discussion

PLOD3, a collagen biosynthesis-related protein, was reported to contributes to carcinogenesis of HCC (12), glioma (13), ovarian cancer (14, 31), and lung cancer (15). However, the function of PLOD3 in CRC remains to be elucidated. In the current study, we found that PLOD3 was expressed at high levels in CRC tissues, and patients with higher PLOD3 expression had worse survival. These results were validated at the mRNA and protein levels using additional datasets. CRCs with higher PLOD3 expression showed a lower TMB, a higher TIDE score, and patients with MSS tended to have higher PLOD3 expression, suggesting that these patients could present with immunotherapy resistance. An immunotherapy-treated cohort was enrolled to validate PLOD3’s predictive role for immunotherapy response.

PLODs are mainly regulated at the transcriptional level. For instance, hypoxia-induced factor-1 activates PLOD1 in breast cancer, and to a great extent, activates PLOD2 in cancer development (32). PLOD1 was found to be directly regulated by miR-140-5p and abnormally expressed PLOD1 induced cancer aggressiveness in bladder cancer (33). Unlike PLOD1 and PLOD2, the regulation of PLOD3 in CRC is poorly understood. Data mining using TCGA datasets showed that PLOD3 was overexpressed in 19 types of tumor tissues compared with normal tissues, indicating that PLOD3 may serve as a novel biomarker in cancer. Increased PLOD3 expression in CRC tumor tissues at the mRNA and protein levels indicated the potential diagnostic value of PLOD3. The prognostic value of PLOD3 was validated in other datasets, confirming its prognostic potential.

In the present study, patients with advanced stage CRC showed higher PLOD3 expression, indicating that PLOD3 may be associated with metastasis. PLODs are implicated in metastasis because of their role in regulating collagen biosynthesis (34, 35). Collagens provide the scaffold for ECM assembly and are considered “highways” for cancer cell migration (36). MicroRNA-663a targets the 3′ untranslated region of PLOD3 and decreases its expression, resulting in decreased accumulation of extracellular collagen (37). GO and KEGG enrichment analysis of PLOD3-related genes identified many associated pathways, such as the Notch signaling, neurotrophin signaling, and glycosaminoglycan biosynthesis pathways. Neurotrophin expression is associated with poor prognosis in cutaneous melanoma. The Notch signaling pathway is activated in CRC and other cancer types (38, 39) and could be related to poor-prognosis subtypes and metastasis in CRC (40), which may explain the association of PLOD3 with poor prognosis. Some studies revealed the worse prognostic value of TP53 (41) and KRAS for CRCs (42). Higher mutation frequency of TP53 and KRAS were observed in high-PLOD3 group, which may account for the worse survival for this group. In contrast, FAT4 was highly mutated in the PLOD3-low group and Zhuang et al. has demonstrated the better prognostic value of FAT4 in CRC (43).

Immune cells play a role in the regulation of tumor cell behavior (44, 45), and accumulating evidence supports their significance in predicting outcomes and therapeutic efficacy in many cancer types (45, 46). In the present study, the infiltration levels of CD8-positive T cells and M1 macrophages were significantly lower in the PLOD3-high CRC group. OBSCN (47) was significantly associated favorable prognosis, immune-hot subtype and potentially better immunotherapeutic efficacy, which was consistent with more immune infiltration in PLOD3-low group. Moreover, negative correlations were observed between PLOD3 expression and multiple immune related genes (48, 49), suggesting that PLOD3 plays a negative role in regulating tumor immunology. Several indicators for immunotherapy response have been identified in CRC, such as TMB (50, 51) and MSI (52, 53) status. Remarkably, the expression of the PLOD3 was negatively correlated with immuneScore and a previous study (54) in CRC indicated that CRC patients with a lower immuneScore had a poor overall survival. CRCs with higher PLOD3 showed a lower ImmuneScore, TMB, a higher TIDE score, and patients with MSS tended to have higher PLOD3 expression, suggesting the potential for immunotherapy resistance in CRC patients, which was validated in an immunotherapy treated cohort.

The fecal occult blood test methods are more easily accepted by patients, currently but they often suffered various interfering factors with some causes of false-negative, false-positive results, and low sensitivity rates for detecting colon polyps (55). Therefore, early, non-invasive, specific, and sensitive biomarkers are still required for screening strategies in colorectal cancer. We firstly reported the diagnostic and prognostic value of PLOD3 in CRC and validated our finding in other transcriptome and proteome datasets. Given PLOD3’s good discriminating ability and its prognostic value, PLOD3 was a promising biomarker for CRC.

Finally, we discovered, for the first time, the effect of PLOD3 on CRC. We performed a comprehensive analysis to evaluate the functional role of PLOD3 in CRC. The results suggest that PLOD3 is a promising biomarker for the diagnosis and prognosis of CRC. In addition, the study evaluated the performance of PLOD3 as a potential indicator for immunotherapy in CRC patients. These findings can facilitate the personalized treatment of CRC patients. However, the study had several limitations: The PLOD3’s predictive role for immunotherapy was not validated in an immunotherapy-treated CRC cohort and further investigations are needed in the future.

In summary, PLOD3 was identified as a promising biomarker for the diagnosis and prognosis prediction of CRC, and it could be valuable for the design of individualized treatment strategies for CRC patients.
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Immune checkpoints such as programmed death-1 (PD-1) have been proven as antitumor targets by enhancing cytotoxic T cell activity. All immune checkpoint blockades are antibody therapeutics that have large size and high affinity, as well as known immune-related side effects and low responses. To overcome the limitation of antibody therapeutics, we have explored PD-1/PD-L1 (programmed death-ligand 1) blockades in traditional oriental medicine, which has a long history but has not yet studied PD-1/PD-L1 blockades. Sanguisorbae Radix extract (SRE) blocked PD-1 and PD-L1 binding in competitive ELISA. SRE effectively inhibited the PD-1/PD-L1 interaction, thereby improving T cell receptor (TCR) signaling and the NFAT-mediated luciferase activity of T cells. SRE treatment reduced tumor growth in the humanized PD-L1 MC38 cell allograft humanized PD-1 mouse model. Additionally, the combination of SRE and pembrolizumab (anti-PD-1 antibody) suppressed tumor growth and increased infiltrated cytotoxic T cells to a greater extent did either agent alone. This study showed that SRE alone has anticancer effects via PD-1/PD-L1 blockade and that the combination therapy of SRE and pembrolizumab has enhanced immuno-oncologic effects.




Keywords: PD-1, PD-L1, Sanguisorbae Radix, cancer immunology, humanized PD-1 mice, tumor-infiltrating CD8+ T cell



Introduction

Colorectal cancer (CRC) is the third most common cancer in terms of morbidity and mortality around the world (1). The treatment of advanced CRC has applied chemotherapy, including 5-fluorouracil, oxaliplatin, and irinotecan, and targeted therapy, including bevacizumab and cetuximab, but these agents have resistance, dose-limiting side effects, and are strongly toxic to normal cells (2, 3). As an improvement over these agents, immunotherapy has been developed as an effective treatment, increasing the strength of the immune system against malignant tumors in patients with CRC along with microsatellite types or mismatch-repair deficiency (4). In immunotherapy, immune checkpoint inhibitors (ICIs) targeting PD-1 or PD-L1 in several human cancers have recently been demonstrated. To date, six ICIs have been approved by the FDA, including pembrolizumab, nivolumab, cemiplimab, atezolizumab, avelumab, and durvalumab (5). The programmed death-1/programmed death-ligand 1 (PD-1/PD-L1) signaling axis can be important to tumor survival and development (6). The PD-L1 transmembrane protein is known to express on the surface of CRC, and its binding with PD-1 leads to the escape of cancer cells from immune-mediated destruction, thereby enhancing cancer cell growth (7). PD-1 is a crucial immune checkpoint molecule and is mainly expressed on the tumor-infiltrating T lymphocytes (TILs), including CD4+ T cells (helper T cells) and CD8+ T cells (cytotoxic T lymphocytes, CTLs) (8). TILs activated by the blocking of the PD-1/PD-L1 interaction release antitumor cytokines containing interleukin-2 (IL-2) and interferon (IFN)-γ, which indirectly help the immune system fight cancer cells (6). In particular, CTLs can directly induce cancer cell death by releasing lytic granules, such as the perforin (PRF) protein, which punches holes in the cancer cell membrane (9). Immunomodulatory activity according to the blocking of the PD-1/PD-L1 interaction enhances the antitumor activity of CTLs in the tumor microenvironment.

Recently, anti-PD-1 medications, such as pembrolizumab and nivolumab, in combination with chemoradiotherapy or targeted therapy has been reported to effectively inhibit the PD-1/PD-L1 interaction in CRC (10). Although these clinical therapies have the advantage of increasing survival rate in patients with CRC, their strong toxicity causes several adverse effects, they have a long half-life, and are expensive to produce (3). Use of novel supplementary therapies, including those from natural sources, is therefore imperative. Compared to clinical drugs, these are rapidly absorbed in the human body, and doses can be easily adjusted, raising the expectation of cure by enhancing patients’ long-term survival rate (11). Medicinal herbs containing abundant bioactive ingredients have been utilized as CRC therapeutics to overcome the toxicity and resistance of clinical anticancer drugs (12). Previous investigations regarding the targeting of PD-1/PD-L1 have focused on antibody drugs for CRC immunotherapy but not on known traditional medicinal plants. To discover the more effective CRC immunotherapeutics, we focused on natural products to find combinatorial ICIs with potent synergistic efficacies on the PD-1/PD-L1 interaction.

Sanguisorbae Radix (SR), the dried root of Sanguisorba officinalis, also known as great burnet, is a traditional herbal medicine used to treat diarrhea, chronic intestinal inflammation, duodenal ulcers, and internal hemorrhage (13). Recently, multiple studies have reported its diverse pharmacological actions, including antiallergic, anti-inflammatory, antiobesity, and anticancerous (14–17). Although several studies have shown that SR extract (SRE) suppresses both in vivo and in vitro CRC growth (18, 19), to our knowledge, no literature has reported the antitumor effects of SRE on targeting the PD-1/PD-L1 signaling axis.

Ongoing screening of PD-1/PD-L1 inhibitor from herbal medicine, we found that SRE is a potent inhibitor of PD-1/PD-L1 interaction by in vitro competitive ELISA and cell-based luciferase assay. Additionally, we established the antitumor effect of SRE in combination with anti-PD-1 antibodies using a humanized PD-L1 MC38 CRC cell-bearing humanized PD-1 knockin mouse model. That is distinguished studies for CRC immunotherapies targeting human PD-1/PD-L1 in the animal model. Based on this investigation, we proposed a novel combination strategy to improve the effectiveness of immunotherapy by using SRE in cancer patients.



Materials and Methods


Preparation of Plant Materials

SR was supplied by the National Development Institute of Korean Medicine (NIKOM, Gyeongsan, Korea). The dried whole plant (2.0 kg) was extracted with 5 L of 70% ethanol for 1 hour, three times. The extract was percolated with filter paper (3 mm; Whatman PLC, Kent, UK), condensed using a rotary evaporator (Buchi, Swiss), and lyophilized using a freeze dryer (Eyela, Japan). The extract powder (285.41 g; yield 14.27%; abbreviated as SRE) was dissolved in 50% dimethyl sulfoxide for stock solution (100 mg/mL) and diluted with culture medium for in vitro assay.



PD-1/PD-L1 Competitive ELISA

PD-1/PD-L1 competitive ELISA (#72005, BPS Bioscience, San Diego, CA, USA) was performed as per the manufacturer’s protocol. As a positive control, an anti-PD-1 neutralizing antibody (#71120) was purchased from BPS Bioscience. Briefly, recombinant hPD-L1 protein (#71104, BPS Bioscience) was coated on the plates (0.32 cm2, #3917, Corning, New York, NY, USA) at 1 μg/mL with phosphate-buffered saline (PBS, pH 7.4) and incubated overnight at 4°C. The plates were washed with PBS containing 0.05% Tween 20 (PBS-T) and blocked with PBS-T containing 2% (w/v) bovine serum albumin for 1 hour at room temperature (RT). The biotinylated hPD-1 (#71109, BPS Bioscience) of 0.5 μg/mL was added to each well and incubated for 2 hours at RT. The horseradish peroxidase (HRP)-conjugated streptavidin (#554066, BD Biosciences, San Jose, CA, USA) of 0.2 μg/mL was added to each well and incubated for 1 hour at RT. The relative chemiluminescence was measured using a SpectraMax L microplate reader (Molecular Devices, San Jose, CA, USA).



Cell Culture

Recombinant Jurkat T cells expressing human PD-1 and NFAT reporter gene (#60535, hPD-1/NFAT Jurkat T cells) and recombinant CHO-K1 cells expressing human PD-L1 and T cell receptor (TCR) activator (#60536, hPD-L1/TCR CHO-K1 cells) were purchased from BPS Bioscience. The hPD-1/NFAT Jurkat T cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) and antibiotics (100 U/mL penicillin and 100 μg/mL streptomycin). The hPD-L1/TCR CHO-K1 cells were maintained in Ham’s F-12 medium supplemented with 10% (v/v) heat-inactivated FBS and antibiotics. These cells were cultured in a complete medium with Geneticin (1 mg/mL) and Hygromycin B (200 μg/mL) to maintain stable cells containing genetic constructs. MC38 cells expressing human PD-L1 (hPD-L1 MC38 cells), derived from C57BL/6 murine colorectal adenocarcinoma, were purchased from Shanghai Model Organisms Center, Inc. (Shanghai, China). The hPD-L1 MC38 cells were maintained in Dulbecco’s Modified Eagle Medium supplemented with 10% (v/v) heat-inactivated FBS, antibiotics, and Hygromycin B (50 μg/mL). The cells were incubated in a humidified incubator at 37°C under a 5% CO2 atmosphere before the experiments. These solutions for cell culture were purchased from Hyclone Laboratories, Inc. (GE Healthcare Life Sciences, Chicago, IL, USA).



Cell Counting Kit-8 Assay

The cytotoxic effect of SRE was examined using CCK (#CK04, Dojindo Molecular Technologies, Inc., Rockville, MD, USA) assay. Briefly, the cells (1 × 104 cells/0.32 cm2) were cultured in the indicated concentrations (0–400 μg/mL) of SRE at 37°C. CCK solution (10 μL) was added into each well, and the culture plates were incubated for 2 hours at 37°C. The absorbance of the formazan products in the cell culture medium was measured using a SpectraMax i3 microplate reader (Molecular Devices, San Jose, CA, USA) at 450 nm.



PD-1/PD-L1 Blockade Bioassay

PD-1/PD-L1 blockade bioassay (#J4011, Promega, Madison, WI, USA) was performed following the manufacturer’s protocol. Briefly, hPD-L1/TCR CHO-K1 cells (1 × 104 cells/0.32 cm2) as target cells were cocultured with the hPD-1/NFAT Jurkat T cells (2 × 104 cells/0.32 cm2) as effector cells and the indicated concentrations of SRE (0–50 μg/mL) or anti-PD-1(0–0.5 μg/mL) neutralizing antibody for 24 hours at 37°C. Bio-Glo™ Assay reagent was added into each well, and the chemiluminescence of culture plates was measured using a SpectraMax L microplate reader.



Humanized PD-1 Mice

Genetically modified C57BL/6J mice that express human full-length PD-1 protein (humanized PD-1 mice) were purchased from Shanghai Model Organisms Center (Shanghai, China). Mice were granted free access to a standard diet with drinking water before the experiment. All mice were housed under specific-pathogen-free facilities of the Korea Institute of Oriental Medicine (KIOM). All mice were housed in laboratory cage rack systems maintained at a constant temperature (22 ± 1°C) and humidity (50 ± 5%) under a 12-hour dark/light cycle. All experimental procedures followed the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health of Korea and were approved by the Institutional Animal Care and Use Committee of KIOM (approval number KIOM-D-20-073).



Isolation and Culture of Murine Splenocytes and Tumor-Infiltrating CD8+ T Cells

Splenocytes were isolated from the spleens of hPD-L1 MC38 cell-bearing hPD-1 knockin mice. The single-cell suspension of splenocytes was obtained by first filtering through a 100-μm and 40-μm cell strainer (SPL Life Sciences, Pocheon, Korea) and then adding ammonium-chloride-potassium lysing buffer (Lonza, Basel, Switzerland) to remove red blood cells. Tumor-infiltrating CD8+ T cells were isolated from tumor tissues of hPD-L1 MC38 cell-bearing hPD-1 knockin mice. The single-cell suspension of hPD-L1 MC38 tumor tissues was obtained by digesting the tissues with collagenase (0.5 mg/mL collagenase IV) for 1 hour at 37°C and then filtering through 100-μm and 40-μm cell strainer. The hPD-L1 MC38 tumor-infiltrating CD8+ T cells was purified by immunomagnetic negative selection (#19853, STEMCELL Technologies, Inc., Vancouver, Canada). The cells were cultured in RPMI 1640 medium supplemented with 10% (v/v) heat-inactivated FBS and antibiotics.



T Cell-Mediated Killing of Cancer Cells by Coculture System

Murine lymphocytes and tumor-infiltrating CD8+ T cells (1 × 106 cells/9.5 cm2) as effector cells were activated with Dynabeads T-Activator CD3/CD28 (Life Technologies, Carlsbad, CA, USA) for 72 hours at 37°C. Murine hPD-L1 MC38 cells were stained with CellTrace™ Far Red Cell Proliferation Kit (Thermo Fisher Scientific, Waltham, MA, USA). The hPD-L1 MC38 cells (5 × 104 cells/1.9 cm2) as target cells were treated with IFN-γ (10 ng/mL) for triggering reactive expression of PD-L1 for 24 hours at 37°C. The hPD-L1 MC38 cells were cocultured with the activated CD8+ T cells (2.5 × 105 cells/1.9 cm2) at an effector cell-to-target cell ratio of 5:1 or with splenocytes (5 × 105 cells/1.9 cm2) at an effector cell-to-target cell ratio of 10:1 and the indicated concentrations (0–50 μg/mL) of SRE for 72 hours at 37°C. After 72 hours, the plates were washed with PBS, the remaining attached live cancer cells were stained with crystal violet solution and measured using a SpectraMax i3 microplate reader at 540 nm. The cocultured hPD-L1 MC38 cells were observed using fluorescence microscopy (Olympus, Tokyo, Japan) and analyzed using a flow cytometer (Beckman Coulter, Inc., Brea, CA, USA).



LDH Cytotoxicity Assay

The lactate dehydrogenase (LDH) liberated from the target cells via effector cells was measured using LDH cytotoxicity assay (#ab65393, Abcam, Cambridge, UK). Briefly, the cell culture medium was mixed with WST Substrate Mix and incubated for 30 min at RT. The reaction was stopped by adding a stop solution, and the absorbance of the formazan products was measured using a SpectraMax i3 microplate reader at 450 nm.



IL-2 Measurement Assay

The amount of IL-2 released by activated T cells in the cell coculture supernatants was measured using a sandwich ELISA (#555148, BD Biosciences) according to the manufacturer’s protocol. Briefly, an anti-mouse IL-2 monoclonal antibody was coated on the plates (0.32 cm2, #3590, Corning) with 0.1 M sodium carbonate (pH 9.5) and incubated overnight at 4°C. The plates were washed with PBS-T and blocked with PBS containing 10% (w/v) FBS for 1 hour at RT. The biotinylated IL-2 antibody and streptavidin-HRP were added to each well and incubated for 1 hour at RT. The relative absorbance was measured using a SpectraMax i3 microplate reader at 450 nm.



PRF1 Measurement Assay

The concentrations of PRF1 released by activated T cells in the cell coculture supernatants were quantified using a sandwich ELISA (NBP3-00452, Novus Biologicals, Centennial, CO, USA) according to the manufacturer’s protocol. Briefly, the standard and samples were added to the coating plates and incubated for 90 min at 37°C. The biotinylated PRF1 and HRP-streptavidin were added to each well, then incubated for 1 hour at 37°C. The relative absorbance was measured using a SpectraMax i3 microplate reader at 450 nm.



Tumor Allograft and SRE Treatment

Human PD-L1 MC38 cells (3 × 105 cells/200 μL PBS) were injected into the dorsal subcutaneous skin of C57BL/6J humanized PD-1 knockin mice. Tumor growth was monitored and tumor size was measured using digital calipers (Hi-Tech Diamond, Westmont, IL, USA), and tumor volume was calculated according to the formula (length × width2)/2. The tumor volumes reached 20 mm3 (day 10), and mice were randomized into groups of six animals per group. The vehicle (PBS) group and SRE-treated groups were orally administered 100 mg/kg and 300 mg/kg of SRE in 100 μL PBS/20 g once daily using oral zonde for 17 days, respectively. The anti-PD-1 antibody-treated group was administered 2.5 mg/kg of pembrolizumab in 100 μL PBS/20 g via intraperitoneal injection on days 1, 4, 8, and 15. All mice were euthanized for analysis 18 days after treatment.



Blood Biochemistry

Blood sera were collected via cardiac puncture of humanized PD-1 mice treated with SRE and anti-PD-1 antibodies using blood-collection tubes (#365967, BD Biosciences). The levels of AST, ALT, blood urea nitrogen (BUN), and creatinine were analyzed using biochemical analyzer XL 200 (Erba Lachema s.r.o, Mannheim, Germany).



Immunohistochemistry

For immunohistochemical analysis, the tumor tissues were fixed with 10% formalin in PBS and embedded in paraffin. The paraffin sections were incubated with a primary antibody against the CD8 (#98941, Cell Signaling Technology, Danvers, MA, USA) and PRF (#31647, Cell Signaling Technology). The tissue slides were visualized via DAKO EnVision kit (#K5007, DAKO, Jena, Germany). The sections were counterstained with hematoxylin. Hematoxylin-eosin stain was performed for histopathological examination of tumor tissues. Images were observed using an Olympus BX53 microscope and XC10 microscopic digital camera (Tokyo, Japan).



Statistical Analysis

The data are presented as the mean ± standard deviation and were analyzed using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA, USA). The difference of mean values was analyzed by one-way ANOVA, followed by Tukey’s post hoc test, which was used for comparisons between multiple groups, as indicated. Differences with a p-value <0.05 were considered significant. All experiments except those in the animal studies were conducted on at least three independent occasions.




Results


SRE Blockade of PD-1/PD-L1 Interaction

To investigate the effect of SRE on PD-1/PD-L1 blockade, we experimented with competitive PD-1/PD-L1 ELISA-binding assays. The results showed that SRE blocked the binding of PD-1 to PD-L1 in a dose-dependent manner (Figure 1A). In controls, anti-PD-1 antibodies also inhibited PD-1/PD-L1 interaction in a concentration-dependent manner (Figure 1B). The 50% inhibitory concentration (IC50) values of SRE and anti-PD-1 antibodies were 50.10 ± 15.14 μg/mL and 1.49 ± 20.59 μg/mL, respectively.




Figure 1 | Sanguisorbae Radix extract (SRE) blockade of programmed death-1/programmed death-1 ligand (PD-1/PD-L1) interaction using competitive ELISA. The competitive ELISA was performed using the PD-1/PD-L1 inhibitor screening assay kit. The indicated concentrations of SRE (A) and anti-PD-1 antibodies (αPD-1) (B) were treated on plates coated with PD-L1, then incubated with biotin-labeled PD-1. Data are presented as the mean ± SD. ***p < 0.001 compared to the control.





SRE Blockade of PD-1/PD-L1 in Luciferase Assay

To elucidate the effect of SRE on TCR activation, we conducted coculture systems using human PD-1-expressing Jurkat T cells that expressed NFAT-derived luciferase reporter (hPD-1/NFAT Jurkat cells) and human PD-L1-expressing aAPC/CHO-K1 cells designed to activate cognate TCR (hPD-L1/TCR CHO-K1 cells). The cell culture model was established to evaluate the effect of PD-1/PD-L1 blockade (20). To examine the cytotoxic effects of SRE, hPD-1 effector cells and hPD-L1/TCR CHO-K1 cells were treated with the indicated concentration (0–50 μg/mL) of SRE for 24 hours. SRE had no cytotoxic effect on cells up to the concentration of 50 μg/mL (Figures 2A, B). The 50% cytotoxic concentration (CC50) values of SRE on the hPD-1/NFAT Jurkat cells and hPD-L1/TCR CHO-K1 cells for 24 hours were 97.03 ± 11.51 μg/mL and 139.45 ± 11.49 μg/mL, respectively. The effect of SRE in coculture cell model systems using a PD-1/PD-L1 blockade bioassay was examined. The 50% effective concentration (EC50) values of SRE and anti-PD-1 antibodies were 4.974 ± 0.04 μg/mL and 0.239 ± 0.08 μg/mL, respectively (Figures 2C, D). These findings suggest that SRE effectively inhibited the PD-1/PD-L1 interaction, thereby improving TCR signaling and NFAT-mediated luciferase activity of T cells.




Figure 2 | SRE blockade of PD-1/PD-L1 interaction in coculture cell-based luciferase assay. (A, B) Cytotoxicity assay performed using Cell Counting Kit-8 (CCK) assay. The hPD-1/NFAT Jurkat T cells (A) and hPD-L1/TCR CHO-K1 cells (B) after treatment with SRE for 24 hours. (C, D) The PD-1/PD-L1 blockade bioassay was performed using the Bio-Glo™ luciferase assay system. After addition of hPD-1/NFAT Jurkat T cells and SRE (C) and anti-PD-1 antibodies (αPD-1) (D), hPD-L1/TCR CHO-K1 cells were seeded for 20 hours. Data are presented as the mean ± SD. *p < 0.05 and ***p < 0.001 compared to the control.





Enhancement of T Cell-Mediated Killing of Cancer Cells by SRE Blockade of PD-1/PD-L1

We hypothesized that SRE induces antitumor responses to blockade PD-1/PD-L1, as T cell activation by medicinal herb extracts has previously been reported (20). To confirm the cytotoxicity of SRE against murine CRC hPD-L1 MC38 cells and hPD-L1 MC38 cell-bearing hPD-1 mice-isolated splenocytes, cells were incubated with various concentrations of SRE for 72 hours. SRE had no cytotoxic effect on hPD-L1 MC38 cells up to the concentration of 50 μg/mL (Figure 3A). CC50 concentrations of SRE on these cells were 114.94 ± 14.09 μg/mL. SRE increased splenocyte viability dose-dependently, suggesting that SRE can improve immune cell function (Figure 3B).




Figure 3 | SRE-induced activation of T cells and cytotoxic effect of T cell-mediated cancer cells. (A, B) The cell viability was performed using the CCK-8 assay. Splenocytes were isolated from hPD-L1 MC38 cell-bearing hPD-1 knockin mice. Murine CRC hPD-L1 MC38 cells (A) and hPD-1 mice splenocytes (B) were treated with SRE for 72 hours. (C) Cocultured hPD-L1 MC38 cell viability tested by crystal violet staining; (D) Lactate dehydrogenase (LDH) released by damaged cells, detected via LDH cytotoxicity assay; (E) Relative interleukin-2 (IL-2) level, determined using the mouse IL-2 ELISA set. Data are presented as the mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001 compared to the control.



To elucidate whether T cells mediate SRE’s antitumor effect, coculture systems were conducted; hPD-1 splenocytes were used as effector cells, and hPD-L1 MC38 cancer cells known to express PD-L1 were used as target cells (21). At an effector cell-to-target cell ratio of 10:1, the cytotoxicity of hPD-L1 MC38 cells cocultured with hPD-1 splenocytes was gradually increased concentration-dependently (Figures 3C, D). CC50 concentrations of SRE on the hPD-L1 MC38 cells for 72 hours were 33.25 ± 7.20 μg/mL (Figure 3C). Moreover, released IL-2 increased dose-dependently, suggesting that T cells activated by SRE secrete IL-2 (Figure 3E). These results imply that SRE efficiently improved T cell immune function by blockading the PD-1/PD-L1 immune checkpoint pathway.



SRE Activation of hPD-1+ Tumor-Infiltrating CD8+ T Cells From hPD-L1 MC38 Tumor Tissues

We confirmed that SRE suppressed hPD-L1 MC38 tumor growth in both in vitro and in vivo models by activating hPD-1 T cells. The additional delineation of the anticancer effect of tumor-infiltrating CD8+ T cells based on T cell activation by SRE treatment in CRC can also be targeted by immunotherapy. To further examine the cytotoxic role of tumor-infiltrating CD8+ T cells by SRE treatment, coculture systems were conducted using hPD-L1 MC38 cell-bearing hPD-1 mice-isolated CD8+ T cells as effector cells and hPD-L1 MC38 cancer cells as target cells. At an effector cell-to-target cell ratio of 5:1, the cytotoxicity of hPD-L1 MC38 cells cocultured with hPD-1 CD8+ T cells was gradually increased concentration-dependently (Figure 4A). CC50 concentrations of SRE on the hPD-L1 MC38 cells for 72 hours were 42.14 ± 8.17 μg/mL. Additionally, proliferation of hPD-L1 MC38 cells (labeled with CellTrace™ Far Red) was markedly reduced by SRE treatment (Figures 4B, C). Lactate dehydrogenase (LDH) release from the hPD-L1 MC38 cells, detected with use of LDH cytotoxicity assay, increased dose-dependently (Figure 4D). The released perforin 1 (PRF1) levels increased dose-dependently, suggesting that CD8+ T cells activated by SRE secrete PRF1 (Figure 4E). With the results of the effector cell-to-target cell coculture tests, this indicates that SRE efficiently enhanced tumor-infiltrating CD8+ T cell activation via blockade of PD-1/PD-L1 interaction in the CRC tumor microenvironment.




Figure 4 | SRE elevated the activation of hPD-1+ CD8+ T cells and the CD8+ T cell-mediated killing effect on hPD-L1 MC38 cancer. (A) Cocultured hPD-L1 MC38 cell viability, tested by crystal violet staining. Cocultured hPD-L1 MC38 cells detected with fluorescence microscopy (× 200) (B) and determined by fluorescent-activated cell sorting analysis (C). (D) LDH released from damaged cells; (E) Relative perforin 1 (PRF1) level, determined with use of the mouse PRF1 ELISA kit. Data are presented as the mean ± SD. **p < 0.01 and ***p < 0.001 compared to the vehicle group.





Antitumor Effect of SRE in hPD-L1 MC38 Tumor-Bearing Humanized PD-1 Mouse Model

We examined whether SRE could increase inhibition of tumor growth induced by activated T cells on the hPD-L1 MC38 cell-bearing humanized PD-1 knockin mouse model. The hPD-L1 MC38 murine CRC cells were injected into the allograft mice model. After 10 days, tumor volumes reached 20 mm3 and mice were randomized into groups of six animals per group to investigate the antitumor effect in vivo, of treatment with SRE and anti-PD-1 antibodies. SRE significantly inhibited hPD-L1 MC38 allograft tumor growth in a dose-dependent manner without affecting body weight, as observed by decreased tumor volume and weight (Figures 5A–E). Notably, the combination of SRE and anti-PD-1 antibodies synergistically suppressed tumor growth to a greater extent than did either agent alone. SRE and anti-PD-1 antibodies did not change aspartate aminotransferase (AST), alanine aminotransferase (ALT), BUN, or creatinine levels in mice serum (Table 1).




Figure 5 | Sanguisorbae Radix extract reduced tumor growth in the hPD-L1 MC38 cell allograft hPD-1 mouse model. (A) Body weight (grams); (B) Tumor volume after 18 days; (C) Tumor weight after 18 days; (D) Images of tumor tissues (bar indicates 5 mm); (E) hPD-L1 MC38 tumor-bearing mice 18 days after treatment; (F) Representative microscopic images (×400) of CD8 and PRF1-positive area of tumor tissues calculated using immunohistochemical analysis. Data are presented as mean ± standard deviation. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the vehicle group.




Table 1 | AST, ALT, BUN, and creatinine levels in SRE-treated mice serum.



Immunohistochemistry staining showed that SRE and anti-PD-1 antibodies increased CD8 (a marker of CD8+ T cells) and PRF1 granule exocytosis involved in cytotoxic T cell-mediated tumor cell death in the tumor tissues (Figure 5F). These investigations demonstrated that the combination of SRE and anti-PD-1 antibodies successfully suppressed tumor growth by improving CD8+ T cell infiltration with antitumor immunity in the humanized PD-1 mouse model.




Discussion

Research into antitumor immunity through immune checkpoint blockades with an anti-PD-1/PD-L1 interaction for the treatment of patients with CRC is notable (7). Some CRCs are characterized by advanced/metastatic solid malignancies, TIL enrichment, and upregulated PD-L1 expression within the tumor microenvironment (22). Pembrolizumab, as an anti-PD-1, has been approved for immunotherapy of CRC with microsatellite instability or mismatch-repair deficiency (23). However, clinical agents have a large molecular weight, which is slowly absorbed, and cause various side effects (3). To overcome the shortcomings of clinical therapies in the CRC treatment, we tried to use an oriental medicinal herb, SRE, which has a low molecular weight.

Although several reports have shown SRE use in treatment of human CRC, breast cancer, and prostate cancer (18, 24, 25), SRE’s anticancer activities via mediation of T cells had not been defined. This study demonstrated the experimental evidence on antitumor immunity by improving T cell activity with SRE. In the present study, we discovered the ability of SRE to enhance T cell functionality via PD-1/PD-L1 interaction blockade using PD-1/PD-L1 ELISA-binding assay and PD-1/PD-L1 blockade bioassay. Additionally, we found a difference, in that SRE activates tumor-infiltrating CD8+ T cells and kills CRC cells in the tumor microenvironment. In particular, this study confirmed that CD8+ T cells activated by SRE secrete PRF1 to kill CRC cells.

Nontoxic dose of SRE in splenocyte-tumor coculture systems, we tested the cytotoxicity of SRE in hPD-L1 MC38 cells and humanized PD-1 mice-isolated splenocytes (Figure 3). In line with a previous study (26), SRE over 100 μg/mL is cytotoxic to a liver cancer cell line; however, 50 μg/mL of SRE has a 40% cytotoxicity and extremely released IL-2 in splenocyte-tumor coculture systems. Interestingly, the more an SRE dose increases up to 400 μg/mL, the more proliferation of splenocytes increases and tumor proliferation decreases. There are reports of SRE inducing immunomodulatory effects including inflammatory responses and cytokine production (27, 28). Our findings suggest that SRE would not only have a cytotoxic effect on CRC cells but also promote T cell immunity and have anticancer effects via inhibition of PD-1/PD-L1 interaction in splenocyte-tumor coculture systems.

The humanized immune checkpoint mice are carefully designed as immuno-oncology mouse models for reliable in vivo evaluation and validation of checkpoint blockers drugs and their combination with other antitumor drugs (29). According to previous studies, although there are structural similarities between human and mouse PD-L1 proteins, there are significant differences in the druggability of these two proteins (30). In line with reported results, our study showed that small molecules, peptides, and some human anti-PD-L1 antibodies bound to human PD-L1, but not to mouse PD-L1. In addition, there were no effects observed in MC38 tumor-bearing immunocompetent mice treated with human anti-PD-L1 antibodies. Moreover, the MC38 used in vivo in this study is derived from tumors induced by carcinogen and established in C57BL/6 mice and represents a microsatellite-unstable CRC cell line (31). We have previously reported the PD-1/PD-L1-inhibiting abilities of medicinal herbs including Salvia plebeia alone and Rubus coreanus alone in vivo (20, 32). Here, we found that SRE in combination with anti-PD-1 antibodies in vivo is a potent PD-1/PD-L1 inhibitor. We assessed the synergistic effect of the combination of SRE and anti-PD-1 antibodies using humanized PD-1 knockin mice and humanized PD-L1 MC38 tumor cells and successfully established a CRC immunotherapy. As shown in Figure 5, the antitumor effect of SRE was higher in a dose of 300 mg/kg group than in a 100 mg/kg group; the effect of SRE in combination with anti-PD-1 antibodies was considerably greater than 300 mg/kg SRE alone or anti-PD-1 antibodies alone. In addition, combination of SRE and anti-PD-1 antibodies remarkably increased infiltration of CD8+ T cells in tumor tissues more than either 300 mg/kg SRE alone or anti-PD-1 antibodies alone, as well as increasingly released PRF1 granules of tumor-infiltrating CD8+ T cells via PD-1/PD-L1 blockade in the tumor microenvironment. The combination of SRE and anti-PD-1 antibodies is thus expected to be a workhorse for preclinical investigational studies in patients with CRC, supporting the validity of cancer immunotherapies.

Biochemical analysis also confirmed that the indicated dosages of SRE and anti-PD-1 antibodies have no significant toxic effect on the liver or kidneys in humanized PD-1 mice with humanized PD-L1 MC38 tumors (Table 1). In a Mongolian gerbil, daily oral administration of SRE at a dose of 400 mg/kg for 28 days, no gross histological changes were found (33). Moreover, the no changes were found in the relative weights of liver and kidney in the gerbil, or in AST and ALT in high-fat–diet-induced obese C57BL/6J mice after 8 weeks’ treatment with 200 mg/kg/day SRE extracted with 50% ethanol (34). In the current study, 100 mg/kg/day of SRE in mice is equivalent to 480 mg/kg/day for a 60 kg human. S. officinalis is safe enough to be approved for use as a food ingredient, and the root of the plant, SR, is considered nontoxic.

This study provides evidence that SRE enhanced the potential antitumor immunologic response by regulating the PD-1/PD-L1 axis for the treatment of CRC. Additionally, it established that SRE in combination with anti-PD-1 antibodies has strong CD8+ T cell-mediated antitumor activity in an hPD-L1 MC38 cell-bearing hPD-1 knockin mouse model. Recently, because ICIs alone have shown limited efficacy in patients with CRC, combinations of ICIs with other agents, such as anti-PD-L1 antibodies or chemotherapy, are being tested in patients with CRC in clinical studies (10); however, applied combination therapies have several adverse effects, including toxicity, resistance, and side effects (3). To improve upon the clinical combination therapies, we used a combination of clinical antibodies with SRE, with easy dose adjustment and fast absorption in a humanized mice model.

Among the ingredient compounds of SR, several phenolic compounds have been reported as antitumor agents (19). Several other chemical constituents, including tannin, triterpenoid, flavonoids, and triterpene glycoside, have been found in S. officinalis roots (35–37). It is not clear which components are responsible for PD-1/PD-L1 blockade and the subsequent antitumor effect of CRC. Further studies are needed to elucidate, which molecules from SR inhibit the PD-1/PD-L1 interaction.



Conclusions

We demonstrated that SRE inhibits PD-1/PD-L1 interaction and suppresses growth of CRC cells by enhancing T cell functional activity. In addition, we established that SRE in combination with anti-PD-1 antibodies significantly reduces CRC tumor growth via tumor-infiltrating CD8+ T cell activities in an hPD-L1 MC38 cell-bearing hPD-1 knockin mouse model. From these results, we suggest that SRE is a novel inhibitor of PD-1/PD-L1 interaction and, in combination with antibody drugs, may provide a new strategy for weakening CRC mortality as an antitumor immunity drug.
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Objectives

For colorectal cancer patients, traditional biomarker deficient mismatch repair/microsatellite instability (dMMR/MSI) is an accurate predictor of immune checkpoint inhibitors (ICIs). Recent years, researchers considered tumor mutation burden (TMB) as another predictive biomarker which means the number of nonsynonymous mutations in cancer cells. Several studies have proven that TMB can evaluate the efficacy of ICI therapy in diverse types of cancer, especially in non-small cell lung cancer and melanoma. However, studies on the association between TMB and the response to ICI therapy in colorectal cancer alone are still lacking. In this study, we aim to verify the effect of TMB as a biomarker in predicting the efficacy of ICIs in colorectal cancer.



Methods

We searched the PubMed and Ovid MEDLINE databases up to May 1, 2021 and screened studies for eligibility. Thirteen studies published from 2015 to 2021 with 5062 patients were included finally. We extracted and calculated hazard ratios (HRs) and odds ratios (ORs) of overall survival (OS) and objective response rates (ORRs) and their 95% confidence intervals (95% CIs). Pooled HR and OR were evaluated to compare OS and ORR between TMB-high and TMB-low groups in colorectal cancer patients. Meanwhile, we assessed heterogeneity with the I2 statistic and p-values and performed publication bias assessments, sensitivity analyses, and subgroup analyses to search the cause of heterogeneity.



Results

The TMB-high patient group had a longer OS than the TMB-low patient group (HR = 0.68, 95% CI: 0.51, 0.92, p = 0.013) among colorectal cancer patients receiving ICIs. In addition, the TMB-high patient group was superior in terms of ORR (OR = 19.25, 95% CI: 10.06, 36.82, p < 0.001) compared to the TMB-low patient group.



Conclusions

In conclusion, this meta-analysis revealed that TMB can be used as a potential predictive biomarker of colorectal cancer patients receiving ICI therapy. Nevertheless, this finding is not stable enough. Therefore, many more randomized controlled trials are needed to prove that TMB is reliable enough to be used clinically to predict the efficacy of immunotherapy in colorectal cancer. And the most relevant biomarker remains to be determined when TMB high overlaps with other biomarkers like MSI and TILs.





Keywords: tumor mutation burden, immune checkpoint inhibitors, overall survival, objective response rate, colorectal cancer



Introduction

Colorectal cancer (CRC) is a common intestinal malignancy. On the basis of the Global Cancer Epidemiological Statistics (GLOBOCAN2020) released by World Health Organization, it is estimated that in 2020, the number of new cases and deaths of colorectal cancer ranked second and third among all malignant tumors, respectively (1). With the approval of the first immune checkpoint inhibitor (ICI) (nivolumab) for colorectal cancer by the Food and Drug Administration (FDA) based on the data from the CHECKMATE142 trial in 2017, patients with stage IV colorectal cancer (deficient mismatch repair) can be treated with ICIs even if the tumor progresses after standard chemotherapy (2). A number of studies have shown that the status of deficient mismatch repair (dMMR)/microsatellite instability (MSI) can be used as a biomarker to identify patients who may benefit from immunotherapy (3–5). However, only 5% of patients with mCRC are dMMR/MSI-High and some of them do not respond to immunotherapy, which has limited clinical benefits. Meanwhile, there are still a small number of CRC patients with MSS who may benefit from ICI treatment (6). Therefore, it is necessary to look for more effective biomarkers to expand the CRC population responding to immunotherapy.

In addition to the status of dMMR/MSI, scientists have identified several biomarkers, including programmed cell death ligand 1 (PD-L1) expression, tumor infiltrating lymphocytes (TILs), POLE mutation and tumor mutation load (TMB) (7–10). TMB means the number of nonsynonymous mutations in cancer cells, which can be evaluated by next-generation sequencing (NGS) or whole-exome sequencing (WES). The higher the TMB is, the greater the type and number of neoantigens are produced by tumor cells, and the more likely it is to be recognized by the immune system. When ICIs activate their own antitumor immune response, the probability that these tumor cells will be killed is greater (11). One research combining 45 clinical studies and data from 103078 cancer patients found that TMB-high is an adverse prognostic factor for patients receiving non-immunotherapy, and a favorable factor for survival and efficacy for patients receiving immunotherapy, regardless of cancer type and TMB detection method (12). At present, the role of TMB as a predictor of immunotherapy has been confirmed in several specific types of cancer, such as non-small cell lung cancer (NSCLC) and melanoma (13–18), and preliminary studies have been carried out in patients with mCRC. Schrock AB et al. collected the response data of 22 MSI-HCRC patients treated with PD-1/L1 inhibitors and measured TMB by NGS. They found that the strongest correlation existed between TMB and objective response rate (ORR) and progression-free survival (PFS) by univariate analysis and multivariate analysis (19).

The study of TMB as a predictive biomarker has made great progress in NSCLC and melanoma (20, 21), but research on TMB in colorectal cancer has not yet been refined. The existing evidence is not sufficient to determine whether TMB can be used as a predictive biomarker of the immunotherapy in colorectal cancer. In view of the fact that the overall efficiency of immunotherapy in the field of colorectal cancer is not high, it is more urgent to select the dominant population. Here, we conducted this systematic review and meta-analysis to assess the predictive value of TMB on the effect of ICI treatment in patients with colorectal cancer based on the latest clinical evidence.



Methods

This meta-analysis conformed to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (22).


Search Strategy, Study Selection, and Inclusion Criteria

We searched Ovid MEDLINE and PubMed databases up to May 1, 2021 with the following search terms: (mutational burden OR mutation burden OR mutational load OR mutation load OR TMB) AND (nivolumab OR pembrolizumab OR atezolizumab OR avelumab OR durvalumab OR ipilimumab OR tremelimumab OR immunotherapy OR PD-1 OR PD-L1 OR CTLA-4 OR immune checkpoint OR checkpoint blockade OR immune checkpoint inhibitors OR ICI OR ICIs OR immune checkpoint blockers OR ICB OR ICBs) AND (colon cancer OR colorectal cancer OR colorectal carcinoma OR colon carcinoma).

Studies were independently screened and reviewed by two investigators (Li and Ma), and differences were resolved through discussion and consensus. After removing duplicate reports, we first assessed the titles and abstracts of studies for eligibility following the present inclusion criteria: (1) studies had to assess the effect of TMB in predicting the outcomes of ICIs, such as anti-PD-1, anti-PD-L1, anti-CTLA-4, their combination, or other ICIs, in colorectal cancer. (2) Studies ought to provide the TMB-related hazard ratio (HR) and its 95% confidence interval (95% CI) of overall survival (OS) or odds ratio (OR) and its 95% CI of ORR. If above conditions were not met, studies had to give Kaplan–Meier curves or original OS or ORR data to generate calculable metrics. (3) Animal studies, reviews, comments, case reports, editorials, and conference abstracts were excluded, and studies were written in English. Studies deemed eligible were enrolled after full-text view.



Data Extraction and Quality Assessment

We extracted the following data from the eligible studies: author, publication year, number of patients, type of ICI therapy, recruitment area of patients, proportion of dMMR/MSI, sample source, sequencing method of TMB, TMB cutoff value, TMB median value and its range, survival outcomes and HRs/ORs, and 95% CIs.

The types of eligible studies included randomized controlled trials (RCTs) and cohort studies. The quality assessment of cohort studies was performed via the Newcastle-Ottawa Scale (NOS) with scores of 0-9. Studies scores as 8-9 were recognized as high-quality studies, 5-7 indicated intermediate-quality studies and lower than 5 indicated low-quality studies and high risk of bias (23). Specifically, as we only included patients treated with durvalumab and tremelimumab in the RCT study, it was estimated by NOS as well (24).



Statistical Analysis

We compared the OS and ORR between high and low TMB patient groups through HR and OR to verify the effect of TMB in predicting the efficiency of ICIs in colorectal cancer patients. For studies that provided Kaplan–Meier curves without HR of OS, we used Engauge Digitizer to extract survival data and the program files provided by Tierney et al. to calculate HRs and corresponding 95% CIs (25). For studies with original data, a Cox proportional hazards regression model was applied to calculate the OR of the ORR and corresponding 95% CIs by IBM SPSS Statistics 20.0. The summary HR or OR and 95% CI and p-values were estimated via STATA 15.0 (Stata Corporation, College Station, TX, USA). Heterogeneity was also evaluated by the I2 statistic and p-value using STATA. High heterogeneity meta-analysis was conducted under a random-effects model, and low heterogeneity meta-analysis was performed under a fixed-effects model. Values of 25% < I2 < 50%, 50% < I2 <75% and I2 < 75% suggested low heterogeneity, intermediate heterogeneity and significant heterogeneity, respectively (26). When heterogeneity was large, publication bias assessments, sensitivity analyses, and subgroup analyses were conducted to investigate the cause of the heterogeneity. Funnel plots and Egger’s test were conducted as publication bias assessments methods to estimate whether adequate eligible studies were included in our study (27). Egger’s test was used to quantify the funnel plots, and p > 0.05 represented the absence of publication bias. Sensitivity analyses were used to estimate the impact of each study on the stability of the results. Subgroup analyses included subgroup by the number of patients, subgroup by recruitment area of patients, subgroup by TMB sequencing method and subgroup by TMB cutoff.




Results


Search Results, Study Characteristics and Quality Assessment

Based on our search strategy, a total of 255 studies were retrieved from the Ovid MEDLINE and PubMed databases after removing 58 duplicate studies. Animal studies, reviews, comments, case reports and non-English language studies were excluded through title and abstract screening. After removing studies not related to the topic, studies that were not clinical trials or cohort studies and studies without adequate survival data and sample size by full-text review, 13 studies published from 2015 to 2021 were finally included (Figure 1) (9, 19, 24, 28–37).




Figure 1 | The PRISMA flowchart.



Study characteristics are shown in Table 1. A total of 5062 patient samples ranging from 15 to 2083 from each study were included in this meta-analysis. Among them, 8 studies were from Western countries, and 5 studies were from multiple areas. This analysis was composed of 1 RCT (24), 1 cohort study (28) and 11 retrospective cohort studies (9, 19, 29–37). Regarding the types of ICI therapy, 1 study used anti-PD-1(pembrolizumab) monotherapy, 1 study used anti-PD-L1 monotherapy, 3 studies adopted anti-PD-1/L1 therapy, and the remaining 8 studies used anti-CTLA-4 or anti-PD-1/L1 as monotherapy or in combination. Only 6 studies mentioned the proportion of dMMR/MSI mCRC. In these studies, WES and NGS were adopted to detect blood or tumor tissue samples. All but one of the studies adopted tumor tissue samples. A special study used blood samples for circulating cell-free DNA (cfDNA) (24). Different studies defined diverse TMB cutoffs. The survival data for 10 studies were expressed as OS, and 3 were expressed as ORR. According to the NOS, 9 studies that obtained a score of 7 were regarded as intermediate-quality, and 4 studies with scores of 8-9 were assessed as high-quality.


Table 1 | Characters of included studies in the meta-analysis.





Main Results and Assessment of Heterogeneity

Under a random-effects model, the summary HR of OS between the high and low TMB patient groups and the corresponding 95% CI were calculated based on 10 studies including 3849 patients (9, 24, 28–33, 36, 37). The results suggested that the OS of TMB-high patient group was longer than that of the TMB-low patient group (HR = 0.68, 95% CI: 0.51, 0.92, p = 0.013; Figure 2). The heterogeneity was significant in the comparison of OS in the TMB-high and TMB-low patient groups (I2 = 82.7%, p < 0.001). Similarly, we assessed the summary OR of ORR in 3 studies with 1213 patients under a fixed-effects model (19, 34, 35). The TMB-high patient group was superior in terms of ORR (OR = 19.25, 95% CI: 10.06, 36.82, p < 0.001; Figure 3), and the heterogeneity was low (I2 = 22.8%, p = 0.274).




Figure 2 | Forest plot of meta-analysis results of the association between overall survival and TMB. TMB, tumor mutation burden; HR, hazard ratio; CI, confidence interval.






Figure 3 | Forest plot of meta-analysis results of the association between objective response rate and TMB. TMB, tumor mutation burden; OR, odds ratio; CI, confidence interval.





Publication Bias, Sensitivity Analyses and Subgroup Analyses

To analyze the cause of high heterogeneity in the comparison of OS in TMB-high and low patient groups, we conducted publication bias, sensitivity analyses and subgroup analyses. The funnel plot is shown in Figure 4. Egger’s test (p = 0.053) quantitatively indicated that no publication bias existed. Sensitivity analyses suggested that after removing the study reported by Zaidi et al. (36), the combined 95% CI of the remaining 9 studies exceeded 1 [95% CI: 0.61, 1.03], indicating that TMB had no effect on OS, which was inconsistent with the results mentioned before, i.e., this study had a significant impact on the results. Therefore, this study was considered to have poor stability. After removal of this study, the I2 decreased to 71.1%.




Figure 4 | Funnel plot with pseudo 95% confidence limits of pooled overall survival. HR, hazard ratio.



Subgroup analyses were performed on 4 aspects: number of patients, recruitment area of patients, sequencing method and TMB cutoff (Table 2). In the number of patients ≥ 100 subgroup, the OS of TMB-high patient group was greater than the TMB-low patient group (HR = 0.70, 95% CI: 0.50, 0.98, p = 0.041), but the heterogeneity was significant (I2 = 84.8%, p < 0.001). In terms of the number of patients < 100 subgroup, the TMB-high and low patient groups had no statistically significant difference (HR = 0.65, 95% CI: 0.42, 1.00, p = 0.051) with low heterogeneity (I2 = 10.3%, p = 0.291). In addition, no heterogeneity was noted between the two subgroups (p = 0.783). For the recruitment area of patients subgroup analysis, in the Western countries subgroup, the TMB-high patient group also showed superior OS (HR = 0.55, 95% CI: 0.31, 0.95, p = 0.034), while no significant difference was found in the multiple areas subgroup (HR = 0.76, 95% CI: 0.45, 1.27, p = 0.294). The heterogeneity of each subgroup was high (I2 = 79.0%, p = 0.001) in the Western countries subgroup; and I2 = 82.7%, p < 0.001 in the multiple areas subgroup). Similarly, no heterogeneity existed between them (p = 0.400). The sequencing method subgroup analysis only included studies using NGS for the detection of TMB and excluded the study (28) using WES. In the NGS (MSK-IMPACT) subgroup, the OS of the TMB-high patient group was greater than that of the TMB-low patient group (HR = 0.34, 95% CI: 0.21, 0.56, p < 0.001) and no heterogeneity was found in this subgroup (I2 = 0.0%, p = 0.675). The NGS (non-MSK-IMPACT) subgroup included the NGS (GuardantOMNI) and NGS (AmpliSeq panel) methods and had a lower OS in the TMB-high patient group (HR = 0.52, 95% CI: 0.25, 1.07, p = 0.076) than in the NGS (MSK-IMPACT) subgroup, although the difference was not statistically significant in the NGS (non-MSK-IMPACT) subgroup. The heterogeneity was high in the NGS (non-MSK-IMPACT) subgroup (I2 = 80.7%, p = 0.023) and no heterogeneity was found between the two subgroups (p = 0.362). Furthermore, we conducted subgroup analysis according to TMB cutoff. In the TMB cutoff < 28 muts/Mb subgroup, a better OS was observed in the TMB-high patient group (HR = 0.34, 95% CI: 0.24, 0.48, p < 0.001). Besides, this subgroup showed a better response to ICIs in CRC patients with higher TMB than the TMB cutoff ≥ 28 muts/Mb subgroup (HR = 0.63, 95% CI: 0.42, 0.96, p = 0.029). No heterogeneity was observed in both the TMB cutoff < 28 muts/Mb subgroup (I2 = 0.0%, p = 0.596) and the TMB cutoff ≥ 28 muts/Mb subgroup (I2 = 0.0%, p = 0.434) and the heterogeneity was significant between the two subgroups (p = 0.021).


Table 2 | Subgroup analysis of overall survival between TMB-high and TMB-low group.






Discussion

The results of our study confirmed that both the OS and ORR of the TMB-high patient group were better than those of the TMB-low patient group. That is, high TMB could indicate a better response to ICI treatment. In this study, for patients with high TMB, the risk of death was reduced by 32% and the ORR was 19.25 times higher than that of patients with low TMB. However, as shown in the results of heterogeneity analyses, heterogeneity was significant in the comparison of OS in the TMB-high and low patient groups. Based on results of publication bias analysis, no publication bias existed. The sensitivity analyses indicated that the study reported by Zaidi et al. had influence on the stability of the results (36). The heterogeneity was significantly reduced after this study was removed. The NOS quality assessment revealed that most articles were of medium quality for this meta-analysis including the study researched by Zaidi et al. (36). To further investigate the cause of high heterogeneity, we chose four aspects to conduct subgroup analyses. First, we performed subgroup analysis based on the number of patients as different sample size, especially small sample size, may cause bias in the results. The predictive value of TMB may vary among patient populations so we conducted another subgroup analysis according to the recruitment areas of patients. Obviously, TMB value of the same individual could be different depending on the sequencing method which was one of the causes of difference of predictive effect of TMB on the efficiency of ICIs. Moreover, TMB cutoffs differed among studies. To determine a relatively appropriate cutoff range, we performed the last subgroup analysis on the basis of TMB cutoff. As the results, it seemed that differences in the number of patients, recruitment areas of patients and sequencing method were not responsible for high heterogeneity while different TMB cutoffs may be one of the explanations of the high heterogeneity. When we excluded studies without information on sequencing methods, heterogeneity decreased significantly (I2 = 50.5%, p = 0.059), and heterogeneity was further reduced after removal of the study reported by Zaidi et al. (I2 = 37.8%, p = 0.154) (36). The lack of included RCTs may also be related to high heterogeneity.

TMB refers to the number of nonsynonymous mutations in somatic cells in a specific genomic region, which can indirectly reflect the ability and degree of tumors to produce neoantigens. A large number of studies have shown that TMB can predict the efficacy of immunotherapy for many kinds of tumors (9, 11, 38). The detection of TMB is affected by many factors, such as the sample quality, sample source, detection methods, and analysis methods. The conditions of TMB detection should be fully understood before clinical application. Early studies on TMB used the method of WES, which covered approximately 22000 genes in the coding region, accounting for 1% of the whole genome. Studies have found that TMB measured by WES is related to the clinical benefits of immunotherapy for a variety of tumors (28, 39). However, the clinical application of WES is limited because of its high cost, long detection time, complex data analysis and the need for fresh samples (40). With the development of NGS, the whole genome can be sequenced quickly with the ultrahigh throughput, scalability and speed of NGS, and some studies have described that there is a significant correlation between the TMB detected by WES and the targeted panel (38, 41, 42). Unfortunately, only one study using WES to detect TMB was included in our study, so it was impossible to compare the effects of these two sequencing methods on the results. At present, a number of targeted sequencing panels have been approved by the FDA, and four panels which we included were used in the study, including MSK-IMPAKT, FoundationOne, GuardantOMNI and a custom AmpliSeq panel (24, 35, 43). These panels differ in some key parameters, but the most basic requirement of TMB detection is using NGS large panels (or WES), and the recommended sequencing depth is also different. The minimum targeted sequencing depth recommended in some studies should be ≥ 200 or ≥ 500, but in principle, the coverage of targeted sequencing should not be < 1.0 Mb, so as to ensure the accuracy of reporting TMB and to provide sufficient information (44, 45). In view of the sample size, we report the difference in the immunotherapy effect of TMB detected by the NGS-based MSK-IMPAKT panel and non-MSK-IMPAKT panel. Subgroup analysis showed that compared with the non-MSK-IMPAKT panel, the detection of TMB by the MSK-IMPAKT panel was significantly associated with OS benefits in CRC patients with TMB-H, and there was no heterogeneity in the NGS-based MSK-IMPAKT subgroup. The high heterogeneity in the non-MSK-IMPAKT group is a normal phenomenon, which may be due to the inclusion of two different targeting sequencing panels (GuardantOMNI and the custom AmpliSeq), and the predictive effect of TMB measured by these two panels is not as good as that of the MSK-IMPAKT group, either alone or in combination. This result may be due to the inadequate studies we included, but it also illustrates the potential advantages of MSK-IMPAKT panels. More researches will be needed in the future to explore the possible impact of TMB detection by different sequencing panels on the results.

Another factor affecting TMB detection is the source of samples. Tissue TMB (tTMB) detection is most common in clinical practice. In 2019, Samstein et al. conducted targeted NGS (MSK-IMPACT) of tumor tissues from 1662 patients with 10 advanced cancers treated with ICIs, including CRC. The results revealed that higher tTMB was responsible for better OS, and in most patients, the higher the tTMB was, the better the response to ICI treatment. This study provides strong evidence for the applicability of tTMB detection to more types of cancers (9). When tissue cannot be obtained clinically or the amount of tissue is not sufficient for TMB detection, the efficacy of immunotherapy can be predicted by evaluating blood TMB (bTMB). We included a RCT that analyzed the bTMB of patients with advanced refractory colorectal cancer who received combined ICIs and found that MSS patients with bTMB ≥ 28 mut/Mb had the greatest OS benefit (24). Although we did not perform a subgroup analysis of the sample sources due to the limitation of sample size in this meta-analysis, studies have confirmed that there is a significant correlation between bTMB and tTMB in NSCLC (13). At present, the correlation between the two still lacks of strong evidence in the clinical application of CRC, but it provides a possibility for patients with difficulties in obtaining tissue samples to predict the efficacy of immunotherapy and dynamically monitor treatment changes by evaluating bTMB.

One of the key problems of TMB is to determine the predictive cutoff point for immunotherapy. At present, there is no accurate standard for determining the critical value of TMB in solid tumors (including colorectal cancer). The TMB level was significantly different in various cancer types, with a difference of more than 1,000 times, and it was also highly heterogeneous in different patients with the same cancer type; for example, in malignant melanoma and lung cancer, the level of TMB of different patients varies from 0.1 to 100 mut/Mb (46). In 2020, the FDA approved anti-PD-1 therapy for any type of solid tumor with TMB ≥ 10 mut/Mb based on Keynote158 trial data (47). Although studies have confirmed that patients with TMB ≥ 10 mut/Mb have generally higher response rates to ICI treatment in many tumors (34), the predictive value of the TMB universal threshold is limited due to differences among various tumors, and it should be recommended to use the same threshold screening strategy with various tumors. A study published in 2019 by Memorial Sloan-Kettering Cancer Center on the prediction of TMB in the efficacy of tumor immunotherapy set the highest 20% TMB level in each histology as the cutoff value. The study found that in all patients, higher TMB was associated with better OS (HR 0.52; p=1.6×10-6), which is by far the largest cohort of patients receiving ICI treatment and may be a strategy for TMB threshold screening in multiple cancers (9). In our study, the difference of TMB cutoff point was still large, which may be due to the different detection methods, calculation methods and tumor heterogeneity (48–50). For example, Schrock et al. applied log-rank statistics to determine the optimal cut-point of TMB-H (19), Samstein et al. considered the top 20% of TMB in CRC patients as TMB-H group (9), while Valero et al. used the general threshold of TMB ≥ 10 approved by FDA (34), i.e. Because of the different TMB threshold screening strategies included in this study, it may be another reason for the heterogeneity of the results. In addition, in our study, the results of the subgroup analysis based on the TMB cutoff revealed that when the TMB cutoff < 28 muts/Mb, patients with higher TMB could have a better response to ICI therapy. Nevertheless, the optimal TMB cutoff point for CRC still needs to be determined through a large number of prospective clinical trials.

In theory, the more genetic mutations in cancer patients, the more neoantigens the cancer cells produce, and the more likely they are to be recognized by immune cells. There is a positive correlation between TMB and neoantigens, which is an important factor indicating that TMB can be used as a biomarker of ICIs. In addition to TMB, several other biomarkers also play an important role in predicting the prognosis of colorectal cancer and the efficacy of ICI. It is reported that these biomarkers overlap in varying degrees in CRC (51). Although the expression of PD-L1 is considered to be a biomarker for predicting ICI therapy in many cancers (such as lung cancer), current studies have shown that the expression of PD-L1 has no predictive value in CRC patients treated with ICI, and the prognostic value of its overexpression varies with the status of MSI (2, 28, 52). TILs and immunoscore also showed a good performance on prognosis and predictive value (8, 53). Immunoscore analysis of CRC patients showed better prognostic value than MSI, and patients with high immunoscore had a significantly lower risk of recurrence (54). At present, the researches on the predictive value of POLE mutation in ICI therapy are limited. Wang et al. analyzed the frequency of POLE/POLD1 gene mutation and its relationship with TMB and immunotherapy. The results showed that in the group of solid tumors treated with ICI, the total survival was better in patients with POLE or POLD1 mutation than that of non-carriers, and the TMB of patients with POLE or POLD1 gene mutation in a variety of tumors was significantly higher compared with that of non-carriers (including colorectal cancer). Among them, a small number of patients with POLE or POLD1 gene mutations were complicated with MSI-H, and the survival benefits were still significant even after removing these patients (55). In addition, in an analysis of the human cancer genome of 100,000 patients, it was found that the vast majority of MSI patients were TMB-high. The cooccurrence of these two phenotypes is highly dependent on the type of cancer. MSI-H and TMB-high always occur at the same time in gastrointestinal tumors, while TMB-high is quite common in melanoma, squamous cell carcinoma and lung cancer, but MSI-H is very rare (38). Fabrizio et al. also confirmed this view in CRC patients and found that nearly 3% of CRC patients with MSS were TMB-high (6). This finding may expand the CRC population that can benefit from ICI therapy. The relationship between the above predictors highlights the importance of finding a biomarker or a combination of biomarkers that are most relevant to the prediction of curative effect. The combination of TMB and MSI status may help to screen out CRC patients with pMMR/MSS who can benefit from ICI therapy, and eliminate patients with dMMR/MSI who may not benefit from ICI treatment. Patients with high expression of PD-L1 and TMB at the same time have better results with immunotherapy, and they are independent predictors (42). When POLE mutation and dMMR/MSI occurred at the same time, PFS and OS were significantly prolonged after ICI therapy (56). In the future, it is necessary to explore the most relevant biomarker or the best combination of biomarkers to predict the efficacy of immunotherapy in large-scale RCTs.

According to the expert opinions on immunotherapy for patients with CRC, immunotherapy or combination therapy are not recommended for pMMR/MSS CRC patients outside the trial conditions, while some combination therapies have shown potential activity in phase I/II studies for mCRC patients with pMMR/MSS (57, 58). Chen et al. also found that CRC patients of MSS with TMB-high who received combined immunotherapy had the greatest OS benefits (24). A phase II study is also under way to evaluate the efficacy of ICI in pMMR/MSS mCRC patients with high immunoscore (59). The above results need to be further verified by randomized III phase studies to determine the best immunotherapy strategy for pMMR/MSS mCRC patients.

This study is the first meta-analysis on the effect of TMB in the efficacy of ICI therapy in patients with colorectal cancer, which is of reference value for future studies on the association between TMB and immunotherapy and the clinical application of TMB in colorectal cancer patients. However, there are still some shortcomings in this study. Generally, TMB is still a controversial biomarker in clinical practice. There are still many problems in the standardization of TMB detection. More prospective studies are needed to verify how to select the TMB detection platform and targeted sequencing panel, how to determine a threshold screening strategy that can be applied to all kinds of tumors, whether there is a correlation between tTMB and bTMB in the field of colorectal cancer, and the independent predictive value of TMB in the Chinese population. On the other hand, studies on TMB as a predictive biomarker in immunotherapy of colorectal cancer are still insufficient. The interaction between TMB and other predictive biomarkers and the optimal prediction combination need to be verified by large scale randomized trials. Researches on TMB mainly focused on melanoma and NSCLC due to the higher tumor mutation load compared with colorectal cancer (38). This is considered to be the most prominent reason for the efficacy of ICI treatment in these cancers.



Conclusions

Our meta-analysis demonstrated that CRC patients with high TMB can benefit from the ICI therapy, indicating that tumor mutation load can be used as another potential predictive biomarker for immunotherapy in CRC. However, this finding is not stable enough according to the results of sensitivity analysis. Hence, a large number of RCTs will be needed in the future to prove that TMB is a reliable biomarker for predicting the efficacy of immunotherapy for colorectal cancer. And the most relevant biomarker remains to be determined when TMB high overlaps with other biomarkers like MSI and TILs.
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Microsatellite instability-high/deficient mismatch repair (MSI-H/dMMR) status of tumors is a distinct predictive biomarker of immune checkpoint inhibitors (ICIs) for colorectal and non-colorectal cancer populations. The overall response rate (ORR) varies from approximately 40% to 60%, indicating that nearly half of MSI-H tumors do not respond to ICIs. The mechanism of response heterogeneity in MSI-H/dMMR cancers is unclear. Some patients who have been treated with ICIs have developed a novel pattern of progression called hyperprogression, which is defined as unexpected accelerated tumor growth. No case of MSI-H/dMMR immunotherapy-associated hyperprogression has been reported in the literature. Here, we present the case of a patient with dMMR gastrointestinal cancer who suffered hyperprogressive disease (HPD) after treatment with nivolumab. We explored the potential mechanisms of HPD by clinical, immune, and genomic characteristics. Extremely high levels of serum LDH, low TMB and TILs, and the disruption of TGFβ signaling, may be related to hyperprogression.
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1 Introduction

About 2–4% of diagnosed cancer patients are subtyped as “microsatellite instability-high (MSI-H)” or “deficient in mismatch repair (dMMR)” (1) Tumors with these genetic characteristics generally have exceptionally high tumor mutation burden and enriched infiltration of immune cells. These tumors are also known as “hot tumor” (2). Several vital clinical trials have confirmed that the microsatellite instability-high/deficient mismatch repair (MSI-H/dMMR) status is a distinct predictive biomarker of ICIs for colorectal (3) and non-colorectal (1, 4, 5) cancer populations. The overall response rate (ORRs) varies from approximately 40% to 60% (1, 3, 6, 7). Based on the different responses to immunotherapy, this phenomenon attracts significant interest in the heterogeneity and relevant mechanisms of MSI-H/dMMR cancer.

In contrast to chemotherapy and other types of anti-tumor therapy, immunotherapy-induced progression patterns are distinctive, including pseudoprogression and hyperprogression disease (HPD) (8). Pseudoprogression is defined as an initial increase in the tumor burden followed by a later or dissociated response (9). On the other hand, HPD manifests as rapid tumor growth combined with poor overall survival. The acknowledged mechanisms and valuable predictors of HPD remain largely unclear. There is evidence that some gene variations and clinical characteristics may be involved in the mechanism of HPD in different types of cancer. In non-small cell lung cancer and melanoma, patients who harbor MDM2/MDM4 amplification and EGFR alterations are reported to be more likely to develop hyperprogression (10–12). In contrast, those harboring the TP53 mutation without co-existence of STK11 or EGFR mutation have a high CD8 T cell density and, thus, a high response to ICIs (10). Approximately 1–6% of gastrointestinal cancer patients exhibit hyperprogression (HPD) (13). With respect to HPD in MSI-H/dMMR cancers, these phenomena and the mechanisms have not been reported.

Here, we present the first case of a patient with dMMR gastrointestinal cancer with primary resistance to immunotherapy, who experienced HPD after two doses of nivolumab. Nivolumab is a programmed death receptor-1 (PD-1)-blocking antibody and is approved for different types of cancer. Rapid hyperprogression was not observed. Pre-immunotherapy circulating tumor DNA (ctDNA) analysis using 150-gene panel next-generation sequencing, immunohistochemistry, multiplex fluorescence immunohistochemistry (mIHC), and blood inflammatory indexes were used to examine the immune microenvironment as well as the patient’s genomic and clinical features. We also explored possible mechanisms of HPD. Furthermore, we identified the underlying mechanism and demonstrated the importance of personalized treatment for clinical practice.



2 Case Description


2.1 Case Presentation

A 47-year-old male patient presented with constant abdominal pain for 4 months and was sent to the hospital for physical examination in October 2017. Computed tomography (CT) revealed multiple masses in the pancreatic body and both the lungs, with enlarged abdominal and supraclavicular lymph nodes, suggesting a heavy tumor load. The patient underwent supraclavicular lymph node dissection. Immunohistochemistry results suggested poorly differentiated metastatic adenocarcinoma. Based on CT imaging, the doctor-in-charge diagnosed that the tumor originated from the pancreas. Gemcitabine plus paclitaxel (Abraxane) chemotherapy was used as first-line treatment. Two months later, follow-up CT revealed tumor progression in both the lungs (Figure 1A). Positron-emission tomography–CT revealed increased intake of 18F-fluorodeoxyglucose in the intestinal mesentery, cervicothoracic, abdominal lymph nodes, and both the lungs, indicating significant tumor load once again (Figure 1D). One enlarged abnormal cervical lymph node was punctured for examination because the patient refused dissection biopsy and immunohistochemistry was used to analyze the possible site of origin, tumor expression of MMR protein, and gene variation. Immunohistochemistry (IHC) of the second biopsy indicated that the tumor most likely originated from the gastrointestinal duct (IHC showed CDX2 positivity as shown in Figure 1B, microscopic magnification ×100). A 5–10% loss of MLH1 and PMS2 protein expression and PD-L1 expression was also observed (Figures 1C, D, microscopic magnification ×100), suggesting a dMMR status in this patient. With a performance status (PS) score of 1, nivolumab (200 mg every 2 weeks) was used as second-line treatment. Unfortunately, 1.5 month after the commencement of nivolumab (one dose of nivolumab), the patient experienced rapid deterioration in lung function, including obvious dyspnea and lethargy, and his performance status score deteriorated to 3. A follow-up chest CT scan confirmed rapid metastatic progression in the lungs and lymph nodes (Figure 1A). Moreover, laboratory tests revealed significant high serum lactate dehydrogenase (1360 IU/L, ranging from to 110-220 IU/L). Two days later, the patient died of respiratory failure.




Figure 1 | Radiologic images before and after nivolumab showing distinct TGR differences. (A) Representative computed tomography scans of the patient’s lung before, at baseline, and during treatment. (B) Second immunohistochemistry (IHC) showing CDX2 positivity, indicating that the possible original tumor site may be the gastrointestinal duct. (C) Second IHC indicating a PD-L1 expression rate of 5–10%. (D) Second IHC showing loss of MMR protein expression; *loss of MLH1 protein expression; **loss of expression of PMS2 protein. (E) Positron emission tomography/computed tomography (PET-CT) scan suggesting extensive tumor burden.





2.2 Diagnostic Assessments


2.2.1 Blood Test and Biopsy

Serum lactate dehydrogenase and other blood tests were obtained the day before each treatment. The dissected lymph supraclavicular lymph node, and punctured cervical lymph node tissues were obtained under ultrasound and CT guidance, respectively.



2.2.2 Diagnosis of HPD

Currently, the most accepted definition of HPD is based on the study by Baptiste et al. (9) which detailed the following criteria: time to failure <2 months and TGKexp: TGKref >2. Tumor growth kinetics (TGK) are estimated to quantitatively assess the progression of the patient. According to Baptiste’s definition, our patient’s TGKexp and TGKref were 2.1 and 0.7.8, respectively, and the ratio (TGKexp: TGKref) was 2.18. This value was calculated with reference to a single lesion, but the CT scan revealed a large number of newly developed lesions (Figure 1A). The tumor growth curve as shown in Figure 1E also indicated explosive tumor progression. The time to failure of the patient was 1.5 months. The ratio of TGKexp and TGKref was 2.18. As such, he met the definition of immunotherapy hyperprogression.



2.2.3 Gene Analysis

A 150-gene panel next generation sequencing (NGS) of circulating tumor DNA analysis (3D Medicines Co., Shanghai) before administration of nivolumab revealed six gene mutations with high frequency, including MLH1 p.N287Kfs (56.32%), TCF7L2 p.K462Sfs (36.85%), TP53 p.H179Y (41.4%), ACVR2A p.K437Rfs (69.51%), TGFBR2 p.K128Sfs (66.46%), and TSC1 p.T635Rfs (5.41%). Tumor NGS was detected via the punctured tissues. Three mutation genes were inspected (Figure 2D), including MLH1 p.N287Kfs (34.3%), TP53 p.H179Y (38.4%), and TSC1 p.T635Rfs (1.7%). Tumor mutation burden (TMB) was also calculated. With a TMB of 7.26 Muts/Mb, the tumor was categorized as low TMB.




Figure 2 | Results showing tumor microenvironment and genomic mutation copies alteration in autopsy specimens. (A) Representative images of PanCK (pan cytokeratin), CD56, CD8, CD68, and HLA-DR as shown by mIHC. Nuclei (blue) and counterstained by DAPI. Original magnification ×200. (B) Tumor proportion score (TPS) and combined positive score (CPS). (C) Quantification results of TIL percentages by mIHC in the tumor stroma and margin. (D) Alteration of the genomic mutation copies before and after immunotherapy.





2.2.4 Analysis of the Tumor Immune Microenvironment

To further explore the possible refractory mechanism of HPD in this patient, the lymph node tissue tumor microenvironment (TME) of the patient was examined and PD-L1 protein expression was detected in the formalin-fixed, paraffin-embedded (FFPE) punctured tumor tissues using the Dako PD-L1 IHC 22C3 pharmDx assay. The expression levels of CD8+, CD68+, CD56+ cells, pan cytokeratin, and HLA-DR were assessed and calculated using multiplex fluorescence immunohistochemistry (mIHC). Quantitative analysis of the tumor microenvironment showed that the degree of CD8+, CD68+, and CD56+ cells in the tumor stroma, and tumor region, were 0.59% and 1.28%, respectively, along with 0.15%, 0.30%, and 0.63% and 0.49%, respectively (Figure 2C).





3 Discussion

This is the first reported case of HPD in MSI-H/dMMR gastrointestinal cancer, with no HPD-related gene mutation found in our patient. This is also the first report to demonstrate characteristics such as performance status, laboratory tests, TMB, TME, and tumor immune infiltrations (TILs) factors, and some gene alterations, to explain the case better.

Some clinical parameters are reliable predictive prognostic factors for patients with ICI-treated cancer. Studies have shown that high levels of serum lactate dehydrogenase (LDH), tumor burden, and poor performance status are independent baseline factors associated with hyperprogression (14, 15). According to the authors, LDH levels are strongly correlated with prognosis. The prognosis of patients within the normal range is within 16.1 months, but decreases to 2.3 months for those with LDH levels 2.5 times above the upper limit. The authors also demonstrated that low tumor burden and good performance status are also characteristics of favorable OS. As described, the patient had poor performance status, high LDH level, and a rather high tumor burden. The unfortunate outcome was consistent with previous conclusions.

In this case, the patient went through HPD although his TMB was 7.26 Muts/Mb (150-gene panel). TMB is stratified into two subtypes: low and high TMB. High TMB is usually defined as above the median burden based on whole exome sequencing (WES) or different gene panels (16). Optimal TMB cut-offs vary among different studies. However, levels lower than 10 Muts/Mb are generally categorized as low (1, 11, 17). TMB is a reliable efficacy factor for immunotherapy (11, 18–21). Studies have demonstrated that those with low TMB, as seen in this case, showed less favorable survival rate (11, 17, 18, 20–24). MSI-H/dMMR tumors are identified with high clonality of non-synonymous mutations (also high TMB), leading to the presence of robust altered proteins, known as neoantigens (25). Neoantigens are thought to be relevant to tumor control, as they can be targeted by the immune system, leading to a series of cytolytic activities of the immune cells (1, 3, 25–27). With ORRs varies from 31.7% to 40% (3, 28, 29), nivolumab was approved for the treatment of melanoma, pancreatic, colorectal cancer, gastric cancer and so on. The intolerance and toxicities are mostly immune-mediated, along with infusion-related reactions and embryo-fatal adverse events. In this case, it is not hard to speculate that the low TMB reflected a minimal neoantigen, and was thus refractory to nivolumab. Hence, it is reasonable to assume that the heterogeneity of dMMR is partially responsible for the low levels of TMB and hyperprogression.

Heterogeneity of MSI-H/dMMR TILs was also observed by Harry H. Yoon et al. (30) TILs have been considered as positive prognostic predictive factors in tumor patients since the early 1900s. It is widely acknowledged that CD8+ TIL percentage is the most important predictive factor in immunotherapy (31). Compared with the MSS/pMMR status, CD3+ and CD8+ TILs are significantly more abundant in MSI-H/dMMR patients (30). In this case, as shown in Figures 2A, C, CD8+ lymphocytes, CD68+ macrophages, and CD56+ NK cell infiltration percentages were rather low. The PD-L1 assay (Figure 2A, original magnification ×200) also revealed extremely low lymphocytes. According to Yoon et al., lower TILs in dMMR are associated with younger, non-smoking, and low histological grade patients. The tumor proportion score (TPS) and combined positive score (CPS) were also examined (Figure 2B, original magnification ×200). The patient’s TPS and CPS were 0% and 0%, respectively (Dako 22C3 pharmDx, Santa Barbara, CA).

TME is classified into four types based on T cell infiltration and the presence of PD-L1 (32), and TME type III was categorized in this case. While T cell infiltration was observed in the patient, it appears that some unknown mechanisms prevented the effector T cells from functioning normally. A recent study also described that abnormal function of effector T cells may be a hindrance to their proliferation, execution, and maturation in immunotherapy-resistant TME type III patients (33). In addition, TILs in the tumor context have been proven to be a major positive prognostic predictive factor (34). Hence, low TIL percentages in patients cannot be neglected when attempting to elucidate the mechanism. Finally, although not yet listed as a negative factor of immunotherapy, some studies have indicated that TGFβ signaling could restrict T cells movement in TM. This then leads to a lack of response to anti-PD therapy and hyperprogression (35, 36).

Recent studies of TGFβ signaling may elucidate the possible mechanisms of hyperprogression. TGFβ is a bifunctional regulator that plays an important role in tumor initiation and progression, and deletions in the TGFBR2 gene loci can lead to TGFβ signaling disruption. Studies have confirmed that TGFβ-derived epithelial-mesenchymal transition (EMT) can increase mesenchymal cells and lead to tissue fibrosis (34, 37). The pivotal role of TGFβ in tumor microenvironment (TME) fibrogenesis suggests that TGFβ signaling may restrict T cell movement and counteract anti-tumor immunity (35). TGFβ also plays a vital role in immunotherapy. By limiting the infiltration of inflammatory/immune cells, it could suppress CD8+ T cells and NK cell-mediated anti-tumor response (38). TGFβ inhibits T cell proliferation at the transcriptional level and represses their cytotoxic activity, resulting in tumor progression, and in some cases, hyperprogression. Xiong et al. found regulated TGFβ in the consistent sequencing of two patients with HPD (36). Unfortunately, our patient did not exhibit such a tendency (Figure 2D), but the small sample size in the study by Xiong et al. limited its credibility. Although TGFβ has not yet been confirmed as a negative regulator in immunotherapy, it is a new mechanism that merits further exploration. Apart from TGFβ, deregulated WNT signaling could also increase resistance to TILs, as long as there is activation of epithelial-to-mesenchymal transition (EMT), and both methods could limit the infiltration of TILs, especially CD8+ lymph cells (39). In conclusion, TGFβ activation and WNT deregulation may explain the reason for nivolumab resistance and hyperprogression in this case.

Thus, HPD is a comprehensive-cause phenomenon. Studies have suggested that poor clinical characteristics, such as low TMB, heterogeneity of MSI-H/dMMR status, low levels of TILs, TGFBR2 alteration, and TME type III patients could develop mechanism-unknown immune resistance. In this case, they may also lead to HPD.
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Introduction

Bone metastases (BMs) are a negative prognostic factor in patients with non-small cell lung cancer (NSCLC). Although immune-checkpoint inhibitors (ICIs) have dramatically changed the therapeutic landscape of NSCLC, little information is available on BMs from NSCLC treated with ICIs alone or in association with bone-targeted therapy (BTT) such as zoledronate or denosumab.



Methods

From 2014 to 2020, 111 of the 142 patients with BMs secondary to NSCLC extrapolated from the prospective multicenter Italian BM Database were eligible for analysis. Information on blood count, comorbidities, and toxicity was retrospectively collected. The neutrophil-to-lymphocyte ratio (NLR) pre- and post-treatment was calculated. Survival was analyzed using the Kaplan–Meier method, with statistical significance of survival differences assessed using the log-rank test.



Results

Median age was 66 (range, 42–84) years. Performance status (PS) Eastern Cooperative Oncology Group (ECOG) was 0–1 in 79/111 patients. The majority of patients (89.2%) had adenocarcinoma histology. At a median follow-up of 47.4 months, median progression-free (mPFS) and overall survival (mOS) was 4.9 (95%CI, 2.8–10.0) and 11.9 (95%CI, 8.2–14.4) months, respectively. Forty-six (43.4%) patients with BM NSCLC underwent first- or further-line therapy with ICIs: 28 (60.8%) received nivolumab, 9 (19.6%) pembrolizumab, and 9 (19.6%) atezolizumab. Of the 46 patients treated with ICIs, 30 (65.2%) underwent BTT: 24 (80.0%) with zoledronate and 6 (20.0%) with denosumab. The ICI-alone group had an mOS of 15.8 months [95%CI, 8.2–not evaluable (NE)] vs. 21.8 months (95%CI, 14.5–not evaluable) for the ICI plus BTT group and 7.5 (95%CI, 6.1–10.9) months for the group receiving other treatments (p < 0.001). NLR ≤5 had a positive impact on OS.



Conclusion

BTT appears to have a synergistic effect when used in combination with ICIs, improving patient survival.
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Introduction

Lung cancer remains, independently of gender, one of the leading causes of cancer death worldwide (1). Despite the therapeutic breakthrough following the development of molecular-targeted therapies and immune checkpoint inhibitors (ICIs), the prognosis of patients with metastatic disease, albeit highly variable, remains poor (2). Previous studies and routine clinical practice have confirmed that ICIs show good tolerance and clinical efficacy in patients with advanced or recurrent non-small cell lung cancer (NSCLC) in both first- and further-line settings (3–9). Nevertheless, the effect on specific subgroups warrants further investigation.

The bone is one of the most common sites of metastasis in NSCLC, with 30–66% of patients developing bone metastases (BMs) during the course of their disease (10). BMs usually appear as mainly lytic, mainly osteoblastic, or mixed lesions and are excluded from Response Evaluation Criteria in Solid Tumors (RECIST) because they are difficult to measure (11). For this reason, in 2004, Hamaoka et al. developed the MD Anderson response classification criteria (MDA criteria), which are specific for the assessment of BMs (12, 13).

Recently, a negative effect of BMs was seen in large populations of NSCLC patients treated with nivolumab, independently of the presence of brain or liver metastases or of poor Performance Status (PS) (14, 15). One explanation for this may be related to the immunosuppressive status of the tumor microenvironment (TME), which, in some patients, cannot be effectively reversed after ICI therapy (16).

In a preclinical breast cancer mouse model, a combination of anti-PD-1 antibody plus zoledronic acid induced a better antitumor response than untreated controls or single-agent treatment, without significant toxicity (17). The RANKL/RANK signaling pathway also appears to modulate the immune microenvironment and enhance the efficacy of anti-CTLA-4 and anti-PD-1 monoclonal antibodies against solid tumors. This positive synergistic effect has also been suggested in real-world studies on patients with metastatic melanoma and NSCLC (18, 19).

In addition to PD‐L1 expression, tumor mutational burden, and mismatch repair deficiency or microsatellite instability, several other potential biomarkers have been investigated or are currently under evaluation (20). Despite the large-scale use of immunotherapy in early and advanced NSCLC, there are still no validated or reliable predictive biomarkers of response or resistance to immunological agents (2).

Although some authors have reported a predictive and prognostic role of the neutrophil-to-lymphocyte ratio (NLR) in patients with advanced NSCLC undergoing different systemic treatments, its role in NCSLC patients with BMs has yet to be clarified (21–26).

Given the above premises, we decided to investigate the efficacy and safety of ICIs in NSCLC patients with BMs treated with zoledronate or denosumab, usually referred to as bone-targeted therapy (BTT). We also explored the relationship between bone response and tumor control in patients treated with ICIs and evaluated the potential predictive and prognostic role of NLR in this population.



Material and Methods


Study Design, Patients, and Treatment

The present analysis was performed on information extrapolated from our Bone Metastasis Database (BMDB) and from retrospectively collected data. The Italian BMDB was a prospective, observational multicenter project designed to collect data on BMs from solid tumors. Details on the project and its main inclusion and exclusion criteria have been described elsewhere (27).

Briefly, we extrapolated data on patients aged ≥18 years, with a histological or cytological diagnosis of NSCLC, treated for advanced disease, and with Eastern Cooperative Oncology Group (ECOG) Performance Status (PS). Patients included in the analysis had received at least one dose of ICIs as first- or further-line treatment. Blood count, comorbidities, presence of brain metastases, and safety information were retrospectively collected. NLR was calculated by dividing neutrophils and lymphocytes measured in peripheral blood. We recorded the NLR before ICI +/− BTT treatment and at response. This study was conducted in accordance with the International Conference of Harmonization Guidelines for Clinical Practice and the principles laid down in the 1964 Declaration of Helsinki. The protocol was approved by the Institutional Review Board of each participating center. All patients provided written informed consent.



Outcome Measures

Tumor response was assessed using RECIST criteria version 1.1 (28). Investigator-assessed progression-free survival (PFS) and overall survival (OS) were evaluated. OS was calculated for all patients as the time between the fist diagnosis of BM and the date of death or date of last follow-up visit. PFS was calculated for the subgroup of patients undergoing ICI +/− BTT as the time from the start of treatment until the first documented evidence of progressive disease (PD) or death, whichever occurred first. Patients were monitored for adverse events (AEs) using the National Cancer Institute Common Terminology Criteria for Adverse Events v4.0. MDA criteria were used to evaluate bone response (12, 29). A multidisciplinary group dedicated to bone evaluation was involved to better clarify the bone response (30).



Statistical Analysis

Objective response rate (ORR), PFS, OS, and safety were assessed. Reverse Kaplan–Meier method was used to estimate median follow-up. Efficacy and safety analyses were conducted on all patients who received at least one ICI dose. The chi-square test was used to evaluate the association between patient characteristics and ORR. PFS and OS were estimated using the Kaplan–Meier method, and 95% confidence intervals (95%CIs) were reported. Differences between survival curves were evaluated with the log-rank test. The Wilcoxon signed-rank test was used to compare pre- and post-treatment NLR values.




Results


Patient Characteristics

From January 2014 to December 2020, 142 patients with BMs were selected from the lung cancer cohort of our BMDB, and 111 (78.2%) were eligible for analysis. Median age was 66 years (range, 42–84). Forty-six (43.4%) of the 111 patients had been treated with an ICI, 28 (60.8%) with nivolumab, 9 (19.6%) with pembrolizumab, and 9 (19.6%) with atezolizumab (Figure 1). Thirty-five patients only had one comorbidity (cardiovascular), while 44 patients had more than one comorbidity (Table 1 and Supplementary Table S1).




Figure 1 | Flow chart of patient selection.




Table 1 | Demographics and clinical characteristics of NSCLC patients (n = 111).



Twenty (18.0%) patients only had BMs. Of those with both BMs and visceral metastases (n = 91, 81.9%), 18 (22.0%) also had brain lesions. The majority of patients had mainly osteolytic BMs (n = 77, 77.0%), 6 (6.0%) had mainly osteoblastic BMs, and 17 (17.0%) had mixed BMs. This information was not available for 11 patients. Fifty-four (48.7%) patients had multiple (>6) bone metastases, 33 (29.7%) had two to six BMs, and 24 (21.6%) had only one BM. Only five patients (11.6%) received bone radiotherapy (Supplementary Table S2).

We also recorded information on the molecular profile of tumors. Epidermal growth factor receptor (EGFR) mutation was present in 12 (12.5%) cases and wild type in 84 (87.5%). c-Ros oncogene 1 (ROS1) was rearranged in 3 (5.9%) patients and wild type in 48 (94.1%). Anaplastic lymphoma kinase (ALK) translocation was detected in 4 (5.6%) of the 67 patients in which it was evaluated. Ten (28.6%) of the 35 patients analyzed for KRAS (Kirsten rat sarcoma viral oncogene homolog) showed a mutation (Table 2).


Table 2 | Biological characteristics of NSCLC patients (n = 111).





Patient Outcome

At a median follow-up of 41.4 months, the median OS (mOS) of the entire population was 11.9 months (95%CI, 8.2–14.4). Of the 46 patient treated with ICIs, 30 (65.2%) underwent BTT, 24 (80.0%) with zoledronate, and 6 (20.0%) with denosumab. In all patients treated with ICI +/− BTT, the median PFS (mPFS) and mOS were 4.9 (95%CI, 2.8–10.0) and 19.2 (95%CI, 13.6–36.8) months, respectively.

No differences were seen according to the RECIST 1.1 criteria response in the two groups (Supplementary Table S2).

With regard to bone response evaluated using MD Anderson criteria, 10 (43.5%) patients obtained a partial response (PR) following ICIs plus BTT, while only 2 (16.7%) obtained the same response when treated with ICIs alone. In the latter group, stable disease (SD) as a response was more frequent than in the combination group (p = 0.042) (Supplementary Table S3).

Patients treated with ICIs plus BTT had an mOS of 21.8 months (95%CI, 14.5–NE) and a 24-month OS rate of 45.7% (95%CI, 26.5–62.9); those undergoing ICIs alone showed an mOS of 15.8 months (95%CI, 8.2–NE) and a 24-month OS of 30.8% (95%CI, 9.9–54.8); and the group receiving other treatments had an mOS of 7.5 months (95%CI, 6.1–10.9) and a 24-month OS of 12.2% (95%CI, 5.4–21.9). This difference was statistically significant (p < 0.001) (Figure 2).




Figure 2 | OS by treatment.



There was no difference in PFS between patients treated or not with BTT, although those receiving denosumab (n = 6) had a better mPFS (15.9 months; 95%CI, 5.1–not estimable) than patients treated with ICIs alone or with zoledronate (p = 0.068).



Prognostic and Predictive Factors Evaluation

There were no differences in PFS and OS in relation to the number of BMs, type of BM, presence of visceral metastases, and age (Figure 3). ECOG PS had an impact on OS but not on PFS (Supplementary Table S5). No differences in PFS and OS were seen in relation to PDL1 status and tumor molecular profile, with the exception of KRAS mutations; patients with KRAS-mutated disease had an mOS of 8 months (95%CI, 4.3–8.2–NE) compared to 38.8 months (95%CI, 13.9–NE) for those with KRAS wild-type tumors (Figure 4 and Tables 3, 4).




Figure 3 | PFS by treatment.






Figure 4 | OS by KRAS status.




Table 3 | Univariable analysis of overall survival.




Table 4 | Univariable analysis of progression-free survival.



The mean NLR value in patients treated with ICI +/− BTT was 4.08 [standard deviation (SD), 1.83]. A statistically significant difference in OS was observed according to the basal value of NLR (Figure 5A). In particular, patients treated with ICIs alone or ICIs + BTT and with an NLR ≤5 had a better mOS (21.8 months; 95%CI, 15.4–NE) than those with an NLR >5 (14.5 months; 95%CI, 5.6–32.9). This difference was significant (p = 0.042) (Supplementary Table S6). There was also a positive trend for PFS, with an mPFS of 9.3 months (95%CI, 3.3–25.4) in the former group and 2.0 months (95%CI, 1.7–13.2) in the latter group (Figure 5B) (p = 0.086). However, patients who obtained PR or SD on ICIs +/− BTT showed a decrease in NLR with respect to NLR at best response [basal NLR value, 3.52 (SD, 1.56) vs. best response, 2.78 (SD, 1.64)] (p = 0.030) (Supplementary Figure S1). Conversely, NLR increased in patients progressing after ICIs +/− BTT [mean basal NLR value, 3.65 (SD, 1.42) vs. 5.18 at progression (SD, 2.79)] (p = 0.027).




Figure 5 | (A) OS and (B) PFS by NLR values.





Safety

Patients treated with ICIs had mild and reversible toxicities (Table 5). In the combination group, six cases of grade (G)1 hypocalcemia, three cases of G1 renal toxicity, and one case of osteonecrosis of the jaw were reported. One case of G2 renal creatinine increase was recorded in the ICI-alone group. There were few cases of G3 toxicities (arthralgia, increased amylase and lipase, and dermatitis) related to ICI therapy, all of which were successfully resolved. The safety profile was consistent with literature data.


Table 5 | Toxicities recorded in both ICI and ICI+BTT treatments.






Discussion

ICIs have dramatically changed the treatment of patients with NSCLC (2). However their immune-mediated antitumor activity is dependent on several complex mechanisms, also involving the microenvironment. In BMs, the microenvironment is represented by a particular landscape characterized by reciprocal interactions between cancer cells, local stromal cells, immune cells, and several other factors such as osteoclasts (members of the mononuclear-macrophage family) and cytokines (31).

The results from two large phase III studies, CheckMate 227 and CheckMate 057, not only suggested that bone involvement may be a negative prognostic factor in patients with metastatic NSCLC, but also that the presence of BMs could be predictive of a poor response to ICIs (32, 33). However, none of the randomized trials on immunotherapy, including CheckMate 227, stratified patients on the basis of the site of metastasis, thus precluding any definitive conclusions from being drawn (34).

In our study, the poor outcome of NSCLC patients with bone metastases was confirmed in patients treated or not with ICIs, the latter showing an mOS of 7.8 months.

This interest in defining the role of immunotherapy on the basis of the site of metastasis and, in particular, the bone (10–12) prompted us to explore this area using data extrapolated from the Italian BMDB. A strong point in our favor is that the characteristics, outcome, and safety data of the patients who received ICIs are consistent with literature data (35), thanks to the multicenter nature of our BMDB, the largest of its kind in Italy.

A recent study stressed the concept of the negative modulation of the immune response by BMs in NSCLC (15). However, data on the concomitant use of BTTs were not collected. The hypothesis of the potential immunomodulatory effect of BTTs such as denosumab and zoledronate has been gaining ground worldwide over the past two decades.

There is evidence from preclinical research into prostate cancer and breast cancer mouse models of the immunomodulatory effect of zoledronate and of its enhancement of the antitumor efficacy of the PD-1 blockade (17). Nitrogen-containing bisphosphonates (N-BPs) such as zoledronate inhibit farnesyl pyrophosphate synthesis in the mevalonate pathway, leading to increased levels of isopentenyl pyrophosphate in tumor cells, which renders them targets of Vγ9Vδ2 T cells, and thus contributing to innate immunity (36).

Although denosumab added to chemotherapy did not modify OS with respect to CT alone in the phase III SPLENDOUR trial, we observed that both zoledronate and denosumab improved ICI efficacy with respect to ICI alone, with a sustained OS and an increased bone response rate evaluated by MD Anderson criteria. Conversely, consistent with data from clinical trials on ICIs, PFS in our patients was not improved (19, 37).

Another point to be explored is that bone response seems to be correlated to medical therapy due to the low rate of patients treated with radiotherapy.

Bearing in mind the caveat of the limited number of patients involved in our study, we nonetheless observed that denosumab worked rapidly, whereas zoledronate exerted its action after at least 6 months, which fits in with the known slow effect of this drug on bone homeostasis (38). These data strongly suggest that targeting the microenvironment to improve the efficacy of immunotherapy is a strategy worth considering. Another important indication comes from the NLR evaluated in our population. In patients with BMs from NSCLC receiving ICIs, an NLR cutoff ≤5 showed prognostic significance. Furthermore, this value changed in conjunction with a change in sensitivity to therapy, increasing in the event of disease progression or decreasing when response occurred (35).

Our study has a number of limitations, mainly that of limited sample size and the retrospective nature of the analysis (of note, the BMDA was prospectively built). Moreover, PD-L1 expression was not available for all patients. Despite these weaknesses, our data support the hypothesis that BTTs increase the activity of ICIs and reverse the negative impact of BMs on patient outcome. Larger prospective datasets or prospective randomized clinical trials are needed to provide more solid evidence of BTT potential.

There are still several open questions to be answered in the area of NSCLC, in particular how to overcome primary and acquired resistance to immunotherapy. This is often related to the status of the host’s immune homeostasis and involves myeloid-derived suppressor cells (MDSCs), tumor-associated macrophages, and T-regulatory cells, all of which play immune-suppressive roles. The use of zoledronate or denosumab in combination with ICIs could represent a potentially useful strategy to modulate the microenvironment and, consequently, the immune response.



Conclusions

Our data suggest that BTT could potentially increase the efficacy of immunotherapy in NSCLC patients with BMs. Prospective trials are warranted to further investigate this finding.
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Microsatellite instability-high (MSI-H) is widely believed to be a biomarker for immune checkpoint inhibitors (ICIs) such as pembrolizumab in solid tumors. However, due to the low prevalence of MSI-H in most cancers, it tends to be insufficient to identify whether patients should receive ICIs according to this biomarker alone. Here, we report a Chinese esophageal squamous cell carcinoma (ESCC) patient with unusual divergent MSI status between the primary lesion (MSS) and metastatic lesion (MSI-H) which developed after platinum-based therapy and radiotherapy. Both his primary and metastatic tumors responded well to pembrolizumab-containing therapies or pembrolizumab monotherapy and maintained a complete response for over 24 months. Whole-exome sequencing and multiplex immunohistochemistry were used to examine his tissue specimens. Notably, there were multiple high-frequency mutations of DDR (DNA damage repair) genes shared in the primary lesion and metastatic lesion, especially in the latter. Besides, we observed considerable degrees of infiltrating CD3+/CD8+ lymphocytes in both of his primary tumor and metastatic tumor without obvious difference, suggesting that the conversion of microsatellite status had little effect on the infiltration of lymphocytes. Collectively, given the predictive role of DDR alterations for ICIs in other malignancies, the alterations of DDR genes might also be promising biomarkers in ESCC individuals receiving ICIs.
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Highlights

Mutations of DDR (DNA damage repair) genes may be biomarkers for checkpoint blockade immunotherapy in esophageal squamous cell carcinoma (ESCC).



Introduction

Prior studies (1, 2) demonstrated improved responses to immune checkpoint blockade (ICB) in multiple solid tumors with mismatch-repair deficiency (dMMR) or microsatellite instability-high (MSI-H). Hence, pembrolizumab monotherapy has been approved by the FDA for dMMR or MSI-H patients with solid tumors, irrespective of the tissue of origin since 2017. However, the prevalence of MSI-H/dMMR is rather low in esophageal and esophagogastric junction carcinoma (2), implying that this biomarker alone may be insufficient to identify appropriate patients with esophageal cancer who could receive immune checkpoint inhibitors (ICIs). Herein, we encountered a Chinese esophageal squamous cell carcinoma (ESCC) patient who had unusual divergent MSI status between the primary lesion (MSS) and metastatic lesion (MSI-H). Surprisingly, he exhibited durable complete response (>24 months) to pembrolizumab in the setting of neck metastasis which developed after receiving platinum-based therapy and radiotherapy. To explore what accounted for this patient outcome, whole-exome sequencing (WES) and multiplex immunohistochemistry (mIHC) were used to characterize his genomic features and immune phenotypes in the tumor microenvironment.



Case Presentation

In February 2018, a 73-year-old Chinese man presented with a rough mass in his esophageal mucosa and surface hyperemia under gastroscopy. A biopsy sample of pathological diagnosis showed ESCC (Figure 1A). A computed tomography (CT) scan revealed obvious contrast-enhanced imaging of the upper esophagus with a thickening wall and narrowing lumen but without visible enlargement of the mediastinal lymph nodes (Figure 1B), and he was diagnosed with a T2N0M0, upper esophageal carcinoma. His biopsy tumor specimens were sent for next-generation sequencing (NGS) targeting 543 cancer-related genes as well as a PD-L1 (programmed death-ligand 1) assay at a CAP (College of American Pathologists)-certified laboratory (Genecast Biotechnology Co., Ltd.). Unfortunately, no actionable alterations with strong evidence for targeted therapy were identified in his primary lesion, where the expression level of PD-L1 (SP142 staining) was 5% (CPS close to 6) and microsatellite stability (MSS) was present (Figures 1C, 2A). Owing to the upper location of his tumor, this patient was unable to receive surgery. Given the fact that he had radioactive esophagitis and tracheitis (grade 3) during radiotherapy, we adjusted the originally planned therapeutic regimen, and sequential chemotherapy plus radiotherapy rather than concomitant definitive chemoradiation was used for him. Specifically, he received 3 cycles of paclitaxel liposome plus nedaplatin for 2 months followed by radical intensity-modulated radiotherapy (IMRT) (66 Gy at 2.2 Gy/session to the esophageal tumor) for 1 month until early July 2018 (Figure 1B). Nevertheless, the CT scan showed multiple enlarged lymph nodes of the right-side neck with suspected metastasis on June 25, 2018 (Figure 1B), which was verified by pathological diagnosis of a puncture biopsy of the right cervical mass (Figure 1A). Next, his punctured samples of the metastatic tumor were sent to the same laboratory as before for another NGS test and PD-L1 assay. Surprisingly, MSI-H along with dMMR (Figures 2A, B) was observed in his metastatic tumor with the soaring percentage (TPS 70%, CPS 75) of PD-L1 (Figure 1C). According to these results, the patient was given adjusted treatments with pembrolizumab (100 mg, recommended dose 2 mg/kg at that time in China) combined with chemotherapy (docetaxel plus tegafur) or local IMRT (66 Gy at 2.2 Gy/session to the metastatic tumor) or single pembrolizumab treatment from July 2018 to March 2019 and exhibited sustained clinical response, regardless of primary or metastatic lesions (Figure 1B). Given the good response after adding pembrolizumab, this patient did not continue to undergo chemotherapy or radiotherapy but just maintained pembrolizumab (100 mg) monotherapy until June 2019 and achieved a complete response (CR) of both primary and metastatic tumors (Figure 1B). Subsequently, he stopped the above therapies in June 2019 and remained CR until the recent radiological evaluation in April 2021 (Figure 1B).




Figure 1 | Pathological results, radiological images, and PD-L1 assay of an esophageal squamous carcinoma patient with divergent MSI status between primary and metastatic lesions. (A) Histology of his primary and metastatic tumors. Magnification, ×200. (B) Representative CT images associated with his clinical outcomes during the whole treatment. Outcomes were valuated according to RECIST 1.1 criteria. (C) IHC staining with anti-PD-L1 antibody (SP142). Magnification, ×100.






Figure 2 | MSI status, MMR results, and immune phenotypes together with neoantigens in primary and metastatic lesions of this patient. (A) Detection results of five microsatellite sites by the MSI analysis system (Promega). (B) MMR results of MLH1, MSH2, MSH6, and PMS2 in metastasis. (C) Representative images of CK5/6 (cytokeratin 5/6), CD3, and CD8 shown by mIHC in primary and metastatic lesions. Nuclei (blue) were counterstained by DAPI. Magnification, ×200. (D) Quantification results of mIHC from 15 random vision fields. (E) The number of predicted neoantigens in primary and metastatic tumors.





Methods

WES and variant analysis of the carcinoma tissue specimens of the patient along with a peripheral blood sample were performed at a CAP-certified laboratory (Genecast Biotechnology Co., Ltd.). The tumor cellular contents of both primary and metastatic biopsies were >80%. DNA libraries were captured by a Roche NimbleGen SepCap EZ MedExome kit and sequenced on a NovaSeq 6000 system (Illumina) with a deduped depth of 200× in tissues. Somatic SNV calling was performed using GATK (v4.0.7.0, Mutect2) (3) and the alterations were annotated by Oncotator (4) and ANNOVAR (5). For neoantigen prediction, HLA-I (A, B, and C) genotyping based on WES data of genomic DNA of peripheral blood cells was performed using the HLA-HD algorithm (6). Novel 9–11 amino-acid peptides from somatic non-synonymous mutations detected in tumor tissues were determined, and binding affinities of mutant or wild-type peptides to HLA-I alleles were calculated via netMHC-4.0 (7). The novel peptides with predicted binding affinities <500 or 50 nm and the affinity ratio of wild-type peptides to mutant peptides >1.5 were defined as neoantigens or strong neoantigens (8), respectively. For the examination of the tumor immune microenvironment by mIHC, immunostaining, imaging, and quantitative analyses of multiple molecules in formalin-fixed paraffin-embedded (FFPE) tumor slides were performed as previously described (9, 10). Primary antibodies used in this work were listed as follows (clone name, catalog number, dilution ratio): CK5/6 (OTI1C7, ZM-0313, 1:100), CD3 (LN10, ZM-0417, 1:100), and CD8 (SP16, ZA0508, 1:100). All of them were purchased from ZSGB-BIO, Beijing, China. The stained slides were scanned by PerkinElmer Vectra (Vectra 3.0.5; PerkinElmer, MA, USA) and quantitative results were achieved by inForm Advanced Image Analysis software (inForm 2.3.0; PerkinElmer, MA, USA). For each slide, more than 15 fields were included to count the number, percentage, and density of positive cells in all nucleated cells under ×200 magnification. Mean percentages of certain cell subsets were calculated for further analysis.



Results and Discussion

The discrepancy of microsatellite status detected by the MSI analysis system (Promega) between the primary and metastatic tumors of the patient was observed by targeted multigene panel sequencing as well. Based on calculation by the MSI-sensor software with WES data, the MSI scores of the primary and metastatic tumors were 2.22 and 21.11, respectively. According to the cutoff value (>10) for judging MS instability, the MS status of the primary tumor was judged as MSS, while the MS status of the metastatic tumor was judged as MSI-H. Besides, the TMB (tumor mutation burden) value was higher in the metastatic (18.25/Mb) than in the primary tumor (9.69/Mb) and it is consistent with their divergent MS status. Microsatellite instability is universally believed as the consequence of deficiency of four major MMR proteins encoded by MLH1, MSH2, MSH6, and PMS2 (11), whereas there were not any detrimental alterations of these four genes identified in the above two NGS tests. To further examine the potential causes for this divergent MSI status, we performed WES of the tissue samples of the patient. As expected, WES results also displayed that MSI-H and MSS were present in metastatic and primary tumors, respectively. Notably, this individual had a lot of somatic alterations in well-documented DDR (DNA damage repair) genes (12) whose mutation frequencies were generally much higher in the metastatic than in the primary lesion, and three mutated DDR genes (RAD51C, RECQL4, RMI1) were only present in the former but absent in the latter (Table 1). All the variants were screened in public databases (ClinVar, OncoKB, COSMIC, CIViC), and almost all of them had uncertain significance except TP53 p.R282W which was classified as pathogenic mutation. In view of the crucial role of DDR genes including MMR-related genes in maintaining genome integrity (12), we could speculate that chemotherapy as well as radiotherapy before immunotherapy might fuel the generation of high-frequency DDR alterations, further aggravating genome instability in the metastatic tumor relative to the primary tumor. Accordingly, microsatellite status was reshaped from MSS to MSI-H, though the detailed mechanisms remain to be studied.


Table 1 | Alterations of DDR (DNA damage repair) genes in primary and metastatic lesions.



Despite the lasting clinical response of this individual since adding pembrolizumab, can it be fully attributed to MSI-H status in metastasis? If so, it appeared to be unable to account for why the primary tumor with MSS of this patient likewise responded well. Theoretically, in addition to PD-L1, tumor-infiltrating lymphocytes (TILs) are also indispensable to successful ICB-based therapies (13). Indeed, as shown by mIHC images, there were considerable degrees of infiltrating CD3+/CD8+ lymphocytes in both the primary lesion and metastatic lesion (Figure 2C). Besides, quantitative results revealed that the percentages of CD3+/CD8+ TILs were even slightly higher in the former than in the latter (Figure 2D). In other words, the conversion of microsatellite status seemed to have little effect on the profiles of TILs. Therefore, it is reasonable to infer that MSI-H is not mainly responsible for such responsiveness to immunotherapy alone or combined with chemotherapy or radiotherapy, at least not the sole determinant. Furthermore, after discontinuation of all prior therapies since June 2019, this patient still achieved complete remission lasting over 24 months and survival of 40 months until now. This exceptional outcome was obviously better than that (median overall survival of 2.3 years) observed in ESCC patients with definitive chemoradiotherapy (14), indicating the potential of ICIs in improving the survival of ESCC patients. In the context of MSS primary tumor and MSI-H metastasis, complete response to pembrolizumab could be due to antigen spreading that was reported to be responsible for T-cell responses after initial activation (15). However, whether it is applicable to this patient outcome remains to be further studied. On the other hand, we believed that such good outcomes may be more likely because of a series of shared clonal neoantigens between primary and metastatic sites. Given their similar immune microenvironment is appropriate for immunotherapy, it is hypothesized that if this patient received pembrolizumab from the beginning without visible metastasis, his primary tumor may also have responded well. Although chemotherapy and radiotherapy were in favor of facilitating the release of neoantigens triggering immune response to some extent, pre-existing adaptive resistance mediated by the PD-1/PD-L1 pathway in the primary tumor was also enhanced in metastasis with the PD-L1 expression soaring from 5% to 70%. Thereafter, the anti-PD-1 inhibitor pembrolizumab relieved the restrained activity of CD8 T cells and brought about a durable survival benefit for this patient. In brief, favorable infiltration of T cells potentially associated with certain shared clonal mutations rather than just MS status played a crucial role in these satisfactory immunotherapy outcomes.

It is worth mentioning that alterations of DDR genes are viewed as promising biomarkers for the clinical benefit from ICIs in certain malignancies including lung cancer and urothelial cancer (16, 17), while the predictive value of DDR alterations for ICB treatments in esophageal carcinoma is rarely reported to date. Additionally, we noticed the higher number of predicted neoantigens based on WES data in the metastatic lesion over the primary lesion of the patient (Figure 2E), corresponding to the change of MSI status. Notwithstanding, more neoantigens in silico has not yet given rise to more TILs in the metastatic tumor compared with the primary tumor. It should be noted that there was a marked rising level of PD-L1 in the metastatic tumor before immunotherapy. In consideration of the favorable infiltration of CD3+/CD8+ T cells in the tumor microenvironment of the patient, it is plausible that chemotherapy and/or radiotherapy together with DDR alterations not only contributed to keeping the immune phenotype active to some extent but also intensified pre-existing adaptive resistance mediated by the PD-1/PD-L1 pathway (13). Such enhanced expression of PD-L1 was likely associated with the resistance of the metastatic lesion to chemotherapy followed by radiotherapy in the setting of partial response of the primary tumor. Under this circumstance, PD-1 blocking by pembrolizumab subsequently brought about desirable remission of both primary and metastatic lesions. In summary, the alterations of DDR genes may be valuable biomarkers in ESCC patients receiving ICIs Although pembrolizumab has been approved by the FDA for advanced or metastatic ESCC patients with PD-L1 (CPS ≥ 10), it seemed to be incapable of fully explaining the outstanding survival benefit of this individual. Whether anti-PD-1/PD-L1 inhibitors combined with chemotherapy or radiotherapy can achieve better clinical outcomes in those PD-L1-positive ESCC patients harboring DDR alterations deserves more research.
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Background

Immune checkpoint inhibitors (ICIs) have become one of the standard treatment options for advanced lung cancer. However, adverse events (AEs), particularly immune–related AEs (irAEs), caused by these drugs have aroused public attention. The current network meta-analysis (NMA) aimed to compare the risk of AEs across different ICI–based regimens in patients with advanced lung cancer.



Methods

We systematically searched the PubMed, EMBASE, and Cochrane Library databases (from inception to 19 April 2021) for relevant randomized controlled trials (RCTs) that compared two or more treatments, with at least one ICI administered to patients with advanced lung cancer. The primary outcomes were treatment–related AEs and irAEs, including grade 1–5 and grade 3–5. The secondary outcomes were grade 1–5 and grade 3–5 irAEs in specific organs. Both pairwise and network meta-analyses were conducted for chemotherapy, ICI monotherapy, ICI monotherapy + chemotherapy, dual ICIs therapy, and dual ICIs + chemotherapy for all safety outcomes. Node–splitting analyses were performed to test inconsistencies in network. Sensitivity analyses were adopted by restricting phase III RCTs and studies that enrolled patients with non–small cell lung cancer.



Results

Overall, 38 RCTs involving 22,178 patients with advanced lung cancer were enrolled. Both pooled incidence and NMA indicated that treatments containing chemotherapy increased the risk of treatment–related AEs when compared with ICI-based regimens without chemotherapy. As for grade 1–5 irAEs, dual ICIs + chemotherapy was associated with the highest risk of irAEs (probability in ranking first: 50.5%), followed by dual-ICI therapy (probability in ranking second: 47.2%), ICI monotherapy (probability in ranking third: 80.0%), ICI monotherapy + chemotherapy (probability in ranking fourth: 98.0%), and finally chemotherapy (probability in ranking fifth: 100.0%). In grade 3–5 irAEs, subtle differences were observed; when ranked from least safe to safest, the trend was dual ICIs therapy (60.4%), dual ICIs + chemotherapy (42.5%), ICI monotherapy (76.3%), ICI monotherapy + chemotherapy (95.0%), and chemotherapy (100.0%). Furthermore, detailed comparisons between ICI–based options provided irAE profiles based on specific organ/system and severity.



Conclusions

In consideration of overall immune–related safety profiles, ICI monotherapy + chemotherapy might be a better choice among ICI–based treatments for advanced lung cancer. The safety profiles of ICI–based treatments are various by specific irAEs and their severity.



Systematic Review Registration

https://www.crd.york.ac.uk/prospero, identifier CRD42021268650





Keywords: immune checkpoint inhibitors, safety, lung cancer, adverse events, network comparison



Introduction

Lung cancer remains the leading cause of global cancer mortality, with approximately 1.8 million deaths annually (18% of the total cancer deaths) (1). Over the past decades, platinum–based chemotherapy has become the cornerstone for managing advanced lung cancer; however, its use is of concern due to inevitable resistance and intolerable adverse events (AEs) in these fragile patients (2, 3). Recently, immunotherapy has revolutionised treatment approaches for advanced lung cancer by making longer survival times a reality (4). Unlike traditional therapy (chemotherapy and targeted therapy), immune checkpoint Inhibitor (ICI) therapies use monoclonal antibodies to inhibit the expression of proteins [cytotoxic T lymphocyte associated antigen (CTLA4), programmed death-1 receptor (PD-1), and its ligand (PD-L1)], thereby boosting T–cell activation against cancer (5). To date, a series of ICIs [pembrolizumab, nivolumab, ipilimumab, atezolizumab, and durvalumab registered by the U.S. Food and Drug Administration (FDA); camrelizumab, sintilimab, and tislelizumab approved by the National Medical Products Administration (NMPA)] have been successfully introduced for use in patients with advanced lung cancer. Recently, ICI monotherapy with or without chemotherapy, dual ICIs combination, even dual ICIs combined with chemotherapy have been clinically applied as standard first–line treatment options for advanced lung cancer.

With a dramatic increase in the availability of ICI drugs and their superior efficacy, a substantial proportion of patients with lung cancer are administered these agents. Nonetheless, concerns regarding unique treatment–specific toxicities owing to their pharmacological mechanisms, namely immune–related AEs (irAEs), associated with ICI regimens are growing (6). IrAEs are unintended effects following the activation of the immune system by ICI–mediation and can occur in any organ or system, including the gastrointestinal tract, lungs, endocrine, skin, heart, renal, liver, and muscles (7). In published randomised controlled trials (RCTs), patients administered ICIs experienced fewer AEs than those undergoing chemotherapy, while the incidence of any irAEs seemed to be distinctly higher in the ICI group (8). Without timely identification and proper management, irAEs can become severe complications, resulting in treatment discontinuation or failure, and even death (9, 10).

Previous meta-analyses have examined the risks of irAEs associated with ICI therapy; however, most of them mainly involved patients with all types of cancers (11–13). In addition, these studies did not explicitly examine the risk of individual irAEs across different ICI regimens, which may vary according to cancer type. Recently, one network meta-analysis (NMA) (14) and six traditional meta-analyses (14–19) addressed this issue in patients with lung cancer. However, they focused on one or two specific irAEs; therefore, the entire toxicity spectrum in these patients is yet to be described. Since, to the best our knowledge, head–to–head comparisons among ICI regimens are lacking in current literature, an indirect analysis could be performed to obtain comparative results and rank all possible treatments (20). In the present study, we conducted an NMA using up-to-date data from ICI–treated patients with advanced lung cancer to compare the risk of developing AEs during or following various treatment strategies.



Methods


Literature Search

This NMA was conducted according to the priori established protocol (PROSPERO: CRD42021268650; https://www.crd.york.ac.uk/prospero/#searchadvanced), and reported in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) guidelines (21) and its extension statement for NMA (Table S1). The PubMed, EMBASE, and Cochrane Library databases were systematically searched from inception to 19 April 2021 with language restricted to English. The search terms and their combinations used in the search strategies are shown in Table S2. We also identified potential studies listed as references in the retrieved articles and searched unpublished data from the ClinicalTrials.gov website.



Study Selection

The eligibility criteria for published studies were as follows: head-to-head phase II and III RCTs comparing two or more treatments, including at least one ICI drug in patients with advanced lung cancer. Studies published only in the form of conference abstracts, posters, and presentations of ongoing RCTs were excluded. If several studies were derived from the same trial, the study that reported comprehensive safety data was involved. Two authors (Y.Y. and J.C.) independently screened all titles and abstracts, and further assessed potentially eligible full text based on the aforementioned criteria.



Study Outcomes and Data Extraction

The primary outcomes of this study were overall safety outcomes, viz. treatment–related adverse events and immune-related adverse events as defined in each study (Table S3), including grade 1–5 and grade 3–5, respectively. The secondary outcomes were grade 1–5 and grade 3–5 irAEs in specific organ systems, including the gastrointestinal system (colitis and diarrhea), pulmonary system (pneumonitis), endocrine system (hyperthyroidism, hypothyroidism, thyroiditis, hypophysitis, and diabetes), skin (pruritus, rash, and severe skin reaction), and others (myocarditis, nephritis, hepatitis, myositis, and hypersensitivity/infusion reaction). Grading of AEs was reported according to the Common Terminology Criteria for Adverse Events (CTCAE), as reported in each study. Two authors (Y.Y. and J.C.) used a pre-designed form to extract the following data: study characteristics (study ID and publication year, NCT number, cancer type, study design, arms, treatment regimens, number of patients, follow–up time, and version of CTCAE), demographics and clinical characteristics (age, sex, PS score, brain/CNS metastasis, liver metastasis, bone metastasis, current/former smoker, prior surgery, and prior radiotherapy), and data on the aforementioned outcomes. The above information was extracted from the main text and Supplementary Materials, and only accessible data were analysed.



Quality Assessment

The methodological quality of the included trials was assessed using the Cochrane Collaboration Risk of Bias Tool (22). Low, moderate, or high risk of bias was assigned to each citation within the following five aspects: random sequence generation, allocation concealment, masking, assessment of outcomes, and selective reporting. Disagreements during study selection, data extraction, and quality assessment processes were resolved by consensus following a consultation with the corresponding investigator (Z.G.).



Statistical Analyses

To illustrate the direct and indirect comparisons among the treatments, a plot of the network geometry was generated. A pairwise meta-analysis of head-to-head comparisons was conducted to make direct estimates. Results were reported as relative risks (RRs) with 95% confidence intervals (95% CIs) using a random–effect model. Statistical heterogeneity was assessed using the I2-test, with a value > 50% representing considerable heterogeneity (23). A sensitivity analysis was performed to assess the robustness of the results by sequentially eliminating each study from the pool (24, 25). Furthermore, meta-regression analyses were performed to explore the influence of potential factors on patient outcomes (26). When a single analysis involved > 10 studies, publication bias was evaluated using funnel plots, as well as Egger’s and Begg’s tests (27). For outcomes with potential publication bias, the trim and fill method were used to estimate the number of missing studies and to provide an estimated intervention effect to perform adjustment for publication bias. In the network comparison among treatment regimens, chemotherapy was used as the reference comparator. Random effects and consistency models were used to calculate RRs and their 95% CIs; these models are thought to be the most conservative approach to dealing with between–study heterogeneity. Cumulative probabilities were used to provide a hierarchy of the treatments. According to the cumulative probabilities, treatment regimens were ranked from the worst (i.e., associated with the highest risk of AEs) to the best (i.e., associated with the lowest risk of AEs) (28). Transitivity was appraised in consistency and coherence: first, interaction analyses were used to assess the comparability between the consistency and inconsistency models; second, node–splitting analyses were performed to test coherence in the network. To further ensure the robustness of the findings, sensitivity analyses were adopted by restricting the following factors: phase III RCTs and studies that enrolled patients with non–small cell lung cancer (NSCLC). The incidences of grade 1–5 and grade 3–5 AEs were also pooled using meta-analysis (29). All data were analysed by using STATA version13.0 (Statacorp, College Station, Texas, United States), with p values < 0.05 indicating a statistically significant difference.




Results


Study Selection and Characteristics

Our initial search yielded 1,725 records from databases and 914 records from the ClinicalTrials.gov platform; 2,535 records were excluded following screening of titles and abstracts. The remaining 104 full–text articles were reviewed, and 66 articles were excluded for reasons depicted in Figure 1 and Table S4. Given that only one trial (IMpower150) involved groups of ICI + targeted + chemotherapy and ICI + targeted therapy, which had no head-to-head comparison with other five treatments, it was excluded in our network map. Finally, 38 studies (30–67) met the inclusion criteria, and their characteristics are listed in Table 1. Of these 38 studies, 30 were phase III trials, six were phase II trials, one was a phase I/II trial, and one was a phase II/III trial. As for the indication, 28 RCTs involved patients with NSCLC, and the remaining nine RCTs included patients with small cell lung cancer (SCLC). The sample sizes ranged from 73–1,739 participants, and the median follow–up time varied from 6.6–30.2 months across trials. As shown in the network map (Figure 2), a total of 22,178 patients with advanced lung cancer were included in five treatment regimens (8,768, 6,057, 4,917, 1,807, and 629 patients received chemotherapy, ICI monotherapy, ICI monotherapy + chemotherapy, dual ICIs therapy, and dual ICIs + chemotherapy, respectively). Detailed patient demographics and clinical characteristics are summarised in Table S5. The median age of patients was ranged from 50.1–66 years, and the proportion of males was 68.9%. Most of the patients were current or former smokers (84.4%), with a PS score of 0–1 (98.8%). Overall, 16.7% of the patients were reported to have metastasis (brain, liver, or bone) at baseline, while 3.4% and 4.8% of them were previously reported to have undergone surgery and radiotherapy, respectively.




Figure 1 | Flow diagram for the selection of eligible studies. ICI, immune checkpoint inhibitor; CT, chemotherapy; n, number; *, one study involved two groups, dual ICIs therapy vs. ICI monotherapy vs. CT (group A) and dual ICIs therapy vs. ICI monotherapy + CT vs. CT (group B).




Table 1 | Baseline characteristics of 38 studies.






Figure 2 | Network map of comparisons based on five treatments in grade 1-5 adverse events (A) and grade 1-5 immune-related adverse events (B). Each circular node represents a type of treatment. The node size is proportional to the total number of patients administering a treatment (in parentheses). Each line represents a type of head-to-head comparison. The width of lines is proportional to the total number of studies comparing the connected treatments. ICI, immune checkpoint inhibitor; n, number.





Risk-of-Bias Assessment

The included RCTs satisfied three tool items, viz. random sequence generation, incomplete outcome data, and selective reporting. Twenty–seven open–label trials did not meet the item of allocation concealment or blinding of participants and personnel, resulting in a high risk of bias in the study assessment. Overall, 27 studies exhibited a high risk of bias, and 11 studies were considered to have a low risk of bias. The details of the quality assessment are presented in Table S6.



Pairwise Meta-Analysis Based on Head-to-Head Comparisons

Direct comparisons were conducted to assess safety profiles among five treatments options (Table S7). Compared with conventional chemotherapy, three treatment regimens (ICI monotherapy, dual ICIs, and dual ICIs + chemotherapy) had a similar risk for grade 1–5 AEs, except for ICI monotherapy + chemotherapy (RR: 1.03, 95% CI: 1.01–1.04). Meanwhile, dual ICIs therapy appeared to have a higher risk for grade 1–5 AEs than ICI monotherapy (RR: 1.17, 95% CI: 1.04–1.31). Regarding grade 3–5 AEs, chemotherapy showed a noticeably higher risk compared with ICI monotherapy (RR: 0.33, 95% CI: 0.27–0.40 for ICI monotherapy vs. chemotherapy), while there was a reduced risk when compared with dual ICIs + chemotherapy (RR: 0.33, 95% CI: 0.27–0.40 for dual ICIs + chemotherapy vs. chemotherapy). Other results were consistent with those observed in grade 1–5 AEs.

In terms of irAEs, the use of ICI monotherapy (RR: 4.06, 95% CI: 2.75–5.98 for grade 1–5; RR: 5.75, 95% CI: 3.50–9.43 for grade 3–5) or ICI monotherapy + chemotherapy (RR: 2.02, 95% CI: 1.63–2.52 for grade 1–5; RR: 2.93, 95% CI: 1.98–4.34 for grade 3–5) was associated with a significantly higher risk of developing these manifestations than chemotherapy. Dual ICIs therapy had a similar risk of grade 1–5 irAEs (RR: 1.48, 95% CI: 0.77–2.84) but a superior risk of grade 3–5 irAEs (RR: 2.12, 95% CI: 1.29–3.48) compared with ICI monotherapy. Detailed data in specific irAEs are listed in Table S7. Briefly, results from organ–specific irAEs, including colitis, pneumonitis, hyper/hypothyroidism, hepatitis, and rash, were comparable with those observed in overall irAEs. Regarding heterogeneity of pairwise meta-analysis comparisons, relatively high heterogeneity was found in primary outcomes (I2: 38.2%–95.0%), except for two pairs (dual ICIs + chemotherapy vs. chemotherapy for grade 3–5 AEs and ICI monotherapy vs. chemotherapy for grade 3–5 irAEs). Overall, the general heterogeneity in individual irAEs was low to moderate.

Sensitivity analyses were conducted by sequentially removing each study. Following this, the pooled results were in line with the set primacy safety outcomes (Table S8). In addition, meta-regression analysis failed to detect any potential confounding factors affecting the primacy outcomes (Table S9). A visual inspection of the funnel plots and Begg’s test showed relative symmetry, except for grade 3–5 AE in comparison of ICI monotherapy vs. chemotherapy (P = 0.018) (Figure S1 and Table S10). However, P values of Egger’s test in several outcomes were < 0.05, suggesting that publication bias existed in this study (Table S10). The trim and fill method were adopted to mitigate publication bias, and the outcomes were consistent with our primary results (P for interaction > 0.05) (Table S10).



Network Meta-Analysis for Overall Safety

The pooled incidence for five treatments showed the following rankings: ICI monotherapy + chemotherapy had the highest incidence of AEs (93.21% for grade 1–5, 58.48% for grade 3–5), followed by dual ICIs + chemotherapy (92.02%, 54.23%), chemotherapy (88.35%, 49.75%), dual ICIs therapy (76.47%, 31.38%), ICI monotherapy (65.99%, 15.22%) (Figure 3A and Table S11). Established NMA based on the consistency model indicated that ICI monotherapy had the lowest risk of causing grade 1–5 AEs compared with chemotherapy (RR: 3.7, 95% CI: 3.05–4.48 for chemotherapy vs. ICI monotherapy), ICI monotherapy + chemotherapy (RR: 0.19, 95% CI: 0.14–0.26), dual ICIs therapy (RR: 0.55, 95% CI: 0.41–0.74), as well as dual ICIs + chemotherapy (RR: 0.18, 95% CI: 0.10–0.33) (Figure 3A). Then was dual ICIs therapy (RR: 2.03, 95% CI: 1.46–2.81 for chemotherapy vs. dual ICIs; RR: 2.89, 95% CI: 1.94–4.29 for ICI monotherapy + chemotherapy vs. dual ICIs; RR: 0.33, 95% CI: 0.18–0.63 for dual ICIs vs. dual ICIs + chemotherapy). ICI monotherapy + chemotherapy showed a higher risk of causing grade 1–5 AEs than chemotherapy (RR: 0.70, 95% CI: 0.55–0.90 for chemotherapy vs. ICI + chemotherapy), while no significant difference was seen when compared with that of the ICIs + chemotherapy group (RR: 0.96, 95% CI: 0.54–1.70). Similar results were observed in grade 3–5 AEs. The ranking probabilities based on the five treatment groups are also depicted in Figure 3A. The rankings of grade 3–5 AEs were in line with those of grade 1–5 AEs, ranging from least safe to safest as follows: ICIs + chemotherapy (probability: 56.2% for grade 1–5; 68.5% for grade 3–5), ICI monotherapy + chemotherapy (56.0%; 67.9%), chemotherapy (91.9%; 91.1%), dual ICIs therapy (100.0%; 98.9%), and ICI monotherapy (100.0%; 100.0%) (Table 2 and, Table S12).




Figure 3 | Safety profiles based on adverse events (A) and immune-related adverse events (B). Pooled incidences and 95% confidence intervals of grade 1–5 events for each treatment are at bottom and that of grade 3–5 events are at top of the figure. Each cell of the safety profiles contains the pooled relative risks and 95% confidence intervals for grade 1–5 (light gray cell) and grade 3–5 (dark gray cell) events; significant results are in bold. The pooled relative risks and 95% confidence intervals indicate the results of the top treatment compared with the bottom treatment. ICI, immune checkpoint inhibitor; n, number.




Table 2 | Rankings based on overall AE and irAE.



As for overall irAEs, the pooled incidences for chemotherapy, ICI monotherapy, ICI monotherapy + chemotherapy, dual ICIs, and dual ICIs + chemotherapy were 17.04%, 30.14%, 41.60%, 43.20%, and 36.09% for grade 1–5 irAEs, and 2.27%, 6.59%, 11.42%, 13.77%, and 13.53% for grade 3–5 irAEs, respectively. Based on NMA, the safety profiles (Figure 3B) of the five treatment choices indicated an extremely decreased risk of irAEs favoring chemotherapy over the other four treatment strategies for both grade 1–5 (RR: 0.18, 95% CI: 0.11–0.29 for chemotherapy vs. ICI monotherapy; RR: 0.35, 95% CI: 0.26–0.48 for chemotherapy vs. ICI monotherapy + chemotherapy; RR: 0.11, 95% CI: 0.05–0.22 for chemotherapy vs. dual ICI therapy; RR: 0.10, 95% CI: 0.04–0.27 for chemotherapy vs. dual ICIs + chemotherapy) and grade 3–5 events (RR: 6.65, 95% CI: 3.30–13.39 for ICI monotherapy vs. chemotherapy; RR: 3.27, 95% CI: 2.20–4.85 for ICI monotherapy + chemotherapy vs. chemotherapy; RR: 15.14, 95% CI: 5.82–39.40 for dual ICI therapy vs. chemotherapy; RR: 12.26, 95% CI: 3.89–38.64 for dual ICIs + chemotherapy vs. chemotherapy). Among ICI therapeutic schedules, ICI monotherapy + chemotherapy seemed safer than ICI monotherapy (RR: 1.93, 95% CI: 1.09–3.42 for ICI monotherapy vs. ICI monotherapy + chemotherapy in grade 1–5 irAEs; RR: 0.49, 95% CI: 0.22–1.10 in grade 3–5 irAEs), dual ICIs therapy (RR: 0.30, 95% CI: 0.13–0.68 in grade 1–5 irAEs; RR: 4.63, 95% CI: 1.64–13.04 for dual ICIs vs. ICI monotherapy + chemotherapy in grade 3–5 irAEs), and dual ICIs + chemotherapy (RR: 0.30, 95% CI: 0.12–0.74 in grade 1–5 irAEs; RR: 3.75, 95% CI: 1.25–11.28 for dual ICIs + chemotherapy vs. ICI monotherapy + chemotherapy in grade 3–5 irAEs), with one ICI being observed to be safer than two ICIs combination with regards to grade 3–5 irAEs (RR: 2.28, 95% CI: 1.06–4.48 for dual ICIs vs. ICI monotherapy). In aspect of safety ranking, dual ICIs + chemotherapy was associated with the worst ranking for grade 1–5 irAEs (probability: 50.5%), followed by dual ICIs (47.2%), ICI monotherapy (80.0%), ICI monotherapy + chemotherapy (98.0%), and finally chemotherapy (100.0%). The risk of experiencing grade 3–5 irAEs was ranked from high to low as follows: dual ICIs (60.4%), dual ICIs + chemotherapy (42.5%), ICI monotherapy (76.3%), ICI monotherapy + chemotherapy (95.0%), and chemotherapy (100.0%) (Table 2, Table S12).

The results pooled via the inconsistency model had a generally satisfactory fit compared with those calculated by the consistency model, except for minor comparisons based on chemotherapy (Table S13). Likewise, a less significant inconsistency was observed following the node–splitting analysis (Table S14).



Network Meta-Analysis for Specific IrAEs

NMAs and ranking probabilities for different treatment strategies in subgroups of irAEs are depicted in Figures 4, 5 and Table 3. Although the results for individual irAEs varied by organ system and severity, traditional chemotherapy presented the lowest risk in majority of irAEs.




Figure 4 | Safety profiles based on specific organs: colitis (A), diarrhea (B), pneumonitis (C), hyperthyroidism (D), hypothyroidism (E), thyroiditis (F), hypophysitis (G), diabetes (H). Pooled incidences and 95% confidence intervals of grade 1–5 events for each treatment are at bottom and that of grade 3–5 events are at top of the figure. Each cell of the safety profiles contains the pooled relative risks and 95% confidence intervals for grade 1–5 (light gray cell) and grade 3–5 (dark gray cell) events; significant results are in bold. The pooled relative risks and 95% confidence intervals indicate the results of the top treatment compared with the bottom treatment. ICI, immune checkpoint inhibitor; n, number.






Figure 5 | Safety profiles based on specific organs: pruritus (A), rash (B), severe skin reaction (C), myocarditis (D), nephritis (E), hepatitis (F), myositis (G), hypersensitivity/infusion reaction (H). Pooled incidences and 95% confidence intervals of grade 1–5 events for each treatment are at bottom and that of grade 3–5 events are at top of the figure. Each cell of the safety profiles contains the pooled relative risks and 95% confidence intervals for grade 1–5 (light gray cell) and grade 3–5 (dark gray cell) events; significant results are in bold. The pooled relative risks and 95% confidence intervals indicate the results of the top treatment compared with the bottom treatment. ICI, immune checkpoint inhibitor; n, number.




Table 3 | Toxicity spectra and rankings based on each specific irAEs.



For gastrointestinal irAEs (Figures 4A, B), ICI regimens were associated with higher risk of colitis than chemotherapy, with dual ICIs showing the highest risk (incidence: 3.66% for grade 1–5 and 2.53% for grade 3–5; ranking probability: 91.6% for grade 1–5 and 92.3% for grade 3–5). Nevertheless, a different trend was detected in the case of diarrhea. ICI regimens, especially ICI monotherapy, had a lower risk of causing diarrhea than treatment strategies that included chemotherapy.

For pulmonary irAEs, pneumonitis was significantly higher in patients receiving dual ICIs than in those receiving ICI monotherapy (RR: 0.43, 95% CI: 0.25–0.74 for ICI monotherapy vs. dual ICIs in grade 1–5; RR: 2.29, 95% CI: 1.23–4.28 in grade 3–5), or ICI monotherapy + chemotherapy (RR: 0.27, 95% CI: 0.12–0.59 for ICI monotherapy + chemotherapy vs. dual ICIs in grade 1–5; RR: 5.01, 95% CI: 1.83–13.67 in grade 3–5) (Figure 4C). The ranking order of ICIs regimens was as follows: dual ICIs (probability: 95.2% for grade 1–5; 88.5% for grade 3–5), ICI monotherapy (64.1%; 62.6%), dual ICIs + chemotherapy (31.9%; 35.4%), and ICI monotherapy + chemotherapy (58.6%; 67.9%).

For endocrine irAEs, patients administering dual ICIs with or without chemotherapy seemed to be associated with a high risk of hyperthyroidism, hypothyroidism, hypophysitis, thyroiditis, and diabetes. Owing to the low incidence of serious endocrine irAEs, no positive RRs were detected among the individual ICI strategies (Figures 4D–G).

For skin irAEs, the use of ICI monotherapy + chemotherapy, dual ICIs + chemotherapy, and dual ICIs presented the highest risk of pruritus, rash, and severe skin reaction, respectively (Figures 5A–C). For other irAEs, no significant difference was observed among the ICI regimens (Figures 5D–H).



Sensitivity Analysis in Network Meta-Analysis

Thirty phase III RCTs, and 29 studies that enrolled patients with NSCLC were separately included in the sensitivity analyses. The observed ranking orders were consistent with the original NMA, irrespective of the overall AEs and irAEs (Table S15).




Discussion


Major Findings and Interpretation

The current NMA highlights the toxicity profile of ICI–based treatments among patients with advanced lung cancer based on 38 RCTs involving 22,178 patients. Our results indicated that the use of mono- or dual-ICI therapy may reduce the risk of treatment–related AEs at the expense of an increased risk of developing irAEs compared with chemotherapy. During therapy with ICI regimens, patients administering dual ICIs with chemotherapy may experience most AEs (either grade 1–5 or grade 3–5) and irAEs of any grade, and those receiving dual ICIs may have the highest risk of developing serious irAEs. There were differences observed in the toxicity spectra among the five treatment therapies. However, these results should be carefully interpreted because of the limited number of studies on groups receiving dual ICIs with and without chemotherapy.



Comparison With Previous Studies

Recently, developments in lung cancer patients with advanced stages of the disease have shown immunotherapy as a promising treatment option. However, the expanded use of ICIs has resulted in noticeable growth in adverse events, particularly irAEs (6, 68). With more treatment options with ICIs now approved for advanced lung cancer, a robust analysis is urgently required to compare the risk of safety profiles among all of the different treatment regimens.

To date, several systematic reviews and meta-analyses have been conducted to assess the safety profiles of ICIs in patients with cancer, yet few studies have focused on patients with lung cancer. The earliest meta-analysis, which pooled 22 RCTs for evaluating rare but severe irAEs resulting from the use of PD-1 and PD-L1 inhibitors in patients with NSCLC, indicated an increased all–grade pneumonitis risk from ICIs than chemotherapy (OR = 2.35, 95% CI, 1.32–4.20, P = 0.004) (15). However, this study had limited value because of the inclusion of minimal trials with a control group, which inevitably led to insufficient evidence for a conclusion; in addition, only ICI monotherapy was investigated. In 2020, an updated NMA of 25 RCTs was conducted for chemotherapy, ICI monotherapy, dual ICIs combination, and ICIs + chemotherapy, and reported a significantly reduced risk of immune–related pneumonitis in patients with lung cancer following ICIs + chemotherapy when compared with dual ICIs combination and ICI monotherapy (14). Furthermore, three other meta-analyses focused on gastrointestinal irAEs, including diarrhea and/or colitis, and consistently found that PD-1/PD-L1 inhibitors might lead to a higher risk of immune–mediated colitis but might result in a reduction in diarrhea when compared with chemotherapy (16–18). Notably, the above–mentioned studies focused on one specific irAE, making it difficult to unveil the panorama of toxicity from ICIs. Recently, Berti et al. compared overall and organ–specific irAEs between immunotherapy and immune–chemotherapy in lung cancer based on 16 phase III clinical trials and found that immunotherapy alone showed a significantly lower risk of irAEs than immunochemotherapy (69). The study investigators excluded phase II RCTs and ignored the discrepancy between ICI monotherapy and dual ICI combination therapy. Given these limitations, the current NMA comprehensively estimated the overall and organ–specific toxicity spectrum among all up to date ICI regimens by pooling all currently available phase II and III clinical trials involving patients with NSCLC and SCLC.



Safety Profile of ICI Regimens in Patients With Lung Cancer

It is well known that the incidence of overall adverse events during ICI monotherapy is lower than that for conventional chemotherapy, while exposure to immunotherapy increases the risk of irAEs, as seen in the present study. Interestingly, further analyses of ICI–based regimens found that ICI monotherapy + chemotherapy decreased the risk of grade 1–5 and grade 3–5 irAEs compared with ICI monotherapy and dual ICIs therapy. This trend was also observed in pneumonitis and myocarditis (grade1–5 and grade 3–5), as well as grade 1–5 hyperthyroidism, hypothyroidism, thyroiditis, severe skin reaction, hepatitis, myositis based on ranking. Consistent with our study, Chen et al. reported that the use of an ICI with chemotherapy led to less pneumonitis than use of ICI monotherapy or dual ICIs combination (14). One possible reason for the decreased risk in irAEs when chemotherapy is added to ICI regimens may be due to the fact that conventional chemotherapy consists of cytotoxic agents that are believed to cause chemotherapy–induced immunosuppression, augmenting stress on the entire immune system and resulting in a reduced immune function (70, 71). Another contributing factor might be the use of corticosteroids. In chemotherapy regimens containing cytotoxic agents such as platinum, pemetrexed and taxanes, which are the standard treatments for lung cancer, corticosteroids are commonly prescribed as binding pre-treatment for antiemetic and antiallergy purposes. The baseline or early use of corticosteroids at the time of initiating ICI therapy could blunt a proliferative burst of CD8-positive T cells, which are otherwise needed for the ICI therapeutic response, thus affecting the efficacy and toxicity (72, 73). In addition, corticosteroids are recommended immunosuppressive agents for various mild-to-severe irAEs such as pneumonitis, colitis, hepatitis, thyroiditis, rash, etc. (74). Accordingly, the risk of experiencing irAEs may be underestimated in circumstances with corticosteroids.

Some studies have pointed out that the incidence of irAEs in patients on a combination of two ICIs was higher than that observed with ICI monotherapy. In the present study, we did not observe any statistical differences between these two groups in terms of overall grade 1–5 irAEs, let alone for rare irAEs, such as thyroiditis, diabetes, myocarditis, nephritis, hepatitis, and myositis. Even between dual ICIs + chemotherapy and ICI monotherapy (both grade 1–5 and grade 3–5 irAEs), significant difference was not detected. However, this trend can be seen from the ranking either in grade 1–5 irAEs or grade 3–5 irAEs. Given the fact that a limited number of studies directly compared dual ICIs (with or without chemotherapy) with ICIs monotherapy, these results should be interpreted with caution. Therefore, more high–quality RCTs are needed to investigate the incidence of irAEs among different ICI–based regimens.



Clinical Implication

Our results provide possible safety speculations for clinical decision–making to tailor the best immunotherapy strategy for each patient with lung cancer. For instance, administration of an individual ICI or dual ICIs plus chemotherapy was reported to have a significantly lower risk of pneumonitis (grade 1–5 and grade 3–5) than ICI monotherapy and dual ICIs therapy and could perhaps be preferred in selected cases of lung fibrosis or severe chronic obstructive pulmonary disease. In addition, ICI monotherapy was associated with the lowest risk for both diarrhea and colitis among ICI regimens and could perhaps be preferred in selected patients in whom gastrointestinal irAEs could be a concern. Of course, these results should be proven in prospective registries or cohorts to better understand the safety of novel ICI–based options in this subset of patients.



Study Strengths and Limitations

The major strength of this study was to depict a full view of the safety profile of ICIs at different levels (risk of overall AEs of any grade and grade 3–5, any irAEs and severe irAEs by individual organs/system). Second, owing to the different toxicity spectrum based on cancer types, the study focused on a specific population of patients (i.e., with lung cancer). Third, except for combination of ICIs and targeted agents, we included all available ICI–based regimens to aid clinicians to tailor the ICI strategy for individual patient with lung cancer.

However, several limitations of this study need to be acknowledged. First, the included RCTs used different terms to describe irAEs. In clinical settings, AEs or irAEs are usually recognised and reported depending on the evaluation of the physician and are diagnosed based on their experience. Therefore, the identification of irAEs might not be completely accurate and might lead to bias in the assessment. In addition, few studies reported irAEs during the entire ICI monotherapy maintenance as separate outcome, making it difficult to investigate irAEs during this period. Second, the included studies showed heterogeneity in terms of subtype of cancer, pharmacological strategy, follow–up time, and other factors. As we focused on outlining the entire safety profile of ICI agents, subgroup analyses based on patients’ histology, specified ICIs and kind of chemotherapy were not performed. However, we performed sensitivity analyses and meta-regression in pairwise meta-analysis, as well as sensitivity analyses in NMA, to control for these possible confounders. Third, inconsistent results between direct and indirect comparisons were observed. Unlike direct comparison, network meta-analysis included both direct evidence and indirect effects from the other studies. Because of above-mentioned heterogeneity among RCTs, integrated results possibly underestimated or overestimated the actual results. Fourth, we did not obtain access to comorbidity data, which might be high–risk factors for certain irAEs. Lastly, we did not have the resources to review non-English publications. However, we enrolled studies identified following a comprehensive search of broad databases and are thus confident that this study covered the majority of trials in these special patients. Given aforementioned limitations, further studies are needed to confirm our findings.




Conclusions

In summary, this network meta-analysis contributes to clarifying the frequency and characteristics of adverse events during ICI treatment in patients with advanced lung cancer. We found that ICI monotherapy + chemotherapy had the best immune–related safety profile, followed by ICI monotherapy, dual ICIs therapy, dual ICIs + chemotherapy for grade 1–5 irAEs, and ICI monotherapy, dual ICIs + chemotherapy, dual ICIs therapy for grade 3–5 irAEs. The safety ranking of ICI-based choices is modulated by specific irAEs and severity.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Author Contributions

Z-CG, X-YC, and H-WL are the guarantors of the entire manuscript. Z-CG and Y-DY contributed to the study conception and design, critical revision of the manuscript for important intellectual content, and final approval of the version to be published. J-JC, JF, and Y-JS contributed to the data acquisition, analysis, and interpretation. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Ren Ji Boost Project of National Natural Science Foundation of China (RJTJ-JX-001), the Research Funds of Shanghai Health and Family Planning Commission (20184Y0022), Clinical Pharmacy Innovation Research Institute of Shanghai Jiao Tong University School of Medicine (CXYJY2019ZD001), and Shanghai “Rising Stars of Medical Talent” Youth Development Program – Youth Medical Talents – Clinical Pharmacist Program [SHWJRS (2019) 072].



Acknowledgments

We sincerely thank Pedzisai M for language editing about our manuscript.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.760737/full#supplementary-material



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Arbour, KC, and Riely, GJ. Systemic Therapy for Locally Advanced and Metastatic Non-Small Cell Lung Cancer: A Review. Jama (2019) 322(8):764–74. doi: 10.1001/jama.2019.11058

3. Noronha, V, Sekhar, A, Patil, VM, Menon, N, Joshi, A, Kapoor, A, et al. Systemic Therapy for Limited Stage Small Cell Lung Carcinoma. J Thorac Dis (2020) 12(10):6275–90. doi: 10.21037/jtd-2019-sclc-11

4. Mielgo-Rubio, X, Uribelarrea, EA, Cortés, LQ, and Moyano, MS. Immunotherapy in Non-Small Cell Lung Cancer: Update and New Insights. J Clin Transl Res (2021) 7(1):1–21. doi: 10.18053/jctres.07.202101.001

5. Zhang, H, Dai, Z, Wu, W, Wang, Z, Zhang, N, Zhang, L, et al. Regulatory Mechanisms of Immune Checkpoints PD-L1 and CTLA-4 in Cancer. J Exp Clin Cancer Res (2021) 40(1):184. doi: 10.1186/s13046-021-01987-7

6. Lee, DJ, Lee, HJ Jr, Farmer, JR, and Reynolds, KL. Mechanisms Driving Immune-Related Adverse Events in Cancer Patients Treated With Immune Checkpoint Inhibitors. Curr Cardiol Rep (2021) 23(8):98. doi: 10.1007/s11886-021-01530-2

7. Brahmer, JR, Abu-Sbeih, H, Ascierto, PA, Brufsky, J, Cappelli, LC, Cortazar, FB, et al. Society for Immunotherapy of Cancer (SITC) Clinical Practice Guideline on Immune Checkpoint Inhibitor-Related Adverse Events. J Immunother Cancer (2021) 9(6):e002435. doi: 10.1136/jitc-2021-002435

8. Gangadhar, TC, and Vonderheide, RH. Mitigating the Toxic Effects of Anticancer Immunotherapy. Nat Rev Clin Oncol (2014) 11(2):91–9. doi: 10.1038/nrclinonc.2013.245

9. Puzanov, I, Diab, A, Abdallah, K, Bingham, CO 3rd, Brogdon, C, Dadu, R, et al. Managing Toxicities Associated With Immune Checkpoint Inhibitors: Consensus Recommendations From the Society for Immunotherapy of Cancer (SITC) Toxicity Management Working Group. J Immunother Cancer (2017) 5(1):95. doi: 10.1186/s40425-017-0300-z

10. Durrechou, Q, Domblides, C, Sionneau, B, Lefort, F, Quivy, A, Ravaud, A, et al. Management of Immune Checkpoint Inhibitor Toxicities. Cancer Manag Res (2020) 12:9139–58. doi: 10.2147/cmar.S218756

11. De Velasco, G, Je, Y, Bossé, D, Awad, MM, Ott, PA, Moreira, RB, et al. Comprehensive Meta-Analysis of Key Immune-Related Adverse Events From CTLA-4 and PD-1/PD-L1 Inhibitors in Cancer Patients. Cancer Immunol Res (2017) 5(4):312–8. doi: 10.1158/2326-6066.Cir-16-0237

12. Wang, Y, Zhou, S, Yang, F, Qi, X, Wang, X, Guan, X, et al. Treatment-Related Adverse Events of PD-1 and PD-L1 Inhibitors in Clinical Trials: A Systematic Review and Meta-Analysis. JAMA Oncol (2019) 5(7):1008–19. doi: 10.1001/jamaoncol.2019.0393

13. Wang, Y, Kong, D, Wang, C, Chen, J, Li, J, Liu, Z, et al. A Systematic Review and Meta-Analysis of Immune-Related Adverse Events of Anti-PD-1 Drugs in Randomized Controlled Trials. Technol Cancer Res Treat (2020) 19:1533033820967454. doi: 10.1177/1533033820967454

14. Chen, X, Zhang, Z, Hou, X, Zhang, Y, Zhou, T, Liu, J, et al. Immune-Related Pneumonitis Associated With Immune Checkpoint Inhibitors in Lung Cancer: A Network Meta-Analysis. J Immunother Cancer (2020) 8(2):e001170. doi: 10.1136/jitc-2020-001170

15. Hu, YB, Zhang, Q, Li, HJ, Michot, JM, Liu, HB, Zhan, P, et al. Evaluation of Rare But Severe Immune Related Adverse Effects in PD-1 and PD-L1 Inhibitors in Non-Small Cell Lung Cancer: A Meta-Analysis. Transl Lung Cancer Res (2017) 6(Suppl 1):S8–s20. doi: 10.21037/tlcr.2017.12.10

16. Lin, LL, Lin, GF, Luo, Q, and Chen, XQ. The Incidence and Relative Risk of PD-1/PD-L1 Inhibitors-Related Colitis in Non-Small Cell Lung Cancer: A Meta-Analysis of Randomized Controlled Trials. Int Immunopharmacol (2019) 77:105975. doi: 10.1016/j.intimp.2019.105975

17. Zhang, C, Zhang, S, Xu, D, Liu, R, Zhu, Q, Zhao, Y, et al. Incidence Risk of PD-1/PD-L1 Related Diarrhea in Non-Small Cell Lung Cancer (NSCLC) Patients: A Systematic Review and Meta-Analysis. Cancer Manag Res (2019) 11:3957–69. doi: 10.2147/cmar.S202756

18. Bishay, K, Tandon, P, Bourassa-Blanchette, S, Laurie, SA, and McCurdy, JD. The Risk of Diarrhea and Colitis in Patients With Lung Cancer Treated With Immune Checkpoint Inhibitors: A Systematic Review and Meta-Analysis. Curr Oncol (2020) 27(5):e486–94. doi: 10.3747/co.27.6251

19. Garrett, N, da Costa, ACC, Damiani, G, and Vasques, CI. Patients With Lung Cancer Undergoing Immune Checkpoint Inhibitors: A Meta-Analysis of Dermatological Toxicities. Crit Rev Oncol Hematol (2020) 152:102983. doi: 10.1016/j.critrevonc.2020.102983

20. Yan, YD, Ding, Z, Pan, MM, Xia, Q, Cui, JJ, Wang, LW, et al. Net Clinical Benefit of Direct Oral Anticoagulants in Patients With Cancer and Venous Thromboembolism: A Systematic Review and Trade-Off Analysis. Front Cardiovasc Med (2020) 7:586020. doi: 10.3389/fcvm.2020.586020

21. Page, MJ, Moher, D, Bossuyt, PM, Boutron, I, Hoffmann, TC, Mulrow, CD, et al. PRISMA 2020 Explanation and Elaboration: Updated Guidance and Exemplars for Reporting Systematic Reviews. BMJ (2021) 372:n160. doi: 10.1136/bmj.n160

22. Higgins, JP, Altman, DG, Gøtzsche, PC, Jüni, P, Moher, D, Oxman, AD, et al. The Cochrane Collaboration’s Tool for Assessing Risk of Bias in Randomised Trials. BMJ (2011) 343:d5928. doi: 10.1136/bmj.d5928

23. Higgins, JP, and Thompson, SG. Quantifying Heterogeneity in a Meta-Analysis. Stat Med (2002) 21(11):1539–58. doi: 10.1002/sim.1186

24. Yan, YD, Zhang, C, Shen, L, Su, YJ, Liu, XY, Wang, LW, et al. Net Clinical Benefit of Non-Vitamin K Antagonist Oral Anticoagulants for Venous Thromboembolism Prophylaxis in Patients With Cancer: A Systematic Review and Trade-Off Analysis From 9 Randomized Controlled Trials. Front Pharmacol (2018) 9:575. doi: 10.3389/fphar.2018.00575

25. Gu, ZC, Wei, AH, Zhang, C, Wang, XH, Zhang, L, Shen, L, et al. Risk of Major Gastrointestinal Bleeding With New vs. Conventional Oral Anticoagulants: A Systematic Review and Meta-Analysis. Clin Gastroenterol Hepatol (2020) 18(4):792–9.e761. doi: 10.1016/j.cgh.2019.05.056

26. Qian, J, Yan, YD, Yang, SY, Zhang, C, Li, WY, and Gu, ZC. Benefits and Harms of Low-Dose Rivaroxaban in Asian Patients With Atrial Fibrillation: A Systematic Review and Meta-Analysis of Real-World Studies. Front Pharmacol (2021) 12:642907. doi: 10.3389/fphar.2021.642907

27. Egger, M, Davey Smith, G, Schneider, M, and Minder, C. Bias in Meta-Analysis Detected by a Simple, Graphical Test. Bmj (1997) 315(7109):629–34. doi: 10.1136/bmj.315.7109.629

28. Zhang, P, Wei, S, Zhai, K, Huang, J, Cheng, X, Tao, Z, et al. Efficacy of Left Ventricular Unloading Strategies During Venoarterial Extracorporeal Membrane Oxygenation in Patients With Cardiogenic Shock: A Protocol for a Systematic Review and Bayesian Network Meta-Analysis. BMJ Open (2021) 11(10):e047046. doi: 10.1136/bmjopen-2020-047046

29. Zhao, Z, Ma, CL, Gu, ZC, Dong, Y, Lv, Y, and Zhong, MK. Incidence and Risk of Infection Associated With Fingolimod in Patients With Multiple Sclerosis: A Systematic Review and Meta-Analysis of 8,448 Patients From 12 Randomized Controlled Trials. Front Immunol (2021) 12:611711. doi: 10.3389/fimmu.2021.611711

30. Lynch, TJ, Bondarenko, I, Luft, A, Serwatowski, P, Barlesi, F, Chacko, R, et al. Ipilimumab in Combination With Paclitaxel and Carboplatin as First-Line Treatment in Stage IIIB/IV Non-Small-Cell Lung Cancer: Results From a Randomized, Double-Blind, Multicenter Phase II Study. J Clin Oncol (2012) 30(17):2046–54. doi: 10.1200/jco.2011.38.4032

31. Reck, M, Bondarenko, I, Luft, A, Serwatowski, P, Barlesi, F, Chacko, R, et al. Ipilimumab in Combination With Paclitaxel and Carboplatin as First-Line Therapy in Extensive-Disease-Small-Cell Lung Cancer: Results From a Randomized, Double-Blind, Multicenter Phase 2 Trial. Ann Oncol (2013) 24(1):75–83. doi: 10.1093/annonc/mds213

32. Borghaei, H, Paz-Ares, L, Horn, L, Spigel, DR, Steins, M, Ready, NE, et al. Nivolumab Versus Docetaxel in Advanced Nonsquamous Non-Small-Cell Lung Cancer. N Engl J Med (2015) 373(17):1627–39. doi: 10.1056/NEJMoa1507643

33. Brahmer, J, Reckamp, KL, Baas, P, Crinò, L, Eberhardt, WE, Poddubskaya, E, et al. Nivolumab Versus Docetaxel in Advanced Squamous-Cell Non-Small-Cell Lung Cancer. N Engl J Med (2015) 373(2):123–35. doi: 10.1056/NEJMoa1504627

34. Antonia, SJ, López-Martin, JA, Bendell, J, Ott, PA, Taylor, M, Eder, JP, et al. Nivolumab Alone and Nivolumab Plus Ipilimumab in Recurrent Small-Cell Lung Cancer (CheckMate 032): A Multicentre, Open-Label, Phase 1/2 Trial. Lancet Oncol (2016) 17(7):883–95. doi: 10.1016/s1470-2045(16)30098-5

35. Fehrenbacher, L, Spira, A, Ballinger, M, Kowanetz, M, Vansteenkiste, J, Mazieres, J, et al. Atezolizumab Versus Docetaxel for Patients With Previously Treated Non-Small-Cell Lung Cancer (POPLAR): A Multicentre, Open-Label, Phase 2 Randomised Controlled Trial. Lancet (2016) 387(10030):1837–46. doi: 10.1016/s0140-6736(16)00587-0

36. Herbst, RS, Baas, P, Kim, DW, Felip, E, Pérez-Gracia, JL, Han, JY, et al. Pembrolizumab Versus Docetaxel for Previously Treated, PD-L1-Positive, Advanced Non-Small-Cell Lung Cancer (KEYNOTE-010): A Randomised Controlled Trial. Lancet (2016) 387(10027):1540–50. doi: 10.1016/s0140-6736(15)01281-7

37. Langer, CJ, Gadgeel, SM, Borghaei, H, Papadimitrakopoulou, VA, Patnaik, A, Powell, SF, et al. Carboplatin and Pemetrexed With or Without Pembrolizumab for Advanced, Non-Squamous Non-Small-Cell Lung Cancer: A Randomised, Phase 2 Cohort of the Open-Label KEYNOTE-021 Study. Lancet Oncol (2016) 17(11):1497–508. doi: 10.1016/s1470-2045(16)30498-3

38. Reck, M, Luft, A, Szczesna, A, Havel, L, Kim, SW, Akerley, W, et al. Phase III Randomized Trial of Ipilimumab Plus Etoposide and Platinum Versus Placebo Plus Etoposide and Platinum in Extensive-Stage Small-Cell Lung Cancer. J Clin Oncol (2016) 34(31):3740–8. doi: 10.1200/jco.2016.67.6601

39. Reck, M, Rodríguez-Abreu, D, Robinson, AG, Hui, R, Csőszi, T, Fülöp, A, et al. Pembrolizumab Versus Chemotherapy for PD-L1-Positive Non-Small-Cell Lung Cancer. N Engl J Med (2016) 375(19):1823–33. doi: 10.1056/NEJMoa1606774

40. Carbone, DP, Reck, M, Paz-Ares, L, Creelan, B, Horn, L, Steins, M, et al. First-Line Nivolumab in Stage IV or Recurrent Non-Small-Cell Lung Cancer. N Engl J Med (2017) 376(25):2415–26. doi: 10.1056/NEJMoa1613493

41. Govindan, R, Szczesna, A, Ahn, MJ, Schneider, CP, Gonzalez Mella, PF, Barlesi, F, et al. Phase III Trial of Ipilimumab Combined With Paclitaxel and Carboplatin in Advanced Squamous Non-Small-Cell Lung Cancer. J Clin Oncol (2017) 35(30):3449–57. doi: 10.1200/jco.2016.71.7629

42. Rittmeyer, A, Barlesi, F, Waterkamp, D, Park, K, Ciardiello, F, von Pawel, J, et al. Atezolizumab Versus Docetaxel in Patients With Previously Treated Non-Small-Cell Lung Cancer (OAK): A Phase 3, Open-Label, Multicentre Randomised Controlled Trial. Lancet (2017) 389(10066):255–65. doi: 10.1016/s0140-6736(16)32517-x

43. Barlesi, F, Vansteenkiste, J, Spigel, D, Ishii, H, Garassino, M, de Marinis, F, et al. Avelumab Versus Docetaxel in Patients With Platinum-Treated Advanced Non-Small-Cell Lung Cancer (JAVELIN Lung 200): An Open-Label, Randomised, Phase 3 Study. Lancet Oncol (2018) 19(11):1468–79. doi: 10.1016/s1470-2045(18)30673-9

44. Gandhi, L, Rodríguez-Abreu, D, Gadgeel, S, Esteban, E, Felip, E, De Angelis, F, et al. Pembrolizumab Plus Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. N Engl J Med (2018) 378(22):2078–92. doi: 10.1056/NEJMoa1801005

45. Horn, L, Mansfield, AS, Szczęsna, A, Havel, L, Krzakowski, M, Hochmair, MJ, et al. First-Line Atezolizumab Plus Chemotherapy in Extensive-Stage Small-Cell Lung Cancer. N Engl J Med (2018) 379(23):2220–9. doi: 10.1056/NEJMoa1809064

46. Paz-Ares, L, Luft, A, Vicente, D, Tafreshi, A, Gümüş, M, Mazières, J, et al. Pembrolizumab Plus Chemotherapy for Squamous Non-Small-Cell Lung Cancer. N Engl J Med (2018) 379(21):2040–51. doi: 10.1056/NEJMoa1810865

47. Hellmann, MD, Paz-Ares, L, Bernabe Caro, R, Zurawski, B, Kim, SW, Carcereny Costa, E, et al. Nivolumab Plus Ipilimumab in Advanced Non-Small-Cell Lung Cancer. N Engl J Med (2019) 381(21):2020–31. doi: 10.1056/NEJMoa1910231

48. Mok, TSK, Wu, YL, Kudaba, I, Kowalski, DM, Cho, BC, Turna, HZ, et al. Pembrolizumab Versus Chemotherapy for Previously Untreated, PD-L1-Expressing, Locally Advanced or Metastatic Non-Small-Cell Lung Cancer (KEYNOTE-042): A Randomised, Open-Label, Controlled, Phase 3 Trial. Lancet (2019) 393(10183):1819–30. doi: 10.1016/s0140-6736(18)32409-7

49. Pujol, JL, Greillier, L, Audigier-Valette, C, Moro-Sibilot, D, Uwer, L, Hureaux, J, et al. A Randomized Non-Comparative Phase II Study of Anti-Programmed Cell Death-Ligand 1 Atezolizumab or Chemotherapy as Second-Line Therapy in Patients With Small Cell Lung Cancer: Results From the IFCT-1603 Trial. J Thorac Oncol (2019) 14(5):903–13. doi: 10.1016/j.jtho.2019.01.008

50. West, H, McCleod, M, Hussein, M, Morabito, A, Rittmeyer, A, Conter, HJ, et al. Atezolizumab in Combination With Carboplatin Plus Nab-Paclitaxel Chemotherapy Compared With Chemotherapy Alone as First-Line Treatment for Metastatic Non-Squamous Non-Small-Cell Lung Cancer (IMpower130): A Multicentre, Randomised, Open-Label, Phase 3 Trial. Lancet Oncol (2019) 20(7):924–37. doi: 10.1016/s1470-2045(19)30167-6

51. Wu, YL, Lu, S, Cheng, Y, Zhou, C, Wang, J, Mok, T, et al. Nivolumab Versus Docetaxel in a Predominantly Chinese Patient Population With Previously Treated Advanced NSCLC: CheckMate 078 Randomized Phase III Clinical Trial. J Thorac Oncol (2019) 14(5):867–75. doi: 10.1016/j.jtho.2019.01.006

52. Arrieta, O, Barrón, F, Ramírez-Tirado, LA, Zatarain-Barrón, ZL, Cardona, AF, Díaz-García, D, et al. Efficacy and Safety of Pembrolizumab Plus Docetaxel vs. Docetaxel Alone in Patients With Previously Treated Advanced Non-Small Cell Lung Cancer: The PROLUNG Phase 2 Randomized Clinical Trial. JAMA Oncol (2020) 6(6):856–64. doi: 10.1001/jamaoncol.2020.0409

53. Herbst, RS, Giaccone, G, de Marinis, F, Reinmuth, N, Vergnenegre, A, Barrios, CH, et al. Atezolizumab for First-Line Treatment of PD-L1-Selected Patients With NSCLC. N Engl J Med (2020) 383(14):1328–39. doi: 10.1056/NEJMoa1917346

54. Jotte, R, Cappuzzo, F, Vynnychenko, I, Stroyakovskiy, D, Rodriguez-Abreu, D, Hussein, M, et al. Atezolizumab in Combination With Carboplatin and Nab-Paclitaxel in Advanced Squamous Non-Small-Cell Lung Cancer (IMpower131): Results From a Randomized Phase III Trial. J Thorac Oncol (2020) 15(8):1351–60. doi: 10.1016/j.jtho.2020.03.028

55. Nishio, M, Barlesi, F, West, H, Ball, S, Bordoni, R, Cobo, M, et al. Atezolizumab Plus Chemotherapy for First-Line Treatment of Non-Squamous Non-Small Cell Lung Cancer: Results From the Randomized Phase III IMpower132 Trial. J Thorac Oncol (2021) 16(4):653–64. doi: 10.1016/j.jtho.2020.11.025

56. Planchard, D, Reinmuth, N, Orlov, S, Fischer, JR, Sugawara, S, Mandziuk, S, et al. ARCTIC: Durvalumab With or Without Tremelimumab as Third-Line or Later Treatment of Metastatic Non-Small-Cell Lung Cancer. Ann Oncol (2020) 31(5):609–18. doi: 10.1016/j.annonc.2020.02.006

57. Rizvi, NA, Cho, BC, Reinmuth, N, Lee, KH, Luft, A, Ahn, MJ, et al. Durvalumab With or Without Tremelimumab vs. Standard Chemotherapy in First-Line Treatment of Metastatic Non-Small Cell Lung Cancer: The MYSTIC Phase 3 Randomized Clinical Trial. JAMA Oncol (2020) 6(5):661–74. doi: 10.1001/jamaoncol.2020.0237

58. Rudin, CM, Awad, MM, Navarro, A, Gottfried, M, Peters, S, Csőszi, T, et al. Pembrolizumab or Placebo Plus Etoposide and Platinum as First-Line Therapy for Extensive-Stage Small-Cell Lung Cancer: Randomized, Double-Blind, Phase III KEYNOTE-604 Study. J Clin Oncol (2020) 38(21):2369–79. doi: 10.1200/JCO.20.00793

59. Yang, Y, Wang, Z, Fang, J, Yu, Q, Han, B, Cang, S, et al. Efficacy and Safety of Sintilimab Plus Pemetrexed and Platinum as First-Line Treatment for Locally Advanced or Metastatic Nonsquamous NSCLC: A Randomized, Double-Blind, Phase 3 Study (Oncology Program by InnovENT Anti-PD-1-11). J Thorac Oncol (2020) 15(10):1636–46. doi: 10.1016/j.jtho.2020.07.014

60. Zhou, C, Chen, G, Huang, Y, Zhou, J, Lin, L, Feng, J, et al. Camrelizumab Plus Carboplatin and Pemetrexed Versus Chemotherapy Alone in Chemotherapy-Naive Patients With Advanced Non-Squamous Non-Small-Cell Lung Cancer (CameL): A Randomised, Open-Label, Multicentre, Phase 3 Trial. Lancet Respir Med (2020) 9(3):305–14. doi: 10.1080/15384047.2020.182926510.1016/s2213-2600(20)30365-9

61. Boyer, M, Şendur, MAN, Rodríguez-Abreu, D, Park, K, Lee, DH, Çiçin, I, et al. Pembrolizumab Plus Ipilimumab or Placebo for Metastatic Non-Small-Cell Lung Cancer With PD-L1 Tumor Proportion Score ≥ 50%: Randomized, Double-Blind Phase III KEYNOTE-598 Study. J Clin Oncol (2021) 39(21):2327–38. doi: 10.1200/jco.20.03579

62. Goldman, JW, Dvorkin, M, Chen, Y, Reinmuth, N, Hotta, K, Trukhin, D, et al. Durvalumab, With or Without Tremelimumab, Plus Platinum-Etoposide Versus Platinum-Etoposide Alone in First-Line Treatment of Extensive-Stage Small-Cell Lung Cancer (CASPIAN): Updated Results From a Randomised, Controlled, Open-Label, Phase 3 Trial. Lancet Oncol (2021) 22(1):51–65. doi: 10.1016/s1470-2045(20)30539-8

63. Owonikoko, TK, Park, K, Govindan, R, Ready, N, Reck, M, Peters, S, et al. Nivolumab and Ipilimumab as Maintenance Therapy in Extensive-Disease Small-Cell Lung Cancer: CheckMate 451. J Clin Oncol (2021) 39(12):1349–59. doi: 10.1200/jco.20.02212

64. Paz-Ares, L, Ciuleanu, TE, Cobo, M, Schenker, M, Zurawski, B, Menezes, J, et al. First-Line Nivolumab Plus Ipilimumab Combined With Two Cycles of Chemotherapy in Patients With Non-Small-Cell Lung Cancer (CheckMate 9LA): An International, Randomised, Open-Label, Phase 3 Trial. Lancet Oncol (2021) 22(2):198–211. doi: 10.1016/s1470-2045(20)30641-0

65. Sezer, A, Kilickap, S, Gümüş, M, Bondarenko, I, Özgüroğlu, M, Gogishvili, M, et al. Cemiplimab Monotherapy for First-Line Treatment of Advanced Non-Small-Cell Lung Cancer With PD-L1 of at Least 50%: A Multicentre, Open-Label, Global, Phase 3, Randomised, Controlled Trial. Lancet (2021) 397(10274):592–604. doi: 10.1016/s0140-6736(21)00228-2

66. Spigel, DR, Vicente, D, Ciuleanu, TE, Gettinger, S, Peters, S, Horn, L, et al. Second-Line Nivolumab in Relapsed Small-Cell Lung Cancer: CheckMate 331. Ann Oncol (2021) 32(5):631–41. doi: 10.1016/j.annonc.2021.01.071

67. Wang, J, Lu, S, Yu, X, Hu, Y, Sun, Y, Wang, Z, et al. Tislelizumab Plus Chemotherapy vs. Chemotherapy Alone as First-Line Treatment for Advanced Squamous Non-Small-Cell Lung Cancer: A Phase 3 Randomized Clinical Trial. JAMA Oncol (2021) 7(5):709–17. doi: 10.1001/jamaoncol.2021.0366

68. Fu, Y, Zheng, Y, Wang, PP, and Ding, ZY. Toxicities of Immunotherapy for Small Cell Lung Cancer. Front Oncol (2021) 11:603658. doi: 10.3389/fonc.2021.603658

69. Berti, A, Bortolotti, R, Dipasquale, M, Kinspergher, S, Prokop, L, Grandi, G, et al. Meta-Analysis of Immune-Related Adverse Events in Phase 3 Clinical Trials Assessing Immune Checkpoint Inhibitors for Lung Cancer. Crit Rev Oncol Hematol (2021) 162:103351. doi: 10.1016/j.critrevonc.2021.103351

70. Steele, TA. Chemotherapy-Induced Immunosuppression and Reconstitution of Immune Function. Leuk Res (2002) 26(4):411–4. doi: 10.1016/s0145-2126(01)00138-2

71. Krisl, JC, and Doan, VP. Chemotherapy and Transplantation: The Role of Immunosuppression in Malignancy and a Review of Antineoplastic Agents in Solid Organ Transplant Recipients. Am J Transplant (2017) 17(8):1974–91. doi: 10.1111/ajt.14238

72. Oppong, E, and Cato, AC. Effects of Glucocorticoids in the Immune System. Adv Exp Med Biol (2015) 872:217–33. doi: 10.1007/978-1-4939-2895-8_9

73. Cruellas, M, Yubero, A, Zapata, M, Galvez, EM, Gascon, M, Isla, D, et al. How Could Antibiotics, Probiotics and Corticoids Modify Microbiota and Its Influence in Cancer Immune Checkpoints Inhibitors: A Review. Infect Immun (2021) 89(9):e0066520. doi: 10.1128/IAI.00665-20

74. Neelapu, SS, Adkins, S, Ansell, SM, Brody, J, Cairo, MS, Friedberg, JW, et al. Society for Immunotherapy of Cancer (SITC) Clinical Practice Guideline on Immunotherapy for the Treatment of Lymphoma. J Immunother Cancer (2020) 8(2):e001235. doi: 10.1136/jitc-2020-001235

75.National Comprehensive Cancer Network Clinical Practice Guidelines in Oncology. Version 5. (2021). Available at: https://www.nccn.org/guidelines/guidelines-with-evidence-blocks.




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Yan, Cui, Fu, Su, Chen, Gu and Lin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 07 December 2021

doi: 10.3389/fimmu.2021.781221

[image: image2]


The Effects of Differentially-Expressed Homeobox Family Genes on the Prognosis and HOXC6 on Immune Microenvironment Orchestration in Colorectal Cancer


Lina Qi 1,2,3†, Chenyang Ye 1,2,3†, Ding Zhang 1,2,3†, Rui Bai 1,2,3, Shu Zheng 2,3*, Wangxiong Hu 2,3* and Ying Yuan 1,2,3*


1 Department of Medical Oncology, Key Laboratory of Cancer Prevention and Intervention, Ministry of Education, The Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China, 2 Cancer Institute, Key Laboratory of Cancer Prevention and Intervention, Ministry of Education, The Second Affiliated Hospital, Zhejiang University School of Medicine, Hangzhou, China, 3 Cancer Center, Zhejiang University, Hangzhou, China




Edited by: 

Hubing Shi, Sichuan University, China

Reviewed by: 

Doriana Fruci, Bambino Gesù Children Hospital (IRCCS), Italy

Fucun Xie, Peking Union Medical College Hospital (CAMS), China

Jinhui Liu, Nanjing Medical University, China

*Correspondence: 

Ying Yuan
 yuanying1999@zju.edu.cn 

Wangxiong Hu
 wxhu@zju.edu.cn 

Shu Zheng
 zhengshu@zju.edu.cn

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 22 September 2021

Accepted: 22 November 2021

Published: 07 December 2021

Citation:
Qi L, Ye C, Zhang D, Bai R, Zheng S, Hu W and Yuan Y (2021) The Effects of Differentially-Expressed Homeobox Family Genes on the Prognosis and HOXC6 on Immune Microenvironment Orchestration in Colorectal Cancer. Front. Immunol. 12:781221. doi: 10.3389/fimmu.2021.781221




Background

The homeobox (HOX) gene family encodes highly conserved transcription factors, that play important roles in the morphogenesis and embryonic development of vertebrates. Mammals have four similar HOX gene clusters, HOXA, HOXB, HOXC, and HOXD, which are located on chromosomes 7, 17,12 and 2 and consist of 38 genes. Some of these genes were found to be significantly related to a variety of tumors; however, it remains unknown whether abnormal expression of the HOX gene family affects prognosis and the tumor microenvironment (TME) reshaping in colorectal cancer (CRC). Therefore, we conducted this systematic exploration to provide additional information for the above questions.



Methods

RNA sequencing data from The Cancer Genome Atlas (TCGA) and mRNA expression data from Gene Expression Omnibus (GEO) combined with online tumor analysis databases (UALCAN, TIMER, PrognoScan) were utilized to explore the relationship among abnormal expression of HOX family genes, prognosis and the tumor immune microenvironment in CRC.



Results

1. Differential expression and prognosis analysis: 24 genes were significantly differentially expressed in CRC compared to adjacent normal tissues, and seven upregulated genes were significantly associated with poor survival. Among these seven genes, univariate and multivariate Cox regression analysis revealed that only high expression of HOXC6 significantly contributed to poor prognosis; 2. The influence of overexpressed HOXC6 on the pathway and TME: High HOXC6 expression was significantly related to the cytokine pathway and expression of T cell attraction chemokines, the infiltration ratio of immune cells, expression of immune checkpoint markers, tumor mutation burden (TMB) scores and microsatellite instability-high (MSI-H) scores; 3. Stratified analysis based on stages: In stage IV, HOXC6 overexpression had no significant impact on TMB, MSI-H, infiltration ratio of immune cells and response prediction of immune checkpoint blockers (ICBs), which contributed to significantly poor overall survival (OS).



Conclusion

Seven differentially expressed HOX family genes had significantly worse prognoses. Among them, overexpressed HOXC6 contributed the most to poor OS. High expression of HOXC6 was significantly associated with high immunogenicity in nonmetastatic CRC. Further research on HOXC6 is therefore worthwhile to provide potential alternatives in CRC immunotherapy.
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Introduction

As one of the most common digestive system malignant tumors, the incidence and mortality of CRC ranks third among various solid cancers worldwide (1). The main cause of death is metastasis. According to statistics, 20% of patients are diagnosed with advanced stage cancer and 25-30% of patients with stage I/II cancer suffer relapse within 5 years after a curative operation (2). In addition to traditional therapies, a variety of new methods, such as immunotherapy and targeted therapy have shown breakthrough effects. In 2015, Le and his colleagues found that pembrolizumab can bring exciting clinical benefits to dMMR/MSI-H metastatic CRC (mCRC), but its objective response rate (ORR) remained only 40% (3). Except for dMMR/MSI-H, new predictive biomarkers of immunotherapy efficacy in colorectal cancer are on the way, such as elevated TMB, POLE/POLD1 mutations, and ARID1A mutation (4–6). However, these current biomarkers are far from meeting the needs of patient screening who may benefit from immunotherapy. Further studies on the tumor microenvironment may provide clues for revealing the cause of tumor immune escape and developing new immunotherapy targets.

The HOX gene family encodes highly conserved transcription factors, that play important roles in the morphogenesis and embryonic development of vertebrates. Mammals have four similar homeobox gene clusters (HOXA, HOXB, HOXC, and HOXD), which consist of 38 genes and are located on chromosomes 7, 17,12 and 2. Many studies have revealed that diverse HOX genes can either inhibit or promote the development of tumors on the basis of their abnormal expression in certain organs: HOXB family in breast cancer (7), HOXA13 in gastric cancers (8), HOXB5 in leukemia (9) and hepatocellular carcinoma (10). In CRC, very few studies have focused on HOX genes. HOXA13, HOXD13 and HOXC6 were reported to promote cancer progression in CRC (11–13), and HOXB13 was reported to suppress tumors in CRC (14).

However, systematic studies on HOX gene family in CRC remain unclear. Therefore, we conducted this systematic analysis to explore whether the 38 HOX family genes were differentially expressed in CRC. Moreover, we further evaluated their prognostic values and TME orchestration abilities.



Material and Methods


Data Downloaded From TCGA

All level3 CRC RNA-Seq data and corresponding clinical information were obtained from TCGA dataset, in which the method of acquisition and application complied with the guidelines and policies. mRNA-seq data were analyzed in TPM format converted from counts.



Differential Expression Analysis of HOX Family Genes Between CRC and Normal Colon Tissues

UALCAN (www.ualcan.path.uab.edu), an online TCGA analysis database, was used for differential expression analysis of HOX family genes in CRC samples.),

GEO database: Expression microarray datasets GSE21815 and GSE37182 were used for differential expression analysis between CRC and normal colon tissues. 9 normal colon tissues and 132 CRC tissues were enrolled in GSE21815 (Platform: GPL6480, Agilent-014850 Whole Human Genome Microarray 4x44K G4112F). 88 normal colon tissues and 84 CRC tissues were enrolled in GSE37182 (Platform: GPL6947, Illumina HumanHT-12 V3.0 expression beadchip).



Prognostic Analysis of Differentially-Expressed Genes

TCGA database: For Kaplan-Meier curves, p-values and hazard ratio (HR) with 95% confidence interval (CI) were generated by log-rank tests and univariate Cox proportional hazards regression. The KM survival analysis with log-rank test were also used to compare the survival difference between above two groups. The whole cohort was divided into two or three groups equally according to HOXC6 expression values. Univariate and multivariate cox regression analysis was performed to identify the prognostic values of genes expression.

GEO database: GSE17536 and GSE12945 were used to validate the survival difference between top 25% HOXC6 high expression and top 25% HOXC6 low expression groups. KM plotter was drawn by GraphPad Prism 8.0.



Volcano Plots, GO, KEGG and GSEA Analysis

Limma package (version: 3.40.2) of R software was used to study the differential expression of mRNAs. The adjusted P-value was analyzed to correct for false positive results in TCGA or GTEx. “Adjusted P < 0.05 and Log (Fold Change) >1 or Log (Fold Change) < -1” were defined as the thresholds for the screening of differential expression of mRNAs between top 25% HOXC6 high expression and top 25% HOXC6 low expression groups.

Gene Ontology (GO) is a widely-used tool for annotating genes with functions, especially molecular function (MF), biological pathways (BP), and cellular components (CC). Kyoto Encyclopedia of Genes and Genomes (KEGG) Enrichment Analysis is a practical resource for analytical study of gene functions and associated high-level genome functional information. To better understand the carcinogenesis of mRNA, ClusterProfiler package (version: 3.18.0) in R was employed to analyze the GO function of potential targets and enrich the KEGG pathway.

Hallmark gene sets from the molecular signatures database (MSigDB) were used to determine whether any signatures were enriched in specific groups by gene set enrichment analysis (GSEA). Significantly enriched hallmarks were chosen according to a P-value < 0.05.



Effect of HOXC6 Expression on the Characteristics of Tumor Immune Microenvironment

TIMER (Tumor IMmune Estimation Resource, https://cistrome.shinyapps.io/timer), a web server for comprehensive analysis of tumor-infiltrating immune cells, was used to analyze the correlation of HOXC6 expression and chemokine expression, immune cell infiltration ratio, immune checkpoint marker expression. TIMER2.0 was used to analyze the immune cell infiltration ratio calculated by 5 different algorithms.

TCGA database: Immunedeconv, an R package including CIBERSORT algorithm was utilized to make reliable immune infiltration estimations. PDL1, CTLA4, TIM3, LAG3, PD1, PDL2 and TIGIT were selected as immune-checkpoint-relevant transcripts. CCL2, CCL3, CCL4, CCL5, CXCL9, CXCL10 and CXCL11 were selected as T cell attractive chemokines (15). The expression values of these 14 genes were extracted. Spearman’s correlation analysis was used to analyze the correlation between HOXC6 expression and TMB/MSI scores (16). The whole cohort was divided into two groups equally according to HOXC6 expression values.

SNP analysis: Somatic variants in CRC was analyzed by Maftools, which is an efficient and comprehensive tool for analysis of somatic variants in cancer (17). The whole cohort was divided into two groups equally according to HOXC6 expression values. However, data was missing from several samples which resulted in unequal number in HOXC6 high (N=232) and low (N=167) groups.



Interaction Between CD8+ T and RKO Cells

Cell culture: The RKO cell line was purchased from ATCC and cultured with RPMI 1640 medium (Gibco) containing 10% fetal bovine serum (FBS, BI Industry). The cells were incubated at 37°C with 5% CO2.

Stable gene overexpression was constructed by lentiviral transfection system: HOXC6-overexpressed and negative control lentivirus were purchased from GeneChem (Shanghai, China). For infection, 105 cells were plated into 6-well plates and cocultured with 2.5 x 106 transducing-units (TU) virus in the presence of 1X HitransG (GeneChem, Shanghai, China) and standard medium. Twelve to 15 hours later, the medium was replaced with fresh complete culture medium. After 72h of transfection, 2mg/ml puromycin was added to the culture medium for RKO selection. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) were utilized to confirm HOXC6 overexpression.

CD8+ T induction from Peripheral Blood Mononuclear Cells (PBMC): PBMCs were isolated from a healthy donor’s peripheral blood using Ficoll (GE Healthcare) following a standard protocol. PBMCs were cultured with RPMI 1640 medium (Gibco) containing 10% fetal bovine serum (FBS, BI Industry) inactivated by 56°C water bath, PHA (1 ug/ml), and IL-2 (10 ng/ml) for 3 days. Then the culture medium was replaced by RPMI 1640 medium (Gibco) containing 10% fetal bovine serum (FBS, BI Industry) inactivated by 56°C water bath, OKT3 (50 ng/ml), and IL-2 (10 ng/ml) for every 2 days. The cells were incubated at 37°C with 5% CO2. After 1 week inducement, cells were harvested for coculture experiment and induction identification was measured by flow cytometry and qRT- PCR.

Noncontact coculture of CD8+ T cells and RKO tumor cells: CD8+ T cells and RKO cells coculture were conducted with the noncontact coculture Transwell system (Corning, USA). Inserts containing 1.0 × 107 CD8+ T cells were transferred to 6-well plates previously seeded with RKO cells (2.5 × 105 cells per well) and cocultured in 1.5% FBS-containing medium for 72h. After coculture, CD8+ T and RKO cells were harvested for RNA extraction.

RNA extraction and qRT- PCR: Total RNA was extracted from RKO and CD8+ T cells using Trizol following a standard protocol. The Takara PrimeScript TM RT Master Mix Kit (Takara, RR036Q) was used for reverse transcription. The iTaq Universal SYBR Green Supermix (BioRad) and Applied Biosystems 7500 Fast Real-Time PCR System were applied for qRT- PCR. GAPDH was used as the loading control. Experiments were carried out in triplicate. The results were calculated as follows: ΔCT=CT Experimental/NC-CTGAPDH, ΔΔCT=ΔCT Experimental/NC-ΔCTNC, foldchange=2-ΔΔCT. The primers used for qRT-PCR are detailed in Table S3.



Coexpression Analysis

The dataset used comprised HOXC6, MLH1, PMS2, MSH2 and MSH6 mRNA-seq data from TCGA tumors. Multi-gene correlation map is displayed by the R software package pheatmap. Spearman’s correlation analysis was used to describe the correlation between quantitative variables without a normal distribution. P < 0.05 was considered statistically significant.



HOXC6 Expression and MLH1 Mutation Analysis

For CRC patients in TCGA database, tumor gene mutation MAF data (TCGA) was downloaded from genomic data Commons (GDC) data portal (https://portal.gdc.cancer.gov) (18).



Prediction of ICB Efficacy Based on TIDE Algorithm

Potential ICB response was predicted with TIDE algorithm using raw counts of RNA-sequencing data (level 3) and corresponding clinical information of 407 nonmetastatic and 88 mCRC patients from TCGA (19). The whole cohort was divided into two groups equally according to HOXC6 expression values.



Statistical Analysis

Known batch effects were corrected using the ComBat function in the Bioconductor sva package (20). All the above analysis methods and R package were implemented by R foundation for statistical computing (2020) version 4.0.3 and software packages ggplot2 and pheatmap. P <0.05 was considered statistically significant. In addition, main R software packages used in this research were detailed in supplementary methods.




Results


Differential Expression and Prognosis Analysis Of 38 HOX Family Genes in Colorectal Cancer

First, we performed differential expression analysis of 38 genes in the HOX gene family, and the results showed that compared with normal colon tissues, there were 15 genes whose expression was significantly upregulated (HOXA3, HOXA9, HOXA10, HOXA11, HOXB3, HOXB4, HOXB5, HOXB6, HOXB7, HOXB9, HOXC5, HOXC6, HOXC9, HOXC10, HOXC11) (Figures 1A, D, E and S1) and nine genes whose expression was significantly downregulated in tumor tissues (HOXA5, HOXA6, HOXA13, HOXC4, HOXD1, HOXD3, HOXD4, HOXD8, HOXD9) (Figures 1C, I–K, and S2). Second, we conducted a prognostic analysis of these 24 genes with significant differential expression, and the results showed that the differential expression of seven genes contributed significantly to survival (Figures 1B, F–H, L–N). In the analysis of these seven genes, the 4 genes HOXC4, HOXD4, HOXD8, and HOXD9 were significantly expressed at low levels in CRC, but the low expression group had a significantly better prognosis. The remaining three genes, HOXB4, HOXC6, and HOXC9 were significantly overexpressed in CRC, and the high expression groups had a significantly worse prognosis.




Figure 1 | HOX family genes were significantly differentially expressed in tumor tissues compared to normal colon tissues and had significant prognostic value. (A) HOXB4 was significantly upregulated in colon cancer compared to normal tissues. (B) The HOXB4 high expression group had significantly worse OS than the low expression group in CRC. (C) HOXC4 was significantly downregulated in colon cancer compared to normal tissues. (D) HOXC6 was significantly upregulated in colon cancer compared to normal tissues. (E) HOXC9 was significantly upregulated in colon cancer compared to normal tissues. (F) The HOXC4 high expression group had significantly worse OS than the low expression group in CRC. (G) The HOXC6 high expression group had significantly worse OS than the low expression group in CRC. (H) The HOXC9 high expression group had significantly worse OS than the low expression group in CRC. (I) HOXD4 was significantly downregulated in colon cancer compared to normal tissues. (J) HOXD8 was significantly downregulated in colon cancer compared to normal tissues. (K) HOXD9 was significantly downregulated in colon cancer compared to normal tissues. (L) The HOXD4 high expression group had significantly worse OS than the low expression group in CRC. (M) The HOXD8 high expression group had significantly worse OS than the low expression group in CRC. (N) The HOXD9 high expression group had significantly worse OS than the low expression group in CRC. *P < 0.05, **P < 0.01, ***P < 0.001.



Therefore, we performed Cox univariate and multivariate prognostic analyses on the expression levels of four significantly downregulated genes (HOXC4, HOXD4, HOXD8, HOXD9) and three significantly upregulated genes (HOXB4, HOXC6, HOXC9). Univariate analysis identified that the high expression of HOXC4, HOXD4 and HOXD9 was associated with a significantly worse prognosis (Figure 2A). However, high expression of these four genes did not contribute to prognosis in the multivariate analysis (Figure 2B). For the three significantly upregulated genes, univariate analysis revealed that these three genes were associated with a significantly worse prognosis (Figure 2C). In the multivariate analysis, only high expression of HOXC6 had a significant contribution to the prognosis [Figure 2D, P= 0.046, HR= 1.316 (1.0048-1.723)]. Detailed clinical information and expression data of these three genes of CRC patients from TCGA database are listed in Table S1.




Figure 2 | Prognostic analysis of three significantly differentially expressed genes and identification of HOXC6 upregulation and prognostic value. Univariable and multivariable Cox regression analysis for the significantly downregulated genes (A, B). (A) Univariable Cox regression analysis revealed that upregulation of HOXC4, HOXD4 and HOXD9 contributed to poor OS. (B) Multivariable Cox regression analysis revealed no significant results for HOXC4, HOXD4, HOXD8 and HOXD9. Univariable and multivariable Cox regression analysis for the significantly upregulated genes (C, D). (C) Univariable Cox regression analysis revealed that upregulation of HOXB4, HOXC6, and HOXC9 contributed to poor OS. (D) Multivariable Cox regression analysis revealed that upregulation of HOXC6 contributed most to poor OS among HOXB4 and HOXC9. (E) The GSE21815 dataset confirmed that HOXC6 was significantly upregulated in CRC compared to normal colon tissue. (F) The GSE37182 dataset confirmed that HOXC6 was significantly upregulated in CRC compared to normal colon tissue. (G). GSE17536 dataset confirmed that upregulation of HOXC6 was significantly associated with poor OS (P=0.0038, median follow-up time for high and low expression groups: 54.9 and 28.79 months). (H) The GSE12945 dataset confirmed that upregulation of HOXC6 was significantly associated with poor OS (P=0.0091, median follow-up time for high and low expression groups: 53 and 37 months). ***P < 0.001.



Four independent GSE datasets were used to confirm the conclusion that HOXC6 was significantly upregulated in CRC compared to normal colon tissues and that high expression of HOXC6 contributed significantly to poor survival. The GSE21815 and GSE37182 datasets showed that the expression of HOXC6 was significantly higher in CRC than in normal colon tissues (Figures 2E, F), which was consistent with previous results reported by other scientists (21). The GSE17536 and GSE12945 datasets showed that compared with the HOXC6 low expression group, the HOXC6 high expression group had significantly worse OS (Figures 2G, H).



The Influence of Overexpressed HOXC6 on Pathways

Through the above analysis, we found that HOXC6 was significantly overexpressed in CRC and that high expression was associated with a significantly worse prognosis. However, the changes of pathways caused by HOXC6 overexpression remain unknown. Therefore, we explored the changes in pathways. First, we analyzed the differentially expressed genes (DEGs) between the HOXC6 high and low expression groups and found that there were 347 upregulated and 132 downregulated genes in the HOXC6 high expression group compared with the HOXC6 low expression group (Figure 3A). To further explore the changes in pathways and biological functions caused by these DEGs, we further performed GSEA, KEGG, and GO analysis. GSEA found that HOXC6 overexpression was significantly related to chemokine signaling and cytokine receptor interactions (Figure 3B and Table S2). In KEGG analysis, we found that these upregulated genes were significantly enriched in inflammation-related pathways, such as cytokine and cytokine receptors, LPS, and IBD (Figure 3C). In GO analysis, these upregulated genes were mainly enriched in immune pathways, such as in response to IFN-γ, response to chemokines, and neutrophil migration (Figure 3D). We also performed KEGG and GO analyses on these downregulated genes, and the results are shown in Figures 3E, F.




Figure 3 | DEGs divided by HOXC6 expression and GSEA, KEGG, and GO analysis of these DEGs. (A) A total of 347 upregulated genes and 132 downregulated genes were identified in the HOXC6 high-expression group compared to the low-expression group. (B) GSEA revealed that the cytokine interaction pathway and chemokine signaling pathway were significantly enriched in DEGs by HOXC6 upregulation. (C) KEGG pathway analysis for 347 upregulated DEGs. (D) GO analysis for 347 upregulated DEGs. (E) KEGG pathway analysis for 132 downregulated DEGs. (F) GO analysis for 132 downregulated DEGs.



In summary, overexpression of HOXC6 is likely to be associated with remodeling of the tumor immune microenvironment in CRC.



Correlation Between HOXC6 Overexpression and TME Characteristics

The above analysis indicated that HOXC6 overexpression was likely related to orchestration of the TME. In the TME, the proportion of immune cell infiltration and functional status are significantly related to the prognosis of tumor patients and the efficacy of immune checkpoint inhibitors. Therefore, we further analyzed the correlation between HOXC6 overexpression and tumor immune microenvironment characteristics, including chemokine expression level, immune cell infiltration ratio, immune checkpoint expression level, TMB score, and MSI-H status.

First, we used the TIMER database to analyze the correlation between the expression of HOXC6 and the expression of T cell attractive chemokines (CCL2, CCL3, CCL4, CCL5, CXCL9, CXCL10, CXCL11) (Figure 4A), the infiltration ratio of the main immune infiltrating cell population (B cells, CD4+T, CD8+T, macrophage, neutrophil, dendritic cell) (Figure 4B), and the expression levels of major immune checkpoint molecules (PDL1, CTLA4, TIM3, PD1, PDL2, TIGIT) (Figure 4C). The results showed that the expression of HOXC6 was significantly positively correlated with these tumor immune microenvironment characteristics (Figures 4A–C). To verify the above results, we performed in vitro coculture experiments to identify the effect of HOXC6- upregulated colon cancers on CD8+ T cells. RKO, a commonly used CRC cell line, was selected in this experiment. CD8+ T cells in vitro induction was performed following the protocol detailed in Figure 4D. Then noncontact coculture of CD8+ T cells and RKO NC/RKO HOXC6-overexpressing (HOXC6-OE) cells was performed. Overexpression of HOXC6 in RKO cells led to significant upregulation of T cell attraction chemokines (CCL2, CCL5 and CXCL11) (Figure 4E) and immune checkpoint moleculars (PD-L1 and PD-L2) in RKO (Figure 4F). Moreover, overexpression of HOXC6 in RKO cells also caused significant upregulation of TIM3 and downregulation of IFN- γ in CD8+ T cells at the mRNA level (Figure 4G). This means, CRC cells with high HOXC6 expression attract more CD8+ T cells by upregulating T cell attraction chemokines, however the tumor killing function of CD8+ T cells might be exhausted by downregulation of IFN- γ.




Figure 4 | The effect of upregulated HOXC6 on the tumor immune microenvironment in CRC. (A) Expression of HOXC6 had a significantly positive correlation with the expression of T cell attractive chemokines in the TIMER database. (B) Expression of HOXC6 had a significantly positive correlation with the infiltration ratio of various immune cells in the TIMER database. (C) Expression of HOXC6 had a significantly positive correlation with various immune checkpoint molecules in the TIMER database. (D) In vitro induction of CD8+ T cells from PBMCs isolated from peripheral blood and identification using flow cytometry and qRT- PCR. (E) The expression of CCL2, CCL5, and CXCL11 was significantly upregulated in the RKO HOXC6-OE group compared to RKO NC group (both groups were cocultured with CD8+ T cells). (F) The expression of PD-L1 and PD-L2 was significantly upregulated in the RKO HOXC6-OE group compared to RKO NC group (both groups were cocultured with CD8+ T cells). (G) Expression of TIM3 was significantly upregulated and IFN-γ was significantly downregulated in CD8+ T cells cocultured with RKO HOXC6-OE group compared to RKO NC group. *P < 0.05, **P < 0.01, ***P < 0.001.



Moreover, we used the TCGA mRNA expression data and verified that the expression of immune cell attraction chemokines and immune checkpoints was significantly higher in the HOXC6 high expression group than in the low expression group (Figures 5A, B). To verify the proportion of immune cell infiltration, we used the TIMER2.0 database, which uses a variety of algorithms to calculate the proportion of six types immune cells. The results showed that the four algorithms all indicated that the infiltration ratio of CD8+ T cells was significantly positively correlated with high HOXC6 expression (Figure 5C). Studies have shown that patients with high TMB have more abundant neoantigens and higher immunogenicity in CRC (22). Accordingly, we conducted a correlation analysis on the expression of HOXC6 and TMB score, and the results showed a significant positive correlation (Figure 5D, P< 0.001, R= 0.38). What’s more, we further analyzed the tumor mutation signature between HOXC6 high and low groups and the result showed that the C> T mutation was the main type in both groups (Figures S3A, B). However, different from HOXC6 low expression group, proportion of T> G mutation was higher than T>A, and the Ti (Transition) mutation type was higher in HOXC6 high-expression group (Figures S3A, B). Percentage of mutations of specific genes, such as BRAF, RNF43, and PIK3C2B were significantly higher in HOXC6 high expression group (Figure S3C).




Figure 5 | TCGA verification of the effect of upregulated HOXC6 on the tumor immune microenvironment in CRC. (A) The expression of T cell attractive chemokines was significantly upregulated in the HOXC6 high-expression group compared to the low-expression group. (B) The expression of immune checkpoint molecules was significantly upregulated in the HOXC6 high-expression group compared to the low-expression group. (C) Expression of HOXC6 had a significantly positive correlation with the infiltration ratio of various immune cells using different algorithms. (D) Expression of HOXC6 had a significantly positive correlation with TMB score (P<0.001, R=0.36). ***P < 0.001.



In the immunotherapy of CRC, National Comprehensive Cancer Network (NCCN) and Chinese Society of Clinical Oncology (CSCO) guidelines have recommended pembrolizumab as the first-line treatment for dMMR/MSI-H mCRC patients (23). dMMR/MSI-H is an important predictor biomarker of PD1 inhibitor efficacy, so we analyzed the correlation between HOXC6 expression and dMMR/MSI-H status. First, we found that the expression of HOXC6 was significantly positively correlated with the MSI-H score (Figure 6A, P< 0.001, R= 0.37). MSI-H patients are basically dMMR, which is caused by the loss of function of the four main mismatch repair genes, of which the loss of MLH1 expression is the most common situation. Therefore, we analyzed the expression correlation of HOXC6 and four mismatch repair genes, and found that the expression of HOXC6 and MLH1 had a significant negative correlation (Figure 6B, P< 0.001, R= -0.41). In sporadic dMMR CRC, the loss of MLH1 expression caused by MLH1 promoter methylation is the main cause. However, in Lynch syndrome, the loss of MLH1 expression is caused by MLH1 mutation (24). We found that compared with the HOXC6 low expression group, the expression of MLH1 was significantly lower in the HOXC6 high expression group (Figure 6C, P< 0.001). Moreover, the number of patients with MLH1 mutations was also significantly higher in the HOXC6 high expression group (Figure 6D, P= 0.0078). Moreover, we performed in vitro cell line experiments and found that MLH1- knockdown caused significant upregulation of HOXC6 in microsatellite stable (MSS) CRC cell lines (HT29 and Sw620) (25). In summary, the high expression of HOXC6 had a significant correlation with dMMR/MSI-H status in CRC.




Figure 6 | High expression of HOXC6 was significantly correlated with high MSI-H score and dMMR status in CRC. (A) The expression of HOXC6 had a significantly positive correlation with MSI score (P<0.001, R=0.36). (B) The expression of HOXC6 had a significantly negative correlation with the expression of MLH1 (P<0.001, R=-0.41). (C) The expression of MLH1 was significantly downregulated in the HOXC6 high-expression group compared to the low-expression group (P<0.001). (D) The number of patients with MLH1 mutations was significantly higher in the HOXC6 high-expression group than in the low-expression group (P=0.0078). ****P <0.0001.





Stratified Analysis Based on Stages

Furthermore, we analyzed the differential expression of HOXC6 and its prognostic value in different stages. First, we used TCGA expression data to analyze the expression of HOXC6 in stages I-IV, and the results showed that there was no significant difference in the expression of HOXC6 in different stages (Figure 7A). Second, in stages I, II, and III, patients were divided into three groups according to the expression level of HOXC6, followed by prognostic analysis, and the results showed that the expression level of HOXC6 had no significant prognostic impact (Figure 7B, P= 0.11). However, in stage IV, the HOXC6 high expression group had a significantly worse prognosis (Figure 7C, P= 0.012).




Figure 7 | High expression of HOXC6 significantly contributed to poor survival in stage IV with weakened immune microenvironment characteristics in CRC. (A) There was no significant difference in the expression of HOXC6 among stage I&II, stage III, and stage IV. (B) In stages I, II and III, high expression of HOXC6 had no significant contribution to poor survival (P=0.11) (The whole cohort was divided into three groups equally according to the HOXC6 expression values. The median follow-up time for these three groups was 6.2 years). (C) In stage IV, high expression of HOXC6 contributed significantly to poor survival (P=0.012) (The whole cohort was divided into three groups equally according to the HOXC6 expression values. The median follow-up times for the high, medium and low expression groups were 1, 4.2, and 2.3 years, respectively). (D) Expression of HOXC6 had no significant correlation with TMB score (P=0.092). (E) Expression of HOXC6 had no significant correlation with MSI score (P=0.059). (F) Immune checkpoints related gene expression heat map, where different colors represent the expression trend. (G) Expression of HOXC6 had a significantly positive correlation with the infiltration ratio of CD4+ T cell, neutrophils and myeloid dendritic cells. (H) Expression of HOXC6 had significantly positive correlation with the infiltration ratio of T cell follicular helper (P<0.05). (I) The predicted immune response scores were significantly higher in the HOXC6-high expression group than in the HOXC6-low expression group which indicates worse predicted ICB efficacy in the HOXC6-high expression group (P<0.001). (J) The predicted immune response scores revealed no significance between the HOXC6-high expression group and HOXC6-low expression group. *P < 0.05, **P < 0.01, ns, no significance.



In stage IV patients, we analyzed the correlation between HOXC6 and TMB and MSI-H score and found that there was no significant correlation between HOXC6 and TMB and MSI-H score (Figures 7D, E). The expression of immune checkpoint related genes was significantly higher in HOXC6 high expression group than in the low (Figure 7F). In stage IV patients, compared with the HOXC6 low expression group, only CD4+ T cells, neutrophil and DC cell infiltration ratios were significantly higher in the HOXC6 high expression group (Figure 7G). For CD4+ T cells in several subgroups, we used CIBERSORT to evaluate the proportion of CD4+ T cells between the HOXC6 high and low groups and found that T cell follicular helper had significantly higher infiltration in the HOXC6 high expression group (Figure 7H, P<0.05). These results show that, compared with stage IV patients, the expression of HOXC6 had a greater impact on the tumor immune microenvironment in nonmetastatic CRC patients.

To evaluate the predictive value of HOXC6 expression on ICB response, the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm was used in this analysis. TIDE uses a set of gene expression markers to evaluate two different tumor immune escape mechanisms, including the dysfunction of tumor-infiltrating cytotoxic T lymphocytes (CTLs) and the exclusion of CTLs by immunosuppressive factors. In nonmetastatic CRC patients, the HOXC6 high expression group had a significantly worse ICB response rate than the low expression group (Figure 7I, P<0.001). However, in mCRC patients, there was no significant difference between the HOXC6 high and low expression groups (Figure 7J).

The above results indicated that there was no significant difference in the prognosis of HOXC6 overexpression in patients with stage I- III disease. This may be caused by a higher proportion of infiltration of killer cells such as CD8+ T cells and a higher immunogenicity due to high HOXC6 expression. In stage IV patients, the overexpression of HOXC6 had a significantly worse prognosis, which may be related to a higher proportion of CD4+ T cell infiltration that promoted tumors, no difference in the infiltrated ratio of CD8+ T cells that killed tumors and a lower immunogenicity.

For response prediction of ICBs, the expression level of HOXC6 did not predict immunotherapy efficacy in mCRC patients. However, the results suggested that high expression of HOXC6 may be used as a potential biomarker for predicting immunotherapy efficacy, which may be used in nonmetastatic CRC treatment in the future. In other words, when immunotherapy is applied to stage II and III patients as adjuvant therapy such as ATOMIC (NCT 02912559) and POLEM trial (NCT 02912559), patients with high expression of HOXC6 may have worse immunotherapy efficacy.




Discussion

In this study, we identified seven differentially expressed genes with prognostic significance in CRC compared to normal colon tissues. HOXC6, which had the greatest impact on the prognosis among these DEGs, was identified through cox univariate and multivariate prognostic analysis. Furthermore, high expression of HOXC6 was found to be significantly related to the tumor inflammatory microenvironment. Specifically, the expression of HOXC6 was significantly positively correlated with the infiltration ratio of immune cells, immune checkpoint marker expression, TMB and MSI score. Finally, in the stratified analysis according to clinical stages, we found that there was no significant difference in the expression of HOXC6 in different stages. In terms of prognosis analysis, the differential expression of HOXC6 in nonmetastatic CRC had no significant prognostic value, but in metastatic CRC, the high expression of HOXC6 was significantly correlated with worse prognosis. These results indicate that it is very worthwhile to explore the mechanism of TME orchestration caused by HOXC6 upregulation, which is expected to provide a candidate biomarker for CRC adjuvant immunotherapy cohort screening.

Although the prognostic value of HOX family genes has already been explored in bladder cancer (26) and laryngeal squamous cell cancer (27), this was the first systemic prognostic study in CRC. More importantly, it was found for the first time that in CRC, the high expression of HOXC6 was significantly related to the remodeling of the TME, including chemokine expression level, immune cell infiltration ratio, immune checkpoint expression level, TMB score, and MSI-H status. In CRC, HOXA13, HOXD13 and HOXC6 were reported to promote cancer progression, and HOXB13 was reported to suppress tumors. To the best of our knowledge, in CRC, only two studies have reported that high expression of HOXC6 could promote tumor metastasis by activating the classical WNT pathway and promote proliferation through the TGF-β/smad pathways (13, 25). In addition, HOXB13 was reported to inhibit the proliferation of right-sided colon cancer through the DNMT3B-HOXB13-C-myc regulatory axis (14).

In this study, high expression of HOXC6 was significantly positively correlated with the infiltration ratio of macrophages and neutrophils and the upregulation of immune checkpoint markers. Tumor associated macrophages (TAM) can be divided into M1 and M2 types, of which M2 has a tumor-promoting effect (28, 29). Monoclonal antibody drugs targeted three famous “don’t eat me” pathways on M2 macrophages to suppress the tumor promotion function of M2 macrophages (30–32). This strategy may serve as antitumor therapy in HOXC6 high-expression patients through more solid fundamental and animal experiments in the future. As the tumor progresses, locally infiltrated M1 macrophages gradually transform to M2 macrophages (33). Locally infiltrated neutrophils can also be divided into N1 and N2 types. Among them, the N2 type promotes tumors and NETs released after neutrophils apoptosis capture tumor cells and lead to their colonization and metastasis (34). The above various unfavorable factors cause the immunosuppressive microenvironment to promote tumor development and ultimately lead to tumor progression and poor prognosis.

Moreover, high expression of HOXC6 was also significantly positively correlated with the CD8+ T cell infiltration ratio, MSI-H score, TMB and dendritic cell infiltration ratio in our study. Although the increased infiltration of CD8+ T cells has the effect of killing tumor cells and is associated with a better prognosis, unfortunately tumors can induce the depletion or exhaustion of locally infiltrated CD8+ T cells by increasing the ICI on their surface, which leads to irreversible functional loss (35). High tumor load also has a reversible inhibitory effect on circulating CD8+ T cells, and immune function in the circulation can be reversed when the tumor load is reduced (36). Studies have found that MSI-H status can be used as an indicator of better prognosis in early-stage CRC, but in advanced patients, MSI-H had no survival benefit over MSS (37). The use of TMB as a predictive biomarker for immunotherapy is still controversial, and further research is needed (38). Locally infiltrated dendritic cells play an important role in the activation of CD8+ T cells via antigen presentation (39). High CD8+ T cells infiltration, MSI-H status, high TMB, and more dendritic cell infiltration were all favorable factors for antitumor ability. Inconsistent with this conclusion, the HOXC6 high expression group with these favorable prognostic factors did not have better survival in nonmetastatic CRC patients. High infiltration of M2 macrophages (40), elevated immune checkpoint markers (41) and high infiltration of CD4+ Tregs (42) resulted in CD8+ T functional loss. In summary, the combined results of various factors in the HOXC6 high expression groups did not result in a poor prognosis in nonmetastatic CRC.

For CD4+ T cells, the overexpression of HOXC6 may cause a higher proportion of CD4+ T cell infiltration, especially higher T cell follicular helper infiltration which was associated with favorable prognosis in mCRC patients (43). However, it has been reported that a high proportion of CD4+ T cell infiltration suggests a better prognosis in patients with CRC (44, 45). Tregs differentiated from naive CD4+ T cells could suppress the function of CD8+T cells (42). Moreover, CD8 + T cells stimulating capacity of CD4+ T cell follicular helper with increasing PD-1 expression in mCRC patients was inhibited by PD-1/PD-L1 pathway (43). These results combined with intratumoral metastasis promoting mechanisms induced by HOXC6 high expression (25) finally led to poor prognosis in mCRC patients.

There are some limitations in this study. Animal experiments should be performed to confirm our conclusion. More basic studies are needed to explain the lack of correlation between HOXC6 and TMB in mCRC. Further experiments are needed to confirm that the expression of HOXC6 may predict the efficacy of immunotherapy in nonmetastatic CRC. In addition, this is a preliminary study with practical limitation at this moment. Expression of HOXC6 should be quantified as absolute value further for clinical practice, such as the TPS, and IPS scores of PD-1 using IHC.

This study revealed that HOXC6 may serve as a potential biomarker for predicting the efficacy of immunotherapy in nonmetastatic CRC, which also provides clues for subsequent mechanistic studies.
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Immune checkpoint inhibitor (ICI)-associated immune-related adverse events (irAEs) are becoming important safety issues worthy of attention despite the exciting therapeutic prospects. The growing development of new ICIs also brings new cases of irAEs, raising more challenges to clinicians. Cardiac injury is rare but life-threatening among diverse organ injuries, and effective interventions are critical for patients. Here, we report a novel programmed cell death protein-1 (PD-1) inhibitor tislelizumab-associated severe myocarditis and myositis accompanied by liver and kidney damage in a ureteral urothelial cancer patient, who was firstly treated by cardiologists because of cardiac symptoms. Due to the lack of experience about ICI-associated irAEs, an initial low-dose (0.5 mg/kg/day) and short-term methylprednisolone therapy was used and found to be ineffective and risky to the patient; then, steroid therapy was modulated to a higher dose (1.5 mg/kg/day) with prolonged time course, and improvement of patient symptoms and laboratory markers were observed quickly and persistently. The patient did not show adverse events under this steroid dosage. This case reports a rare tislelizumab-related myocarditis and multiple organ injuries, which provides valuable experience to cardiologists like us. Early recognition of ICI-associated myocarditis and sufficient dosage and time course of glucocorticoid therapy are critical for severe cases. High-quality clinical evidence about the precise diagnosis and therapy in ICI-associated myocarditis and other organ injuries are necessary to guide our clinical works.
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Introduction

Immune checkpoint inhibitors (ICIs) are one of the most promising therapies for cancer, but increasing numbers of reports about immune-related adverse events (irAEs) have indicated security issues worthy of attention during ICI therapy. IrAEs could cover multiple systems, incidence of cardiac injury is low according to the data from clinical trials, and single drug therapy induces less than 1% of events (1). Clinical manifestation of cardiac toxicity could be myocarditis, pericarditis, arrhythmia, heart failure, and cardiac arrest (2). The risk of disease becomes extremely high once myocarditis occurs. A multicenter study showed 40% death in 131 patients suffering from ICI-related myocarditis (3). The balance of risks and benefits during ICI therapy is of great significance. In recent years, some new ICIs are developed, bringing new reports about irAEs. Here, we received a patient with anti-programmed cell death protein 1 (PD-1) monoclonal antibody tislelizumab-induced multiple organ irAEs including myocarditis, myositis, liver damage, and kidney damage. The patient was admitted to the coronary care unit (CCU) because of initial cardiac symptoms. We present the following case in accordance with the CARE reporting checklist.



Case Description

A 66-year-old patient was admitted to the CCU because of persistent chest tightness for 3 days. He had been diagnosed as having ureteral urothelial cancer IV degree and had undergone several courses of radiotherapy and chemotherapy in the Oncology Department. Blood pressure, heart rate, and oxygen saturation of the patient were in the normal range. High sensitive Troponin I (Hs-TnI) was high up to 9,317 ng/L (normal <26.2 ng/L), creatine kinase-myocardial band (CK-MB) was elevated to 84.5 ng/ml (normal <6.6 ng/ml), and N-terminal pro B-type natriuretic peptide (NT-proBNP) level was 291 pg/ml (normal <125 pg/ml). Creatine kinase (CK) value was 4,700 U/L (normal <174 U/L). Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) are greater than 3× the upper limit of normal (ULN). Creatinine level increased to 136 μmol/L (normal <114 μmol/L) with a downregulation of estimated glomerular filtration rate (eGFR) to 46.18 ml/(min/L); urine microprotein including albumin, transferrin, immunoglobulin G (IgG), and α1-microglobulin were detected, indicating acute kidney injury. CD4+ T-cell, CD8+ T-cell, B-cell, and natural killer cell populations were normal. Serology tests including coronavirus, hepatitis A, B, C virus, human immunodeficiency virus, cytomegalovirus, coxsackie virus, enterovirus, and Epstein–Barr virus were all negative. Positive auto-antibodies against β1 receptor, calcium channel, myosin heavy chain, and ribonucleoprotein indicated an autoimmune response. Coronary artery computer tomography showed slight atherosclerosis. Electrocardiogram (ECG) showed new-onset complete right bundle branch block (CRBBB), atrioventricular block, and intermittent junctional escape rhythm (Figure 1A). Cardiac structure and function evaluated by echocardiogram were still in the normal range. Cardiovascular magnetic resonance (CMR) imaging (Figures 1B, C) revealed slight multiple segmental myocardium edema and ventricular septum myocardium late gadolinium enhancement (LGE). We first diagnosed the patient as having acute myocarditis and myositis, and gave him a mild dosage of methylprednisolone (0.5 mg/kg/day) intravenously (IV). Symptoms and enzymology improvement were observed, and then methylprednisolone was stopped after 3 days of therapy. However, multiple organ injury-related laboratory indices rapidly rose again (Figures 1D–H). Despite chest distress, the patient progressively performed symptoms of cardiac and muscular damage like chest tightness, limb weakness, dorsal myasthenia, diplopia, and dysphagia. We realized that the patient was different from the normal patients we usually treat; autoimmune injuries were quite severe and hard to control in this patient. We further reviewed the patient’s medical history and found that he accepted a single dose of tislelizumab 200 mg IV 20 days ago. An ICI-associated myocarditis and multiple organ injuries were clinically diagnosed. Due to the diverse clinical features and risk of ICI-associated myocarditis, we reference a series of guidelines (4–8) and gave a high dosage of methylprednisolone (1.5 mg/kg) therapy accompanied by intravenous immunoglobulin (IVIG) therapy for the first 4 days. Steroid therapy was prolonged to ensure effective inhibition of autoimmunity induced by tislelizumab. Time axis of diagnosis and therapy of the patient is shown in Figure 2. We observed a rapid and persistent improvement of hsTNI, CK-MB, CK, ALT, sCr, and urine microproteins, and gradual recovery of the patient. When hsTNI of the patient fell to 50 ng/L, he was transferred to another medical center for subsequent therapy. The patient accepted outpatient follow-up once after 1 year. Complete symptomatic remission was observed in this patient. No active myocardial or skeletal muscle damage existed according to the laboratory indexes (Figure 3). Echocardiogram showed normal cardiac structure and function, except for widening of ascending aorta, which is independent of ICI-associated cardiac injury. Meanwhile, CRBBB consistently existed.




Figure 1 | Multiple organ injuries characterized by myocarditis and myositis. (A) Electrocardiogram at admission. (B) Normal and (C) contrast-enhanced imaging in CMR; the white arrow indicated ventricular myocardium LGE. (D) CK-MB, (E) Hs-TnI, (F) CK, (G) ALT and AST, and (H) sCr and eGFR variation curves during glucocorticoid therapy. The black arrow indicated the time we modulated the dosage of methylprednisolone from 0.5 mg/kg/day to 1.5 mg/kg/day.






Figure 2 | The diagnosis and therapeutic process of the patient. GS, glucose solution; NS, normal saline; Co-Q, coenzyme Q; IVIG, intravenous immunoglobulin. Evaluation of the grade of irAEs is based on NCCN guidelines insights: management of immunotherapy-related toxicities, version 1.2020 and Society for Immunotherapy of Cancer (SITC) clinical practice guideline on immune checkpoint inhibitor-related adverse events..






Figure 3 | Clinical data of the patient in 1-year follow-up. (A) Laboratory indexes involve myocardial zymogram as well as liver and kidney functions. (B) Cardiac structure and function evaluation in echocardiogram. (C) Electrocardiogram shows CRBBB.





Discussion

Despite the tremendous efficacy of ICI therapy in cancer, irAEs owing to the growing use of ICIs are becoming major safety issues in cancer immunotherapy. The targets of ICIs, including cytotoxic T lymphocyte antigen 4 (CTLA-4), PD-1, and programmed cell death 1 ligand 1 (PD-L1), all have inhibitory effects on T-cell response, participating in the preservation of immune tolerance and prevention of autoimmunity in normal conditions (9). However, tumors can also evade the immune system by activating these immune checkpoints to develop a tolerable microenvironment to tumor cells. ICIs block the immune checkpoints and accelerate activated T cells to target and kill tumor cells, while the adverse effect of these immunomodulators is that immune tolerance to self-antigens could also be impaired and activated T cells begin to attack any organs of the body (9). The clinical spectrum of irAEs covers broad systems including skin, GI tract, lungs, and endocrine, adrenal, pituitary, musculoskeletal, renal, nervous, hematologic, cardiovascular, and ocular systems (8). The incidence of all adverse events has been estimated to range between 54% and 76% in a meta-analysis (10). The incidence can be increased when combination therapy is used, even reaching 97% (11). The incidence of fatal adverse events is estimated to be between 0.3% and 1.3% (12). Patients suffering from ICI-associated myocarditis have the highest fatality rate. ICI-associated myocarditis is also becoming a new recognized entity, drawing the attention of cardiologists. The risk of myocarditis is significantly higher than other organ injuries; myocarditis accompanied by myositis could be more life-threatening once the muscle injuries involve respiratory and swallowing-related muscles, so early recognition is very important; more aggressive therapies should be considered for those severe cases. Non-oncological clinicians should be vigilant to any suspected cases.

Our patient suffered from multiple organ irAEs due to tislelizumab therapy. Tislelizumab is a novel IgG4 monoclonal antibody with high affinity to PD-1 that was engineered to minimize binding to FcγR on macrophages in order to abrogate antibody-dependent cellular phagocytosis (13). Tislelizumab uniquely binds to the CC’ loop of PD-1 with a slow-dissociated rate and completely blocks PD-1/PD-L1 interaction (14). As to ICI-related irAEs, pyrexia and infusion reaction are more specific during tislelizumab treatment (15). A summary about irAEs of tislelizumab in clinical trials is shown in Figure 4; myocarditis and myositis are not observed. Only one recent case reported multiple organ injuries following tislelizumab treatment in an advanced non-small cell lung cancer patient (21), while in this case, myocarditis is less severe, and there is not enough reference for us to follow. Our patient presented a rare tislelizumab-related myocarditis, accompanied by myositis and other organ injuries, which also intuitively showed the severity of ICI-associated irAEs to cardiologists like us.




Figure 4 | IrAEs of tislelizumab in clinical trials.



Concerning the diagnosis and therapy, due to the absence of randomized controlled trials (RCTs) and observational studies, there are still no standard diagnostic and therapeutic strategies. ICI medication history is critical. Clinical features of ICI-related myocarditis are similar to acute myocarditis (AM), which is based on symptoms with serum cardiac marker elevation and imageology changes in UCG and CMR. However, a cohort study indicated that LGE was less significant in ICI-associated myocarditis than non-ICI myocarditis (22), and the presence of LGE, LGE pattern, or elevated T2-weighted STIR were not associated with MACE. In our patient, UCG was normal and CMR only showed slight segmental LGE, which is why we underestimated the risk of the patient the first time. More reliable imaging diagnostic strategies are needed for ICI-associated myocarditis.

Corticosteroid therapy is recommended for myocarditis and other irAEs (Grades 2 to 5), but the safe and effective dosage is not precisely pointed out. High-dose glucocorticoids are recommended for severe cases. The ESC guidelines had no exact recommendation for acute active myocarditis due to autoimmunity. Guidelines and consensus of the European Society for Medical Oncology (ESMO) (4), the Society for Immunotherapy of Cancer (SITC) (6), and a recent Expert Consensus Document (7) all recommend prednisone 1–2 mg/kg for severe myocarditis, until the cardiac damage slows down. The National Comprehensive Cancer Network (NCCN) guideline (5) suggests a stronger pulse dosing 1 g/day methylprednisolone for 3–5 days for severe or life-threatening cases, and if cardiac function returns to baseline, the dosage tapers over 4–6 weeks. Meanwhile, recent preclinical trials highlight glucocorticoids’ unexpected effects in cancer therapy like impairing the killing ability of tumor-infiltrating lymphocytes (23) and weakening the effect of ICI therapy (24). Broad adverse effects of glucocorticoid in multiple organs is another concern. Rheumatologists then recommended the concept of glucocorticoid sparing even in severe presentations. Tapering glucocorticoids to the lowest effective dose is recommended within weeks or as soon as improvement is achieved (23, 25). For unstable patients or patients with no improvement after high-dose glucocorticoids therapy, other immunosuppressive agents should be considered, like IVIG, antithymocyte globulin, infliximab, or mycophenolate (4–6, 8), but each with limited supporting data. IVIG can act as an immunomodulator on both innate and adaptive immunity, leading to decreased cardiac inflammation, which was proved to be protective in myocarditis (26). Multiple mechanisms including blocking Fc receptors to interrupt multiple immune cell functions, neutralizing antigens or complement components, and disrupting the apoptosis process may synergistically engage in the immune modulation effect of IVIG. In this case, due to the lack of experiences about ICI-associated myocarditis, we firstly gave a moderate-dose and short-term methylprednisolone therapy. The illness was not controlled and quickly progresses. Then, we tried a high-dose (1.5 mg/kg/day) and prolonged steroid treatment accompanied by short-term IVIG therapy; enzymology rapidly decreased and the symptoms of the patient improved in the following days.



Conclusion

This is a rare case of myocarditis and myositis associated with a novel PD-1 inhibitor tislelizumab, showing the diversity between ICI-associated myocarditis and common myocarditis. ICI-associated myocarditis and myositis is severe and even life-threatening to patients. Autoimmune damage is significant and persistent, so steroid therapy should be early, given in high doses, and prolonged. We tried a high dosage of steroids with short-term IVIG immunosuppressive therapy in this case, resulting in a positive outcome for the patient. The experience from one case is limited, and high-quality lines of evidence about the precise diagnosis and therapy of ICI-associated irAEs are necessary to guide our clinical works.
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Purpose

Immune checkpoint blockade has led to a significant improvement of patient survival in metastatic colorectal cancer (CRC) with DNA mismatch repair-deficiency (dMMR)/microsatellite instability-high (MSI-H). However, not all these patients are sensitive to monoimmunotherapy. We firstly presented a case series of advanced dMMR/MSI-H CRCs treating with PD-1 inhibitor-based chemoradioimmunotherapy (CRIT).



Methods and Materials

We assessed the short-term efficacy and safety of CRIT in advanced dMMR/MSI-H CRCs, and also did next-generation sequencing (NGS) assays.



Results

Our analysis included five advanced dMMR/MSI-H CRCs who have received toripalimab-based CRIT. Toripalimab was given 240mg every three weeks, and the radiation dose was 45-50 gray in 25 fractions. Chemotherapy regimens consisted of CAPOX in three patients, capecitabine in one patient, and mFOLFOX6 in one patient. Initially, two patients displayed complete response (CR), and three patients achieved partial response (PR) on imaging findings. Afterwards, one PR patient was confirmed pathological complete response after surgery, leading to three CR cases in total. Hematological toxicity was the most common adverse effect, and only two patients developed mild immune-related adverse effects besides. All the treatment-related adverse events were under control. Based on the NGS results, the median intratumor heterogeneity was 0.19 (range 0-0.957), which was less in CR patients than PR patients (P = 0.019). Genetic mutations at DNA damage repair genes and the JAK1 gene were also observed.



Conclusions

For advanced dMMR/MSI-H CRC, anti-PD-1 based CRIT is effective and safe. Further studies are required to better clarify the potential role and mechanism of CRIT as a viable therapeutic strategy in this population.





Keywords: chemotherapy, radiotherapy, immunotherapy, programmed cell death protein 1 inhibitor, colorectal cancer



Introduction

The latest cancer statistics showed that the incidence and mortality of colorectal cancer (CRC) ranked third among all cancer in men and women (1). By the year 2030, there will be more than 2.2 million new cases and 1.1 million deaths of CRC (2). In the past ten years, immunotherapy especially immune checkpoint blockade (ICB) therapy, has become a major therapeutic strategy for multiple types of solid cancers. ICB, including programmed cell death protein-1 (PD-1) inhibitors and anti-cytotoxic T lymphocyte antigen-4 (CTLA-4) antibodies, have significantly improved patients’ survival in DNA mismatch repair-deficiency (dMMR)/microsatellite instability-high (MSI-H) metastatic colorectal cancer (mCRC) (3–8). As a result, the FDA has approved PD-1 inhibitors, pembrolizumab and nivolumab, as the second-line therapy for dMMR/MSI-H mCRC. Nivolumab ± ipilimumab or pembrolizumab alone were recommended for neoadjuvant treatments for resectable or unresectable synchronous liver and/or lung metastastic dMMR/MSI-H CRC by the NCCN guideline (9, 10), and for  primary treatments for unresectable metachronous metastatic dMMR/MSI-H CRC who has received FOLFOX/CAPOX therapy within past 12 months (9, 10). However, there are still a large amount of dMMR/MSI-H CRCs who are resistant to ICB. To date, many ongoing clinical trials of combined ICB with chemotherapy, targeted therapy, or radiotherapy aim to improve the efficacy of ICB in these patients. For instance, chemoradiotherapy can upregulate PD-L1 expression in rectal cancer (11). PD-1 or PD-L1 antibodies did not only improve local control but also had a systemic efficacy in irradiated colon cancer mouse models (12). Besides, a preclinical study also showed that chemotherapy combined with ICB could enhance radiotherapy-induced abscopal effects (13). Therefore, it can be probably inferred that chemoradioimmunotherapy (CRIT) may improve the efficacy of ICB in dMMR/MSI-H CRC patients. Here, we firstly presented a retrospective case series of five advanced dMMR/MSI-H CRC patients who achieved good response to CRIT.



Materials and Methods


Study Design

From March 2019 to December 2019, advanced dMMR/MSI-H CRC patients receiving CRIT were retrospectively analyzed in this study.

This study was conducted following the Declaration of Helsinki and received the full approval of the Sun Yat-sen University Cancer Center Institutional Review Board on Medical Ethics (B2020-141-01). All patients provided written informed consent before therapy.



Next-Generation Sequencing (NGS)

Five formalin-fixed paraffin-embedded (FFPE) specimens of all patients were obtained before CRIT. All specimens were primary tumors except abdominal metastasis of patient 2.

Genomic DNAs were isolated from FFPE specimens and blood using the GeneRead DNA FFPE Kit (Qiagen) and Qiagen DNA blood mini kit (Qiagen), respectively. Then, extracted DNAs were amplified, purified, and analyzed using an NGS panel (YuceOneTM Plus X, Yucebio, China).

Sequencing reads with > 10% N rate and/or > 10% bases with quality score < 20 were filtered using SOAPnuke (Version 1.5.6). The clean reads were mapped to the UCSC reference human genome (version hg19) using the Burrows Wheeler Alignment tool (BWA, Version 0.7.12). SAMtools (Version 1.3) was used for alignment data conversion, sorting, and indexing. The duplicates were marked by SAMBLASTER (Version 0.1.22) to reduce biases in downstream analyses. The single nucleotide variants were detected using VarScan (Version 2.4) with parameters –min-coverage-normal 20 –min-coverage-tumor 20 –min-reads23. The mutations were filtered using a customized Perl script to eliminate false positives and annotated by SnpEff (Version 4.3).

Tumor mutational burden (TMB) was calculated using non-silent somatic mutations, including coding base substitution and indels. TMB > 20 muts/Mb was defined as TMB-High (TMB-H). Microsatellite instability (MSI) scores were analyzed by MSIsensor (Version 0.2). MSI scores > 20 were defined as MSI-High (MSI-H). Tumor neoantigen burden (TNB) was measured as the number of mutations that could generate neoantigens per megabase. TNB > 4.5 neos/Mb was defined as TNB-High (TNB-H). The ratio of subclone mutations to all mutations was interpreted as intratumor heterogeneity (ITH).

Frameshift, nonsense, and splice site alterations were classified as deleterious. Missense mutations reported as pathogenic by the Catalogue of Somatic Mutations in Cancer (COSMIC) (14) and/or ClinVar (15) databases, and/or with a SIFT score of <0.05 (16), were classified as deleterious.



Clinical Evaluation

Pretreatment tumors were staged according to the criteria of the American Joint Committee on Cancer 8th edition. Clinical response based imaging findings was assessed according to the RECIST 1.1 (17). For surgical specimens, no residual tumor cell was defined as pathological complete response (pCR). Follow-up data were collected from the follow-up platform of the hospital.



Statistical Analysis

Statistical analyses were performed using SPSS 26.0 statistical software (IBM, NY, USA). Comparisons between two groups were evaluated by Student t-test. p < 0.05 at two sides was considered statistically significant.




Results


Patient Demographic and Clinical Characteristics

Overall, five dMMR/MSI-H CRC patients were identified and enrolled. The median age was 37 years old (range 27-64), and three (3/5) were male. Of all patients, primary tumors were located at right colon (n=3), left colon (n=1) and rectum (n=1). All patients were adenocarcinoma except one adenosquamous carcinoma. Two (2/5) patients had metastases: right kidney metastasis in patient 1, and liver and abdominal cavity metastases in patient 2. The other three patients had large tumors invaded adjacent organs and regions, including the gallbladder, duodenum, liver, and peritoneum of patient 3, peritoneum and abdominal wall of patient 4, and psoas major muscle and ureter of patient 5. Prior to this study, patient 4 had received three cycles of CAPOX, but no tumor regression. Besides, patient 5 had received surgery and adjuvant FOLFOX chemotherapy for the primary tumor but found the tumor regrowth a year later. The demographic, clinical, and therapeutic details of the patients were shown in Table 1 and Figure 1.


Table 1 | Demographic features, clinical characteristics, and therapeutic regimens.






Figure 1 | Patient characteristics, treatments, and outcomes. CR, complete response; PD, progressive disease; PR, partial response; SD, stable disease.





Treatment Strategies

All patients received PD-1 inhibitor-Toripalimab 240 mg intravenously once every three weeks with a median number of 6 cycles (range 5-11 cycles) and a median treatment duration of 5.8 months (range 3.1-18.3 months). Each individualized chemotherapy regimen was decided according to patients’ previous treatment and health conditions. Patient 3 received capecitabine as she was old and weak. The chemotherapy regime of patient 4 was switched to mFOLFOX6 because she was insensitive to CAPOX. Other patients all received CAPOX. All patients were also treated with intensity-modulated radiation therapy (IMRT) for the primary tumor at 45-50 gray in 25 fractions. After CRIT, patient 2 and patient 4 underwent radical surgery, whereas patient 5 underwent palliative surgery. The integral treatments for each patient were illustrated in Table 1 and Figure 1.



Efficacy Results

After a median period of 4.4 months (range 3.1-6.8 weeks) from the first Toripalimab injection and 7.1 weeks (range 5.3-13.3 weeks) from the last IMRT, five patients all achieved objective responses, including two complete response (CR) and three partial responses (PR) according to RECIST 1.1. The two CR patients took a watch-and-wait strategy without surgery. Primary and metastases of patient 2 were confirmed pCR after surgery, resulting in three CR patients in total. Patient 4 underwent surgery and had a downstage tumor from T4bN2a to T4bN0, and the tumor regression grade was TRG2 based on NCCN guidelines. The primary tumor of patient 5 was smaller than the initial volume but found invaded the ureter, small intestine, and iliac blood vessels during surgery. As a result, patient 5 underwent palliative surgery for organ conservations. The images of all patients before and after CRIT were displayed in Supplementary Figures 1–5. With a median follow-up time of 14.8 months (range 8.1-18.3), only patient 5 had progressive disease at 8.8 months after the first Toripalimab injection. All the other cases had no clinical signs of disease progression or recurrence.



Treatment-Related Adverse Events (TRAEs)

Till September 2020, all TRAEs happened for all patients were shown Table 2. The most common adverse events were leukopenia and neutropenia. Most TRAEs in this study were at  grade 1 or grade 2. Only one patient experienced grade 4 thrombocytopenia. One patient had grade 2 immune-related increased TSH, and therefore had levothyroxine therapy. All the adverse events were under control, and patients recovered during treatment.


Table 2 | Treatment-related adverse events.





Genetic Analyses

Based on NGS results shown in Figures 2A–D, the median value of TMB, MSI score, TNB and ITH were 60.48mut/Mb (range 32.31-77.18), 44.95 (range 27.45-69.06), 24.56 neos/Mb (range 5.98-40.09) and 0.116 (range 0-0.369), respectively. CR patients had a lower ITH than PR patients (p=0.019, Figure 2D). TMB, MSI scores, and TNB did not correlate with treatment response (Supplementary Figures 6A–C).




Figure 2 | Molecular analyses of TMB (A), MSI score (B), TNB (C), and ITH (D). ITH was lower in CR than PR patients. Values were presented as median and range. Comparisons between CR and PR patients was tested using two-sided t-test. CR, complete response; CRIT, chemoradioimmunotherapy; ITH, intratumor heterogeneity; MSI, microsatellite instability; PR, partial response; TMB, tumor mutational burden; TNB, tumor neoantigen burden.



Additionally, 19 mutations in 12 DNA damage repair (DDR) genes were observed. Among them, most alternations were missense mutations (10/19, 52.6%), the remaining included frameshift mutations (6/19, 31.6%), splice site (2/19, 10.5%), and nonsense alterations (1/19, 5.3%). ATM (4/5, 80.0%) was the most commonly mutated DDR gene. All missense mutations were unique, of which only 7 were previously reported in COSMIC and/or ClinVar database and 5 of them were deleterious. In silico evaluation, another 2 potentially deleterious missense mutations were identified. The median number of deleterious DDR mutations patients harbored was 3 (range 1-6). All the DDR gene mutations were listed in Supplementary Table 1. Genes involved in the mismatch repair pathway (6/10, 60%) were the most common (Supplementary Table 2).

Furthermore, JAK1 deleterious mutation was observed in patients 1 (K924fs) and 3 (T533M), and JAK1 neutral mutation was found in patient 4 (R93H). The most frequently altered genes were APC (100%), FAT1 (80%), TRRAP (80%), KAT6B (80%), CIC (80%) and ATM (80%) (Supplementary Figure 7).




Discussion

In this study, we firstly reported a retrospective case series of advanced dMMR/MSI-H CRC patients treated with CRIT. After treatment, all five patients achieved beneficial responses of pCR (1/5, 20%), cCR (2/5, 40%), or PR (2/5, 40%), leading to a 100% overall response rate. The good efficacy suggested that this strategy might be a promising treatment for advanced dMMR/MSI-H CRC.

It has been well studied that locally advanced rectal cancer can benefit from neoadjuvant chemoradiotherapy. Our previous work found that locally advanced unresectable colon cancer responded well to neoadjuvant chemoradiotherapy, with a 26.3%-38.1% pCR rate (18, 19). Consequently, neoadjuvant chemoradiotherapy has been recommended for T4b patients with local invasion of the sigmoid colon by the Chinese Society of Clinical Oncology (20). However, whether dMMR/MSI-H CRC patients could benefit from preoperative chemoradiotherapy as well as microsatellite instability stale or low CRC was still a controversial clinical question (21, 22). In our present cohort, a 100% objective response rate and 60% CR rate were achieved, indicating that they could benefit from CRIT.

For patients whose primary tumor did not invade adjacent organs, immunotherapy alone or combined with chemotherapy could result in CR (23, 24). So, radiotherapy and chemotherapy may not be essential for these patients. But, the two T3 patients with metastases were treated with CRIT to maximize the abscopal effect, and they finally achieved CR. Similarly, a preclinical study also showed that the abscopal tumor has the best response to triple therapy of cisplatin, radiation, and PD-1 inhibitor (13), implying that CRIT is effective for mCRC.

Though all patients in our study were effective, two patients with T4b colon cancer did not achieve CR. One of them was still unresectable after CRIT, and his disease progressed 8.8 months after the Toripalimab initiation. In the NICHE study (23), only one patient with T4b tumor and three of seven patients with T4a tumors did not achieve pCR. Also, some T4b tumors could not achieve CR after neoadjuvant PD-1 blockade in published case reports (24, 25). For dMMR/MSI-H CRC with large tumors invading multiple essential organs, the clinical response to single-agent immunotherapy or immunotherapy-based combination therapy is still unsatisfactory. Thus, it is necessary to explore optimized regimens of these therapeutic methods to achieve better clinical efficacy in these patients.

Up to now, DDR gene alterations, especially deleterious alternations, have been demonstrated to be associated with improved clinical outcomes in metastatic urothelial cancer (26), metastatic clear cell renal cell carcinoma (27), and non-small-cell lung cancer (28) treated with PD-(L)1 inhibitors. Likewise, a recent study also found that CRC patients with DDR mutations could obtain a better prognosis when using ICB (29). This was consistent with our patients that DDR genes alterations were frequent, which may contribute to their effective response to CRIT. Additionally, ATM was the most commonly mutated DDR gene in these CRC and patients with ATM mutations had a significantly better overall survival than those without when treated with ICB (30). In addition, ATM inhibitors potentiated anti-PD-1 therapy in the mouse model (30). It was also reported that ATM inhibition and radiation could enhance the efficacy of ICB by increasing tumoral immunogenicity (31). Therefore, ATM may be a potential biomarker of immunotherapy, and ATM inhibitors with ICB and radiation may be an efficacious therapeutic regimen. Interestingly, ATM, ATR, and LIG3 genes co-mutation was only found in two PR patients. This might imply that the molecular contributions of multiple DDR gene co-mutation may differ from single DDR gene mutation. Further studies are needed to disclose the effects and mechanisms of how DDR mutations impact sensitivity to CRIT.

Additionally, driver mutations of the JAK-STAT pathway may contribute to tumor progression during immunotherapy (32, 33). In our study, both of the two patients with pathogenic JAK1 mutation achieved CR, and the patient with neutral JAK1 mutation achieved PR. Perhaps, chemoradiotherapy can dismiss the negative impact of JAK1 mutations in some way.

There were some limitations to our study. Our study only enrolled five patients, and the follow-up period was short. Also, baseline characteristics and treatment strategies were not incoherent of all patients. Although we did genetic analysis, we could not illustrate the definite mechanism of CRIT. Consequently, our observations warrant further considerations and validations in a larger sample size. We are doing a phase II clinical study (NCT04301557) of Toripalimab combined with chemoradiotherapy for dMMR/MSI-H locally advanced CRC, which may provide more clinical evidence to clarify the role of CRIT for CRC.

In general, CRIT is effective and safe for advanced dMMR/MSI-H CRC. Further studies are required to investigate the potential role and mechanism of CRIT in this population.
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Effects of initiation of programmed-death-protein 1 (PD1) blockade during active SARS-CoV-2 infection on antiviral immunity, COVID-19 course, and underlying malignancy are unclear. We report on the management of a male in his early 40s presenting with highly symptomatic metastatic lung cancer and active COVID-19 pneumonia. After treatment initiation with pembrolizumab, carboplatin, and pemetrexed, the respiratory situation initially worsened and high-dose corticosteroids were initiated due to suspected pneumonitis. After improvement and SARS-CoV-2 clearance, anti-cancer treatment was resumed without pembrolizumab. Immunological analyses with comparison to otherwise healthy SARS-CoV-2-infected ambulatory patients revealed a strong humoral immune response with higher levels of SARS-CoV-2-reactive IgG and neutralizing serum activity. Additionally, sustained increase of Tfh as well as activated CD4+ and CD8+ T cells was observed. Sequential CT scans showed regression of tumor lesions and marked improvement of the pulmonary situation, with no signs of pneumonitis after pembrolizumab re-challenge as maintenance. At the latest follow-up, the patient is ambulatory and in ongoing partial remission on pembrolizumab. In conclusion, anti-PD1 initiation during active COVID-19 pneumonia was feasible and cellular and humoral immune responses to SARS-CoV-2 appeared enhanced in our hospitalized patient. However, distinguishing COVID-19-associated changes from anti-PD1-associated immune-related pneumonitis posed a considerable clinical, radiographic, and immunologic challenge.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) has a major impact on global health. Cancer patients appear at increased risk for severe COVID-19, especially with cytostatic or B-cell-depleting treatment (1, 2). SARS-CoV-2 infection induces specific antibodies as well as CD4+ and CD8+ T cells (3). While underlying disease influences antibody kinetics, robust T-cell response is usually also observed with comorbidities (3). Initially, however, a significant T-cell reduction and functional exhaustion of the remaining T cells was observed (4), especially in cancer patients (5). Immune checkpoint inhibition (ICI) reversing T-cell exhaustion could therefore potentially be beneficial for COVID-19 patients. On the other hand, ICI may increase immune hyperactivation during COVID-19, thereby worsening outcomes (6, 7).

The effect of ICI initiation during acute SARS-CoV-2 infection, e.g., by programmed death protein 1 (PD1) blockade, on the course of COVID-19 and development of antiviral immunity remains largely unclear. We report the clinical course, management, and sequential immunological data after first initiation of anti-PD1-based anti-cancer treatment in a patient with newly diagnosed metastatic non-small cell lung cancer (NSCLC) during symptomatic COVID-19. By comparison to otherwise healthy SARS-CoV-2-infected controls (SARS-CoV-2 positive adult individuals with mild disease and without cancer disease), we provide novel insights into the interplay of anti-PD1 treatment with SARS-CoV-2 infection and immunity including potential immune-related adverse events (irAEs).



Clinical Case Description

A male in his early 40s, who had not received vaccination against SARS-CoV-2, presented to a primary hospital due to progressive severe pain of the lower back and hip accompanied by weight loss. Diagnostics revealed widespread osteolytic lesions with unstable pathologic fractures of the spine and an extensive predominantly right-sided pulmonary tumor. Histopathology revealed NSCLC with relevant PD-Ligand 1 expression (TP-score 10%) but wild type for actionable genes, and staging showed cerebral, hepatic, osseous, peritoneal, pleural, and splenic metastases. During palliative radiotherapy to the spine, a routine nasopharyngeal swab revealed asymptomatic SARS-CoV-2 infection by polymerase chain reaction (PCR; day [D] 0) in the patient who had not received prior COVID-19 vaccination. Due to worsening general condition with Eastern Cooperative Oncology Group (ECOG) score 4, the patient transferred to our department (Timeline: Table 1).


Table 1 | Timeline of the episode of care.



A CT scan on D8 revealed progressive NSCLC and pulmonary infiltrations with mild ground glass opacities as well as mild consolidations attributable to early-stage COVID-19 pneumonia (Figures 1A, B). Laboratory examinations showed increased inflammatory markers (Figure 1C) and high naso-pharyngeal levels of SARS-CoV-2 RNA (qPCR Cycle threshold [Ct] 18, Figure 1D). Due to increase of cancer-related symptoms with immobilizing pain, treatment with pembrolizumab (200 mg Q3W), carboplatin (4 mg/AUC Q3W), and pemetrexed (375 mg/m2 BSA) was initiated (D9). Prophylactic dexamethasone 4 mg (1-0-1) was administered peri-chemotherapy and continued at 4 mg/day due to meanwhile symptomatic COVID-19 thereafter.




Figure 1 | Radiologic examinations and laboratory assessments after initiation of pembrolizumab-based treatment during active COVID-19. (A) Exemplary pulmonary infiltrations during SARS-CoV-2 disease course and treatment with pembrolizumab with ground glass infiltration (I+III), consolidation (II), and mixed ground glass and consolidation (IV+V); (B) change of the tumor target lesions (I) right upper lobe/hilus and (II) TH12 during SARS-CoV-2 disease course and treatment with pembrolizumab; (C) blood counts, inflammatory markers, and serum albumin/protein. (D) SARS-CoV-2 viral load reflected by Ct value of SARS-CoV-2 PCR from sequential nasopharyngeal swabs. LA, largest diameter; ΔP, change from previous assessment; DX, day in relation to first SARS-CoV-2 detection by PCR (=D0); CRP, C-reactive protein; IL-6, interleukin 6; LOD, level of detection.



Within days, the patient developed peripheral edema, pleural effusion, and ascites, judged as primarily pemetrexed-associated. Timely matching serum albumin and serum protein are depicted in Figure 1C. Despite adequate fluid management, respiratory symptoms worsened, requiring oxygen supplementation of up to 4 L/min for achieving stable oxygen saturation of >90%. Due to neutropenic fever (Figure 1C), empiric antibiotic treatment with piperacillin/tazobactam was initiated on D16; microbiological diagnostics were negative. A D20 CT scan showed progressive opacities consistent with worsening COVID-19 pneumonia but also treatment-related pneumonitis or—less likely—bacterial superinfection (Figure 1A) while the tumor manifestations were already regressive (Figure 1B). Repeated swabs showed decreasing nasopharyngeal SARS-CoV-2 RNA levels (Figure 1D). In light of persisting respiratory symptoms, dexamethasone 20 mg/day was administered (D20–25) for suspected pembrolizumab-associated pneumonitis. Symptoms and inflammatory markers improved subsequently, leading to termination of antibiotic treatment and corticosteroid tapering from D26 onwards, accompanied by regressive tumor and pulmonary opacities on D27 (Figures 1A, B).

After blood count recovery and improvement of the general condition, anti-cancer treatment was continued with carboplatin and paclitaxel-albumin (100 mg/m2 Q1W) from D30 onwards. Except for prolonged leukopenia, treatment was well tolerated and accompanied by stereotactic radiation of the brain metastasis and palliative radiotherapy for spine and hip. D47 CT showed further regression of tumor lesions and marked improvement of the pulmonary situation with no sign of potential residual immune-related pneumonitis (Figures 1A, B). After initiating pembrolizumab maintenance on D81, the patient was discharged on D95 (ECOG 2). The most recent restaging 6 months after treatment start showed a partial response based on iRECIST with a reduced sum of target lesions from 125.4 to 57.3 mm (−54.3%, Figure 1B). Notably, there were no signs of active pneumonitis after re-exposure to anti-PD1 treatment. The patient continued ambulatory pembrolizumab maintenance and was increasingly capable of self-care.



Immune Trajectory

Cellular and humoral immune responses to SARS-CoV-2 were assessed prior to pembrolizumab infusion (D9) and sequentially thereafter (D11, D13, D19, D25, and D39) and compared to otherwise healthy SARS-CoV-2-infected individuals.

Serum antibodies targeting SARS-CoV-2 became detectable by D18 (Figure 2A). High levels of SARS-CoV-2-neutralizing activity were observed in serum as well as for purified serum IgG obtained on D25 and D39 (Figure 2B). The appearance of circulating antibodies coincided with decreasing SARS-CoV-2 RNA levels in nasopharyngeal swabs (Figure 1D). To further assess the magnitude of the humoral immune response observed on D25 after diagnosis, the findings were contrasted to results obtained within 20–30 days of PCR confirmation of infection from a cohort of overall healthy COVID-19 outpatients with mild disease (n = 6), which has been previously described in detail (8). Compared to those, the patient exhibited higher IgM reactivity, 10-fold higher levels of IgG (Figure 2A), and 2-logs higher neutralizing serum/IgG activity (Figure 2B).




Figure 2 | Cellular and humoral immune trajectory during SARS-CoV-2 infection and immune checkpoint inhibition treatment. Cellular and humoral immune responses to SARS-CoV-2 infection were monitored on D9 prior to pembrolizumab infusion, and on D11, D13, D19, D25, and D39 and compared to controls (SARS-CoV-2-positive adult individuals with mild disease and without cancer disease). (A) Serum antibodies (IgM, IgA, and IgG) measured by ELISA (IgA, Euroimmun ELISA; IgM and IgG, Abbott Alinity CMIA) targeting SARS-CoV-2 became detectable by D18 post SARS-CoV-2 diagnosis. (B) SARS-CoV-2-neutralizing activity was measured, determined by a lentivirus-based pseudovirus neutralization assay as previously described (8) for serum and purified serum IgG from D25 on. Six patients with mild COVID-19 disease served as control for (A, B) [right panels; sample acquisition D20 to 30 after PCR confirmation of SARS-CoV-2 infection (8)]. (C) Lymphocyte subsets and their expression of activation/differentiation markers (Plasmablasts [(CD20-CD38high)%CD19+], T follicular helper cells [TFH; PD1+ICOS+], activation status of CD4 and CD8 T cells [HLA-DR+CD38+], and PD1 expression on CD4+ T cells) were determined by flow cytometry. Two subjects with mild COVID-19 disease served as control (sample acquisition for the same period as the patient). Exemplarily, flow cytometry data are shown for CD4+ PD1+ T cells.



Lymphocyte subsets and their expression of activation/differentiation markers were determined by flow cytometry and compared to two otherwise healthy individuals infected with SARS-CoV-2 (n = 2, selected by the following criteria: SARS-CoV-2-positive adult individuals with mild disease and without cancer disease). Similar to antibody kinetics, a high proportion of plasmablasts [(CD20-CD38high)%CD19+] was observed at D18, sustained compared to controls. Of note, the patient had shown a high level of plasmablasts initially that rapidly decreased following ICI treatment. T follicular helper (Tfh) cells (PD1+ICOS+) showed similar dynamics and initially decreased after ICI initiation, deferredly increasing at D18 (Figure 2C). Administration of high-dose corticosteroids entailed stagnation of Tfh levels, but during tapering and thereafter, a further increase beyond the simultaneously measured control patients was found. Furthermore, activated CD4+ and CD8+ T cells (HLA-DR+CD38+) showed a similar pattern compared to plasmablasts and Tfh cells. In comparison to Tfh and activated CD4 T cells, CD4+ T cells expressing PD1 decreased after ICI initiation and remained low. This pattern was not observed in controls.



Discussion

We report the clinical and immune trajectory as well as our clinical management approach of a patient with active SARS-CoV-2 infection at the time of pembrolizumab-based treatment initiation for highly symptomatic newly diagnosed metastatic NSCLC. While the effects of SARS-CoV-2 infection in patients already receiving ICI are increasingly studied (9, 10), the effects of a first infusion of an anti-PD1 antibody during active symptomatic COVID-19 remain unknown. Furthermore, the complex case of newly diagnosed cancer patients with urgent need for treatment and concurrent SARS-CoV-2 infection is portrayed. In a situation of rapidly increasing COIVD-19 case numbers as of November 2021, this is highly topical and needs further investigation beyond this case report.

Before treatment initiation in our patient, the risk of potential negative effects of ICI-based anticancer treatment on the COVID-19 disease course was weighed, taking into account a potential benefit of such treatment by reversing T-cell exhaustion. While the patient’s clinical situation initially worsened due to hypervolemia deemed pemetrexed-associated, the tumor manifestations were immediately responsive. Posing a considerable challenge, the patient developed worsening respiratory symptoms accompanied by heterogeneous pulmonary changes not clearly attributable to either COVID-19, bacterial superinfection, or immune-related pneumonitis. While the clinical improvement to corticosteroids hints at an irAE, morphologic features and the lack of pulmonary changes after pembrolizumab re-exposure question this etiology. Hypothetically, ICI-associated pneumonitis may have been aggravated during active SARS-CoV-2 infection due to antigen cross-reactivity and a local state of hyperinflammation.

Despite active cancer and exposure to chemotherapy, our patient showed an adequate humoral immune response with high levels of spike-specific antibodies and potent SARS-CoV-2 neutralizing activity. These values were higher than those seen in temporally matched convalescent individuals with a mild COVID-19 disease course that did not require hospitalization (8). Since mildly ill patients were shown to mount lower binding antibody responses compared to severely ill patients (3, 11), the different course of COVID-19 in our hospitalized patient and the control group has to be taken into account when discussing antibody kinetics. With regard to cellular immune response, we report higher levels of plasmablasts and activated as well as Tfh cells in our patient with ICI administration compared to controls, which is in line with a previous report from a SARS-CoV-2-infected individual under ICI treatment (10). Yet, an influence by the emerging pneumonitis to elevated adaptive immunity, especially with regard to CD4 and CD8 T cells, cannot be ruled out. Due to the lack of measurements in a control group consisting of NSCLC patients under ICI-based treatment without active COVID-19, it remains to be investigated in forthcoming studies to which extent the observed immunologic changes are influenced by initiation of anti-PD1 inhibition during active COVID-19. Immune response in SARS-CoV-2-infected immunocompromised patients has been shown to be frequently impaired, entailing severe COVID-19 courses as well as prolonged viral shedding (1). Correlating viral load, TFH, and plasmablast increase may therefore be additionally reflective of increased germinal center reaction due to antigen load (12). Taking into account the beforementioned circumstances and potential limitations, ICI treatment may possibly have contributed to the patient’s robust humoral and cellular immune response to SARS-CoV-2 infection herein reported. A potentially superior immune response by suppression of the co-inhibitory molecule PD1 however requires substantial further investigation in this context. Besides these immunological observations, our case provides helpful details to inform clinicians managing patients with a first diagnosis of metastatic NSCLC requiring treatment initiation during SARS-CoV-2-related complications.

Due to scarce data, international expert panels strongly recommended to delay/discontinue antineoplastic treatment in SARS-CoV-2-positive tested patients whenever possible (1). On the other hand, uncontrolled malignancy was shown to be a risk factor for severe COVID-19. Initiation or administration of anti-cancer therapy may be highly urgent to preserve vital functions, achieve symptom control, and improve chances of durable remission. In light of the ongoing SARS-CoV-2 pandemic, oncologists must increasingly balance these multifaceted aspects to safely provide optimal antineoplastic care. The here reported case shows feasible and ultimately efficacious treatment initiation with chemo-immunotherapy in an NSCLC patient during acute SARS-CoV-2 infection. The complexity of this clinical course underlines the importance of interdisciplinary teams for treatment of such cases including, among others, oncologists, radiologists, and infectious disease specialists.
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Immune checkpoint inhibitors (ICIs), as one of the innovative types of immunotherapies, including programmed cell death-1 (PD-1), programmed cell death-ligand 1 (PD-L1), and cytotoxic T lymphocyte antigen 4 (CTLA-4) inhibitors, have obtained unprecedented benefit in multiple malignancies. However, the immune response activation in the body organs could arise immune-related adverse events (irAEs). Checkpoint inhibitor colitis (CIC) is the most widely reported irAEs. However, some obscure problems, such as the mechanism concerning gut microbiota, the confusing differential diagnosis with inflammatory bowel disease (IBD), the optimal steroid schedule, the reintroduction of ICIs, and the controversial prognosis features, influence the deep understanding and precise diagnosis and management of CIC. Herein, we based on these problems and comprehensively summarized the relevant studies of CIC in patients with NSCLC, further discussing the future research direction of this specific pattern of irAEs.
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Highlights

	Gut microbiota, including Faecalibacterium prausnitzii, Bacteroides fragilis, and Lactobacillus reuteri, plays a critical role in the development of immune checkpoint-related colitis.

	Endoscopic biopsy is the gold standard of diagnosis, while endoscopic findings were not significantly associated with the severity of immune checkpoint-related colitis.

	Current management is based on symptomatic and steroid therapy. The utilization of biological agents according to the severity of immune checkpoint-related colitis grade is reasonable and recommended.

	Longer survival was found in patients who had a deteriorated or recurrent CIC instead of improved or resolved CIC. The influence of CIC outcome on overall survival requires to be explored further.





Introduction

Lung cancer is the leading cause of death among all cancers. In 2021, an estimated 131,880 deaths from lung cancer were recorded in the United States, with the death rate at 22% (1). As the most common type of lung cancer, non-small cell lung cancer (NSCLC) faces difficulties that over 50% of patients are diagnosed with advanced disease initially, for which the 5-year survival is nearly 5% (2). Moreover, the recommended standard treatment, chemotherapy and/or radiotherapy, offers generally modest efficacy for metastatic NSCLC patients. The 5-year survival varies from 6% to 30% when patients are treated with chemotherapy and/or radiotherapy (3, 4). Besides, target therapies, such as EGFR, ALK, and ROS1 tyrosine kinase inhibitors (TKIs), have contributed to unprecedented improvements for survival in NSCLC patients, with more moderate toxicity response than chemotherapy (5).

Recently, the emergence of immunotherapy fosters hopes for the treatment of multiple malignancies. Immune checkpoint inhibition, one of the innovative classes of immunotherapy, serves to restrain suppressive T-cell co-stimulatory signals, primarily cytotoxic CD8+ T cells, by inhibiting programmed death protein-1 (PD-1), PD-ligand 1 (PD-L1), and cytotoxic T-lymphocyte associated protein-4 (CTLA-4) (6, 7). PD-1 inherently presents in T cells, B cells, tumor-infiltrating lymphocytes, monocytes, and dendritic cells (DCs). PD-L1 exists on the surface of both antigen-presenting cells (APCs) and tumor cells (8–10), resulting in self-tolerance promotion and autoimmunity attenuation after interacting with PD-1. Similarly, CTLA-4 is typically expressed on CD4+/CD8+ T cells, B-cell subsets, and thymocytes, which is associated with the suppression of T-cell activity (11). Immune checkpoint inhibitors (ICIs) have the ability of strengthening the immune attack and promoting tumor killing (12, 13), thus improving the survival of cancer patients.

To date, PD-1 inhibitors (nivolumab, pembrolizumab), PD-L1 inhibitors (atezolizumab, durvalumab), and CTLA-4 inhibitor (ipilimumab) have been approved by the U.S. Food and Drug Administration (FDA) and the European Medicines Agency (EMA) for the treatment of advanced NSCLC (14). The combination of nivolumab and ipilimumab contributed to prolonged overall survival (OS) and progression-free survival (PFS) in patients with NSCLC (15–17).

However, the eliminated immunoregulatory control could cause unrestrained immune response activation in body organs (18), like the gastrointestinal tract, liver, lung, heart, skin, and arthrosis, which leads to immune-related adverse events (irAEs) ultimately (19, 20). Among clinically reported irAEs, gastrointestinal toxicity is the most common irAEs that results in ICI discontinuation (21–23). Because of the similar symptoms with inflammatory bowel disease (IBD) and/or intestinal infection, the diagnosis of checkpoint inhibitor colitis (CIC) might be confused. As a result, precise diagnosis and optimized therapy are essential for recognizing this specific pattern of irAEs.

Prior studies have demonstrated the incidence, risk factors, diagnosis, and management of CIC (24–29). Nonetheless, they have variable concentrations and orientations, which are complementary but not deep and comprehensive. This review comprehensively summarized the relevant research studies and advanced progress of ICI-related colitis, especially the aspects less mentioned before, like the mechanism, evidence-based management schedules, rechallenge of ICIs, and prognosis of CIC. Besides, we provided a summary of cases and case series regarding CIC in NSCLC, aiming at identifying the clinicopathological and endoscopic features of these typical patients.



Incidence and Onset

Nearly 20%–30% of patients would develop diarrhea after ICI therapy, while no more than 5% of patients have colitis (30). Patients treated with CTLA-4 inhibitors tend to experience three times higher CIC frequency than those with PD-1/PD-L1 inhibitors (19, 31, 32). It has been proposed that CTLA-4 blockade induces CD4+ T-cell activation, resulting in a generalized immune response. In contrast, PD-1/PD-L1 blockades aim at late T-cell proliferation and, therefore, cause a more localized immune reaction (33). According to previous meta-analysis and systematic reviews (30, 33, 34), the overall incidence of diarrhea was 30.2%–35.4% for CTLA-4 inhibitors and 12.1%–13.7% for PD-1/PD-L1 inhibitors. The all-grade incidence of colitis was 5.7%–39.1% for CTLA-4 inhibitors and 0.7%–31.6% for PD-1/PD-L1 inhibitors. In lung cancer, the rates of all-grade and high-grade diarrhea were 9.1%–11.0% and 0.6%–1.1% for PD-1/PD-L1 inhibitors, respectively (34). All-grade and high-grade colitis caused by PD-1/PD-L1 inhibitors separately occurred at 0.4%–0.9% and 0.1%–0.6%. The combination of PD-1/PD-L1 inhibitors and CTLA inhibitors could reach 40.4% in all-grade diarrhea/colitis. We searched PubMed and Web of Science from 2017 to October 10, 2021, and included 32 occurrences of CIC in NSCLC patients. The search term we utilized were “non-small cell lung cancer*” AND “colitis*” AND “immunotherapy*” OR “immune checkpoint inhibitors*.” All related case reports were included (Table 1). In our analysis, over 70% of patients were PD-1 inhibitor-related colitis, and patients treated with PD-1+ CTLA inhibitors were prone to suffer grade 3 CIC (Figure 1A).


Table 1 | Published case reports and case series of immune checkpoint inhibitor-associated colitis.







Figure 1 | (A) The number of CIC patients according to different ICI therapies and severity grade. (B) Time of onset (weeks) classified by different ICI therapies. CIC, checkpoint inhibitor colitis; ICIs, immune checkpoint inhibitors. *P < 0.05; ns, no significant.



ICI-mediated colitis could appear at any time, such as during treatment initiation, the steroid tapering period, or after treatment termination (59). The overall onset of CIC spanned from 0 to 6.3 months (25, 53, 60–63). Prior research studies suggested that CIC onset might vary from different ICI types. Colitis induced by CTLA-4 inhibitors seemed to happen later than that caused by PD-1/PD-L1 inhibitors. The median time to the onset of ipilimumab-induced colitis was approximately 6 to 7 weeks, with an average after two to three infusions (64–68). The range of the median onset from the last injection to diarrhea was 0 to 2 months (67, 69). As for PD-1/PD-L1 inhibitors, symptomatic colitis was less predictable with the onset from nearly 1 week to 2 years (19, 70, 71). Besides, the onset of CIC seemed to be significantly earlier for patients who received combined ICIs (70). Our analysis also showed that CIC patients with PD-1/PD-L1 and CTLA-4 therapy had earlier onset than those with PD-1 inhibitors (10 vs. 25 weeks, P < 0.05) (Figure 1B). Moreover, it could also be affected by other therapies, including previous anticancer treatment, antibiotics, and non-steroidal anti-inflammatory drugs (NSAIDs) (72). The development of CIC was of great difficulty to be predicted before symptom onset (73). Lord et al. (74) suggested that the resolution time of CIC could exceed 130 days, over 10 times than the half-life period of ipilimumab. This implies the long-term influence of immunotherapy on the immune system instead of simply checkpoint blockade at the moment of treatment in the immune cascade. Therefore, we should keep continuous vigilance during the period of ICI utilization.



Mechanism

The underlying mechanism of ICI-related colitis still remains obscure. However, extensive research studies have suggested that the proposed mechanisms included the hyperactivation of effector T cell (Teff cell), the infiltration of lymphocytes, and the increase of circulating memory T cells, thus causing proinflammatory status and the emergence of autoimmune-type presentation (25, 75–77). Besides, the gut microbiome also plays a critical role in the regulation of intestinal mucosal homeostasis (Figure 2) (78, 79).




Figure 2 | The mechanism of ICI-related colitis. The normal intestinal epithelial barrier is a highly organized mucosal surface that prevents microbiota from entering into the lamina propria. The epithelium is composed of a single layer of intestinal epithelial cells (IECs) covered by a mucus layer. Segmented filamentous bacteria (SFB) seldom breach the barrier of mucus and contact with the IECs. Immune checkpoint inhibitors (ICIs) modulate the microbiota–intestinal barrier equilibrium by inducing IEC apoptosis, resulting in barrier perturbation. The alterations of intestinal flora include the decrease of Bacteroides fragilis, Burkholderiales, and Lactobacillus reuteri and the increase of Faecalibacterium prausnitzii. Barrier perturbation is further aggravated possibly due to pathogenic Th17 cells, leading to severe intestinal toxicity resembling an early sign of colitis. Besides, the differentiation from CD8+ tissue-resident memory T (Trm) cells to cytotoxic T lymphocytes (CTLs) induced cytokines (IL-17, IFN-γ, TNF-α) to participate in the CIC emergence. In addition, CXCR3, 6, 9/10, 16, and a4b7/aEb7 receptors are also involved in the development of CIC.




Mechanism of irAEs

To target and eliminate tumor cells, T cells need two stimulating signals to be activated (80–82). One is the direct antigen stimulation mediated by the T-cell receptor (TCR) and major histocompatibility complex (MHC) class II molecule on the APCs. The other depends on the co-stimulation between CD28 receptor on T cells and CD80/86 (B7) on APCs. T-cell activation results in its proliferation, cytokine production, and CTLA4 and PD1 expression (83). The role of CTLA-4, which is constitutively located on the surface of FOXP3 regulatory CD4+ T cells, is to terminate this co-stimulation. As a co-inhibitory ligand, CTLA-4 harbors higher affinity than CD28, contributing to competitively bind CD80/86, thus blunting the immune response. In addition to the CTLA-4-mediated inhibitory interaction between T cells and APCs, immunosuppressive cytokines produced by regulatory T cells (Treg cells) include IL-10 and TGF-β and also inhibit T-cell activation and proliferation (84, 85). Conversely, PD-1 with PD-L1 does not restrain co-stimulation but suppresses the TCR downstream signaling, which results in the reduction of transcription factors and cytokines like TBET and GATA3, as well as the enhanced inhibitory effect of Treg cells (86, 87). Both CTLA and PD-1/PD-L1 inhibitors could strengthen the activation and proliferation of Teff cells, abrogate Treg cell function, induce inflammatory cytokines, probably boost humoral autoimmunity (88), and cause a range of autoimmunity-related adverse effects in multiple organs (Figure 2).



Mechanism of CIC

Several animal models with the absence of immune checkpoints have been utilized to simulate the immunological effects of CIC. Mice knocked out CTLA-4 presented diffuse immune cells infiltration in various organs and fatal colitis caused by increased T-cell activity (85, 89, 90). The PD-1 axis is of great importance in the development of innate lymphoid cells (ILCs), which have been regarded as critical effective cells at gastrointestinal mucosal surfaces (91–93). The severity of CIC was correlated to the growing mucosal number of group 3 ILCs (ILC3s) (94). Moreover, a high-level infiltration of CD4+ T cells and CD8+ T cells was reported in patients with severe colitis following immunotherapy, of which the former was more prevalent in those who underwent anti-CTLA-4 therapy and the latter usually occurred in anti-PD-1-induced colitis (95–97). Recently, a comprehensive single-cell analysis of CIC illustrated the differentiation from CD8+ tissue-resident memory T (Trm) cells to cytotoxic T lymphocytes (CTLs) (97). It was hypothesized that the abundant CD8+ Trm cells in the normal colon exerted a vital effect on CIC, and their activation prompted the subsequent assembly of CD4+ and CD8+ T cells. In addition, cytokines may participate in the emergence of CIC. The preclinical model of CIC has observed the rise of IL-17 (11, 98). The inducible gene and expression of IFN-γ and TNF-α, which induced cell death, showed a substantial increase in ICI-related colitis patients (97, 99). TNF-like cytokine 1A (TL1A) and its receptor DR3 were also upregulated in ICI-mediated colitis (100). Besides, CXCR3 and CXCR6 chemokine receptor (CXCR9/10 and CXCR16, respectively) genes presented high-level expression on colitis-related T-cell population, upregulating T-cell activity (101). Besides, three genes (ITGB7, ITGA4, and ITGAE), encoding a4b7 and aEb7 integrin receptors, were expressed in colitis-associated T-cell clusters. This might lead to lymphocyte retention in the intestinal mucosa (Figure 2) (102).



Gut Microbiome and CIC

Immunotherapy could modulate microbiota–gut barrier equilibrium by intraepithelial lymphocyte (IEL)-mediated apoptosis of intestinal epithelial cells (IECs), leading to barrier perturbation (103). The role of dysbiosis has been proposed to initiate irAEs, in which the product exposure derived by the microbiome could induce innate immune responses, probably activating self-reactive immune cells (104). Several species of gut bacteria have been indicated to potentiate Treg cell induction, which maintained intestinal tolerance (105). CD4+ T helper cells induced by IL-17 (Th17), located in the lamina propria to focus specifically on intestinal-resident segmented filamentous bacteria (SFB), could deteriorate systemic autoimmune diseases under some circumstances (Figure 2) (106, 107).

Currently, accumulating evidence has demonstrated that gut microbiome features may be linked with the development of CIC and tumor response to ICI therapy (Figure 2) (77, 108–111). Chaput et al. (112) conducted a prospective study to evaluate the intestinal microbiome characteristics at baseline and the time of gastrointestinal toxicity in 26 patients who received ipilimumab. The results showed that ipilimumab could not influence the composition of the microbiome. Nonetheless, decreased microbiota diversity was found in ICI-related colitis, especially some genera like Faecalibacterium prausnitzii (F. prausnitzii) and Bacteroides fragilis (B. fragilis) in the Firmicutes phylum.

Enrichment of F. prausnitzii might be associated with the occurrence of colitis (112). As an obligate anaerobe, F. prausnitzii has the normal function of keeping colonic mucosa integrity (111). The increase of F. prausnitzii was linked to T-cell proliferation in the gut mucosa and facilitated the recruitment of Treg cells and a4b7 T cells. In addition, it could enhance CTL concentration in the tumor microenvironment, prolonging the OS and PFS (113). The strong and beneficial response would be presented in patients with the abundance of F. prausnitzii receiving anti-CTLA-4 and/or anti-PD-1 inhibitors, possibly with the cost of immunotherapy-induced colitis.

Fragilis increase is considered to be the protective factor of CIC (81, 108). It acts to play an anti-inflammatory role in the gastrointestinal tract (114). The CTLA-4 pathway was involved in the immunoregulatory process, in which B. fragilis produced polysaccharide A to upregulate the level of IL-10, thus alleviating inflammation (115). Moreover, the anti-CTLA-4 blockade has been verified to favor B. fragilis outgrowth in the colon (116). Although B. fragilis frequency keeps stable after anti-CTLA-4 therapy (81), the elevated number of B. fragilis could further decrease the size of tumor in patients treated with ipilimumab. Besides, anti-CTLA-4 antibodies could also promote dysbiosis by reducing Burkholderiales and increasing Clostridiales bacteria presentation (103, 116, 117). The combination of Burkholderia cepacia (B. cepacia) and B. fragilis or the administration of Bacteroides thetaiotaomicron (B. thetaiotaomicron) allowed germ-free (GF) mice to decrease the gut toxicity and elicit anticancer immune response presented in normal microbiota mice (116, 118). This might be attributed to the accumulation and maturation of plasmacytoid DCs, which produced IL-12 subsequently to stimulate ICOS+ Treg cells and thus promote antitumor immunity, induced by these bacteria in the gastrointestinal lamina propria. Furthermore, the response of anti-CTLA-4 inhibitors required microbiota-dependent T-cell activation. The therapeutic efficacy of the anti-CTLA-4 inhibitor could be restored by adoptively transferring B. fragilis-specific T cells into GF mice (117). Similar experiments conducted with PD-L1 inhibitors showed that Bifidobacterium species could mediate antitumor efficacy (119). This bacterium could attenuate bowel inflammation mediated by Treg cells without detriments to the antitumor response (120). Wang et al. (94) also established ICI-related colitis models to find the change of gut microbiota. The microbiota profiling showed that Lactobacillus presented lower abundance in the ICI-treated mice stool than in the control group. Similarly, a trinitrobenzene sulfonic acid (TNBS)-built mouse model showed that intestinal inflammation could be suppressed by specific Lactobacillus reuteri strains (121). In addition, L. reuteri could augment DC function to improve antitumor response after blocking PD-L1.

Therefore, the species and relative abundance of gut microbiota could influence the development of CIC. Some specific microbial species might orchestrate the inflammation initiation, while other subsets might help perpetuate CIC. More efforts should be dedicated to further learn the complex symbiosis between bacteria and ICI-induced colitis, with the ultimate aim to manipulate the microbiota for the balance of tumor response and irAEs.




Risk Factors

The current risk factors for CIC cover past medical history and tumor type, therapy management, and molecular markers. Specifically, these included medication history, preexisting autoimmune diseases, tumor type, combined ICI therapy, and inflammatory cell levels.


Past Medical History and Tumor Type

The utilization of NSAIDs has been regarded to increase the risk of CIC (77). Patients with CIC (31%) were more common to use NSAIDs than those without CIC (5%) (P = 0.003), which is similar with IBD, and there is a correlation between NSAIDs and increased IBD flare risk (122). Conversely, vitamin D use was found to reduce the risk for ICI-related colitis (123, 124). In addition, the risk of CIC of patients who had previous irAEs is controversial. Some studies suggested that patients who had irAEs with the first ICI initiation would experience a higher risk of irAEs following alternate ICI therapy (125, 126). However, other studies showed that patients did not develop recurrent severe diarrhea or CIC when they changed to subsequent PD-1/PD-L1 inhibitor therapy after ipilimumab (127, 128). Moreover, the occurrence of CIC might relate to malignancy types. Melanoma seemed to have a higher risk of CIC compared with renal carcinoma and NSCLC (33). However, the reason behind the discrepancy between the rates from these two cancer types remains obscure.

Autoimmune disorders, including IBD, were not always considered in ICI clinical trial criterion, since the disease might worsen by non-specific T-cell activation of ICIs. Nearly 27% of patients have underlying disease exacerbation after ICI therapy, which means increased or recurrent prior manifestations (129). Few studies demonstrated that patients with preexisting autoimmune diseases would experience a higher incidence of CIC (129, 130). The occurrence of CIC in underlying IBD patients who received ipilimumab was reported at 30%. Besides, Menzies et al. (126) reported that five cases with prior IBD history who received PD-1 blockade had great tolerance without disease flare. Therefore, PD-1 inhibitors are more recommended for IBD patients than ipilimumab. Currently, a prospective clinical protocol is recruiting IBD patients who have ICI indications (AIM-NIVO, NCT03816345). This would bring critical instruction for ICI therapy of IBD patients in evaluating risk and developing decision-making.



Therapy Management

The combination of ICI therapy is reported to present a higher occurrence of ICI-related colitis. A recent meta-analysis included 27 prospective studies reporting the risk of CIC in patients with lung cancer who received ICI therapy (31, 131). The results showed that the combination of anti-CTLA-4 and anti-PD-1 therapy had a higher risk of all grades of CIC than anti-PD-1 monotherapy (RR: 1.61, 95% CI: 1.14–2.29). The combined ICIs, such as ipilimumab and pembrolizumab/nivolumab (132) and durvalumab and tremelimumab (133, 134), obtained above 10% occurrence of colitis (79, 135). Moreover, the sequential administration of ipilimumab before nivolumab showed higher rates of grade 3 colitis than nivolumab before ipilimumab (16% vs. 10%) (136). No particular toxicities were found in the combination therapy (137). The same class of ICI therapy had a similar incidence of all grades of CIC. However, the combination of chemotherapy/radiotherapy and immunotherapy could not increase the incidence of colitis but could promote tumor response rates, PFS, and OS in NSCLC (138, 139).



Molecular Markers

Several potential molecular markers, such as increased IL-17, neutrophil, eosinophil, and WBC levels, have merged to predict the development of ICI-mediated colitis (31, 140–142). Decreased baseline granulocyte colony-stimulating factor (GCSF) level was found in CIC patients (143, 144). Moreover, the association between some cell surface markers and GI-irAEs was also investigated. Shahabi et al. (145) explored the gene expression profiling of whole blood in 162 patients who were treated with ipilimumab. They found that pretreatment elevated the baseline levels of genes involved in cell cycle (WDR1, FP36L2, PCGF1, BAT1, BANF1, and SPTAN1), vesicle trafficking-correlated genes (VAMP3, SNAP23, and PICALM), and immune-related genes (RAC2, IL-32, IL2RG, CD37, CD4, and CD3E), and these were associated with developing GI-irAEs. After 3 weeks of treatment, the biomarker which distinguished GI-irAEs and non-GI-irAEs was CD177, a specific neutrophil surface biomarker that exerts effects in activating neutrophils and recruiting inflammatory cells. However, it could not be utilized alone to predict irAE occurrence because of large individual variability and its low sensitivity. Besides, CEA-associated cell adhesion molecule (CEACAM), as the essential adherent mediator in the migration of neutrophils, also showed a significant increase in the ICI-related GI toxicity group. Therefore, the changes in CEACAM and CD177 expression might become more sensitive markers than the absolute neutrophil level in the peripheral blood, and these activation steps happen in the early neutrophil recruitment.




Manifestations


Clinical Manifestations

The majority of clinical trials discriminate diarrhea from colitis, although they overlap in the most practical cases. Diarrhea is evaluated by stool increase per day. Colitis is evaluated according to clinical symptoms (blood or mucus in stool, abdominal pain) or the diagnostic findings on the imaging and endoscopic observations (146). The grading of diarrhea/colitis was according to the Common Terminology Criteria for Adverse Events v5.0 (147).

Similar to IBD, diarrhea is the most common clinical symptom of CIC (Figure 3A). It is also characterized by abdominal pain, hematochezia, fever, vomiting, nausea, and loss of appetite (77). Intestinal perforation and weight loss are less common (148). In our analysis, almost all patients developed diarrhea, ranging from 4 to 30 times. Additionally, other common clinical manifestations also include abdominal pain (25%), loss of appetite (18.75%), and hematochezia (12.5%). Obstipation, tachycardia, and malnutrition were also reported in our patients with CIC.



Imaging Manifestations

CT and/or MRI is the major radiology examination for CIC. However, CT presents a relatively low negative predictive value, with 53%–85% sensitivity and 75%–78% specificity (22, 149, 150). Colonic mucosal hyperenhancement is the most common CT sign of CIC, followed by mesenteric vessel engorgement, bowel wall thickening, fluid-filled distended colon, pericolic fat stranding, and bowel wall edema (151). In our analysis, the most common features of CT in our analysis were bowel wall thickening (10/32) (Figure 3B). Universally, the patterns of CIC could be divided into pancolitis, segmental colitis associated with diverticulosis (SCAD) enterocolitis, and enteritis (152–154). It is reported that the different CT patterns of CIC are related to corresponding clinical features. For example, patients with diffuse colitis usually have watery diarrhea, while patients with SCAD pattern have mixed watery and bloody diarrhea and cramping pain (154). When severe colitis was complicated with bowel perforation and toxic megacolon, CT would be an effective tool for diagnosis (155). The sign of non-dependent extraluminal air close to the intestine might be conducive to bowel perforation. PET-CT was also applied in CIC patients with increased 2-deoxy-2-(18F) fluoro-D-glucose (FDG) uptake (50, 150). One of our cases showed colon inflammatory activity when PET/CT was performed (45).




Figure 3 | (A) CIC physically presented more similarly with colitis than IBD, involving lymphocyte and neutrophil infiltration. (B) Radar chart of CT features of CIC. (C) Bar chart of laboratory features of CIC. CIC, checkpoint inhibitor colitis; ICIs, immune checkpoint inhibitors; WBC, while blood cells; CRP, C-reactive protein; CMV, cytomegalovirus; C. difficile, Clostridium difficile.





Laboratory Features

The serological findings of patients with CIC are not specific. Some literature has reported that markers such as C-reactive protein (CRP) or low serum albumin level counts increased in the serum of IMC patients, but this may be influenced by systemic inflammation. In a retrospective study by Abolhassani et al., 88 patients with advanced melanoma were diagnosed irAEs after receiving ICIs, and 42% of them had a high CRP level (156). In our analysis, 9 of 32 patients had an increased level of CRP, and two patients showed low albumin levels (Figure 3C). Other serum findings may also be related to CIC, such as increased IL-17 (157), eosinophil count (158), and neutrophil–lymphocyte ratio. Some patients with CIC may show anemia on serological findings because of chronic bleeding in the digestive tract (77). In our analysis, three patients showed a decreased level of WBC (Figure 3C). Besides, elevations were found in serum leucine-rich α2-glycoprotein (LRG) and creatinine (42). LRG was reported to distinguish different colitis forms like drug-related and Cytomegalovirus (CMV) colitis (42).

Fecal calprotectin is often elevated in the stool specimens of patients developing IMC, which is a predictor of disease activity and prognosis. We found two patients with CIC had elevated fecal calprotectin (Figure 3C). Zou et al. (159) retrospectively analyzed the fecal calprotectin of patients with CIC and found that it was increased at the onset of IMC while decreased after treatment. In terms of infectious pathogens, Clostridium difficile (C. difficile) was the most common pathogen. CMV and Candida were also reported in our included patients (Figure 3C).



Endoscopic Features

Early endoscopy examination is encouraged for diagnosis and prognostic assessment if CIC is suspected (22). Left-sided colitis (31%–43%) is the most commonly reported in CIC cases, followed with pancolitis (involvement of ≥3 segments) (23%–40%) and ileitis (11%–14%) (160, 161). Endoscopic inflammatory findings usually present with mucosal ulceration and non-ulcerative inflammation with similar incidence. Non-ulcerative inflammation is characterized by erythema, exudate, erosion, friability, loss of vascular pattern, and edematous or granular mucosa (58, 72, 79). Among these, erythema (14/32) and edema (11/32) were the most common endoscopic features in our CIC patients (Figure 4). Most inflammation changes are predominantly diffuse instead of patchy (73). However, half of the diarrhea patients were observed to have patchy distribution endoscopically (77), which resembles the presentation of IBD (162), especially ulcerative colitis (UC) (53, 58). Fewer individuals with CIC (35%) were found to have segmental performance, as what often appeared in Crohn’s disease (77). There is no particular grading standard for the endoscopic manifestations in CIC. Nonetheless, the Mayo score, the van der Heide score for UC, or Simple Endoscopic Score (SES) for Crohn’s disease could be utilized (61, 163, 164).




Figure 4 | The endoscopic and pathological features of CIC. CIC, checkpoint inhibitor colitis.



Several studies illustrated that clinical symptoms were not significantly associated with endoscopic manifestations (22, 165). We also conducted a correlation analysis between CIC grade and endoscopic (P = 0.581)/histological features (P = 0.821), with no significant difference found (Table 2). However, the endoscopic findings, such as ulceration and pancolitis, are the indicative factors for steroid-refractory colitis (61). The findings in the endoscope could be categorized as low risk and high risk for steroid response. High-risk presentations were defined as either ulceration larger than 1 cm and/or deeper than 2 mm or extensive colitis from the proximity to the splenic flexure of the colon (166). High-risk patients need frequent utilization of biologics (vedolizumab or infliximab). Besides, they were significantly correlated with longer hospital stays, more disease recurrence, and more requirements for the repeat endoscopy (167). Furthermore, CIC patients who received colonoscopy within 1 week of onset would experience a significantly shorter period of symptoms and steroid therapy (166).


Table 2 | Correlation of the grade of CIC with endoscopic features and histological features.





Pathological Features

The pathological features of CIC present from focal active colon injury with patchy crypt abscess to diffuse mucous inflammation (95). We found that inflammatory cell infiltration (50%), cryptitis, and/or crypt abscesses (33.3%) were the most frequently reported pathological features (Figure 4). These presentations might precede the onset of clinical symptoms. Coutzac et al. (95) included asymptomatic patients who received colonoscopy 1 to 2 weeks after treatment with ipilimumab and found that colon inflammation existed before the symptom development, although most of the symptoms of the patients occurred 3 weeks later. When they ultimately presented with symptomatic diarrhea or colitis, the histological observations exhibited more severe lamina propria infiltration. CIC pathological patterns could be summarized as follows: active colitis, chronic active colitis, microscopic (collagenous and lymphocytic) colitis, ischemic colitis, increased apoptosis, and non-specific inflammatory reactive changes (168–170). Patterns overlapping might exist in the microscopic presentation of CIC.

Active colitis is the most frequent pattern of histopathologic finding in ICI-mediated colitis. The typical manifestations of active colitis are lamina propria neutrophilic infiltrate, crypt abscesses, and neutrophilic cryptitis, with or without crypt dropout/atrophy (171, 172). The atrophic crypt epithelium is attenuated, which admixes apoptotic debris and inflammatory cell (173), resembling mycophenolate-caused colitis. Granulomas accompanied with crypt rupture have also been found (32, 174). Intraepithelial lymphocytes and increased apoptosis might or might not appear.

Microscopic colitis means lymphocytic and collagenous colitis (95), which has been found in 12% of CIC cases (66, 79, 175). Usually, lymphocytic colitis has the histological characteristics of a normal crypt structure, with increased lymphoplasmacytic inflammation in the lamina propria and intraepithelial lymphocyte infiltration, but no significant acute inflammatory presentation (176, 177). Collagenous colitis is an infrequent manifestation of CIC, which has increased intraepithelial lymphocytes and thickened subepithelial collagen (66). However, the atypical feature of microscopic colitis has also been reported, like crypt abscesses and neutrophilic cryptitis of active IBD (178). Gallo et al. (41) reported a patient with lung cancer who received atezolizumab presented collagenous colitis along with acute neutrophilic inflammation. Besides, Choi et al. (179) showed that patients with microscopic colitis induced by ICIs would have higher hospitalization rates and more aggressive course of disease and need more treatments like steroids and/or immunosuppressants than those without exposure to ICIs.

Chronic active colitis, one of the pathological patterns of IBD, has also been reported in ICI-mediated colon inflammation, particularly in patients with recurrent ICI therapy. This type is characterized by increased basal plasmacytosis and lymphoplasmacytic infiltration in the lamina propria, along with acute inflammation presentation of crypt abscess/cryptitis (172). The chronic manifestations, Paneth cell or pseudo-pyloric metaplasia and crypt structural distortion, constantly appear (63). The chronic feature could appear simultaneously with active colitis or develop gradually based on it. Yamauchi et al. (53) reported that three cases with colitis induced by nivolumab exhibited similar endoscopic and histopathologic features with ulcerative colitis at the initiation of diagnosis, and therapy for ulcerative colitis was applied successfully on these patients. Besides, one study (172) found that nearly half of patients who appeared with active colitis initially developed chronic features mentioned above. Therefore, ICI-related colitis has been considered as a specific IBD form (77). Approximately 60% of patients could have chronic inflammatory presence in the pathological section of ICI-induced colonic injury (22, 32, 180).

Increased crypt epithelial apoptosis always occurs in concurrence with other CIC patterns, including lymphocytic colitis, active colitis, and chronic active colitis. Isolated increased apoptosis with the absence of active and/or chronic inflammatory manifestation, imitating graft-versus-host disease, is less common (169). Ischemic colitis is also a rare pattern of CIC, presenting with atrophic crypts, reactive epithelial changes, and fibrosis in the lamina propria (32). In addition, non-specific inflammatory reactive changes, including lymphoplasmacytic infiltrate increase in the lamina propria along with epithelial attenuation and reactive changes and depleted mucin, are also presented in the colon injury pattern.




Diagnosis

New emerging abdominal symptoms after immunotherapy for NSCLC, especially acute diarrhea, need consideration of CIC (181). However, few patients only present with abdominal pain instead of diarrhea (50). Typically, the diagnosis of CIC is made by exclusion of infection, IBD, and tumor metastasis. Fecal etiology helps to rule out intestinal microbial infection. Endoscopy with biopsy, contributing to evaluate inflammatory severity, has been considered as the gold standard criteria for the diagnosis of ICI-related colitis. In addition, imaging examination like CT also assists in diagnosing serious complications such as toxic megacolon and intestinal perforation.

The most common differential diagnoses include infectious intestinal diseases and IBD. The infectious pathogens, such as CMV, Salmonella, C. difficile, and parasites, should be examined foremost for the diagnosis of CIC. It is worthy to notice that CIC could develop with bowel infection at the same time. One of our cases developed CIC that coexisted with CMV and Salmonella (46). Therefore, in addition to etiology detection, endoscopic biopsy is essential for accurate diagnosis. Moreover, tumor immunity could be triggered by blocking the pathways of PD-1/PD-L1/CTLA-4, while the immunity to infection could be inhibited. Therefore, several cases were infected with C. difficile after CIC (43). Under this condition, CIC would get worse, and it is necessary to add antibiotics in time. Besides, the pathogenesis and endoscopic manifestations of CIC resemble those of IBD (162, 166). However, there still exist differences in pathological appearance between CIC and IBD. Histologically, CIC is characterized with active colitis, such as neutrophilic infiltration, crypt microabscesses, and prominent crypt epithelial cell apoptosis, while IBD usually shows chronic inflammation signs, including basal lymphocytosis, crypt architectural irregularity, and Paneth cell metaplasia (173). In addition, compared with UC, CIC showed less basal plasmacytosis (14% vs. 92%), less crypt distortion (23% vs. 75%), and more apoptotic bodies ((17.6 ± 15.3 vs. 8.2 ± 4.2) (182). It is noteworthy that the clinical presentations could distinguish these different clinical entities when the histologic findings overlap, including the onset of symptoms soon after ICI initiation and other concurrent irAEs (25). Moreover, recent research illustrated distinct immunological features of colonoscopy from CIC and IBD patients, with predominantly CD4+ T cells and Treg cells in the anti-CTLA-4-induced colitis and IBD patients, respectively (95).

In summary, the precise diagnosis of CIC requires multidisciplinary discussion and persistent monitoring, which also plays a critical role in grade assessment.



Management

At present, minimal prospective trials have been designed to evaluate the optimal therapeutic modality for CIC. Consequently, current management guidelines are on the strength of expert opinion and retrospective studies, recommending systemic corticosteroids as the first-line therapy uniformly (19, 71, 183). The treatment is ideally initiated not exceeding 5 days of symptom appearance (23). The specific management is mainly based on severity degree. Pretreatment examinations include infectious etiology (stool parasitism and calprotectin), blood testing (C-reactive protein, celiac disease serology, comprehensive metabolic panel, complete blood count, etc.), hepatitis serology, and tuberculosis testing, which are beneficial for monitoring treatment response and preparing for biologics if corticosteroids do not work (184).


Steroid

Systemic high-dose glucocorticoids are typically effective for CIC cases, equaled to prednisone of 1–2 mg/kg/day, obtaining nearly 90% efficacy (185).


Steroid Therapy Classified by Grade

For grade 1 diarrhea/colitis, supportive treatments, such as anti-motility agents (atropine/diphenoxylate, loperamide), adequate hydration, and dietary adjustments (low-fiber, bland diet), are recommended (186). Budesonide has been proposed to reduce symptoms in patients with ICI-mediated colitis (19). ICIs could continue to be utilized without delay or interruption in the management of colitis.

For grade 2 diarrhea/colitis, ruling out the infectious factors, systemic corticosteroids (prednisone/intravenous methyl-prednisolone of 1–2 mg/kg/day) should be initiated until symptom improves to grade 1 or less. After that, the taper of steroids is recommended for at least 4 to 6 weeks (186). Endoscopy and abdominal CT should be considered strongly. In terms of ICIs, anti-CTLA-4 agents should be discontinued permanently, while anti-PD-L1 agents could be continuously held. Besides, PD-L1 inhibitors also could be resumed as monotherapy when symptoms have improved/resolved, or prednisone is reduced to 10 mg/day or less (19, 183).

For grade 3 to 4 diarrhea/colitis, the discontinuation of ICIs should be immediate and permanent (19, 71, 183, 187). Patients are usually admitted to the hospital for urgent evaluation and continuous monitoring. Intravenous methylprednisolone of 1–2 mg/kg is the prompted initial therapy (24, 79). It is also necessary to keep electrolyte balance and implement aggressive fluid resuscitation for grade 3–4 CIC patients. The corticosteroid response for grade 2–4 toxicity should be assessed early after 2–3 days. Non-responders are recommended for escalation to a biological agent.

We also investigated the therapeutic features stratified by CIC grade (Table 3) and depicted the steroid duration and taper (Figure 5). We unified different steroid types to methylprednisolone (MP) equivalents and further classified them into high-dose, intermediate-dose, and low-dose groups, based on the initial administered dose. Since we observed that not all cases pointed out the weight of the patients, two distinct steroid dose specifications (mg/kg/day and mg/day) were established to describe the utilization of steroid. Our data showed that the median steroid initial dose was nearly 60 mg/day or 1 mg/kg/day (MP), with no significant difference found in grade 2 and 3–4 CIC patients (Table 3). In terms of dose group, low-dose steroid was more frequently used in grade 3–4 CIC patients, while high-dose steroid was more common in grade 2 CIC patients, although no significant discrepancy existed (Table 3). Extensive sample size studies with more specific steroid data are required to illustrate steroid use.


Table 3 | The characteristics related to the management of CIC stratified by grade of CIC.






Figure 5 | The drugs that every case utilized and the definite continuous and taper time. All the steroid doses were converted to equivalent MP. MP, methylprednisolone; TM, tacrolimus; IFX, infliximab; CP, cyclosporine; ALM, adalimumab; VLM, vedolizumab; 5-ASA, 5-aminosalicylic acid.





The Quantifying, Taper, and Maintenance of Steroid

Limited data underscore the quantifying of steroids in treating ICI-related diarrhea/colitis. A retrospective study (188) included 90 patients with ICI-induced gastroenterocolitis and divided them into three groups based on steroid dose: “limited or none,” prednisone equivalents <7.5 mg/day on average for over 2 months; “moderate,” prednisone equivalents >7.5 mg/day on average for over 2 months; and “high,” prednisone equivalents ≥1 mg/kg/day for over 1 week (189, 190). They found that the high-dose steroid group had decreased PFS (HR = 2.54, 95% CI: 1.11–5.80, P = 0.03), while OS was not influenced by systemic steroid treatment for gastroenterocolitis mediated by ICIs, after the adjustment of covariates. Another study focused on the maintenance of steroid management (191). The results showed that grade 3 CIC has a median average steroid duration of 58 days. Overall grade steroid duration was 94 days, twice than grade 3 or 4 CIC steroid duration. This placed quite a few patients at risk of iatrogenic complications such as mood change and infection. Therefore, continuous supportive care during the utilization of steroid should be reinforced as well (192). The recommended taper time was 4 to 8 weeks (193, 194). The cases we included had a median steroid taper duration at nearly 5 weeks, with grade 2 and grade 3–4 CIC at about 10 and 5 weeks, respectively (P = 0.041) (Table 3). In 20 CIC patients with exact steroid data, 9 of them chose the steroid decrement after the improvement or resolution of CIC, and the duration of continuous steroid use varied from 3 days to 12 weeks (Figure 5).




Biological Agents

Approximately 30%–60% of ICI-reduced diarrhea/colitis patients appear recalcitrant to first-line glucocorticoid, showing no response to high-dose steroid within 72 h of onset or no complete response in 1 week (61). They should be considered for second-line immunosuppressants. Besides, patients who suffer relapses during the steroid decrement or after finishing the steroid course also require additional immunosuppression (28), with the recurrent incidence of 44% for CTLA-4 inhibitors and 34% for PD-1/PD-L1 inhibitors (195). Similarly, our analysis also suggested that patients were more likely to receive biological agents (42.86% vs. 6.25%, P = 0.018) if they suffered from a deteriorated or recurrent CIC outcome rather than an improved or resolved outcome (Table 4). Additionally, colon ulceration, pancolitis, and high van der Heide or Mayo score are identified as the predictive factors correlated to the utilization for secondary immunosuppression (22, 61, 167). In addition, the biopsy specimens of CIC patients who required infliximab showed higher CD68 scores and CD8/FoxP3 ratios than those who responded to steroid (196).


Table 4 | Baseline characteristics of the NSCLC cases with CIC we included.



Current studies demonstrate that infliximab (IFX) and vedolizumab are the primary therapeutic approaches for steroid-refractory CIC patients (31, 71). Vedolizumab could be utilized in cases when infliximab is contraindicated or ineffective (186).

IFX, a TNF-α antagonist, has been verified to promote tumor immunity and relieve resistance to PD-1 inhibitors significantly (195, 197). Few prospective studies are conducted to illustrate the dose of IFX, while different guidelines showed almost universal recommendations that the initial dose is at 5 mg/kg (q2w) until symptoms improve (19, 71, 183, 198). Seventy-two percent of patients recover with one IFX dose, though the requirement for two or three doses is common (19, 77, 196, 197). However, IFX is reported to induce a rare type of hepatitis (199) and is limited in patients with hepatitis B virus or latent tuberculosis history (200, 201). Moreover, IFX utilization is notably correlated with lymphomas and skin cancer in young adults, while this correlation might be confounded by overall increased malignancy risk and previous thiopurine utilization (202). Golimumab, certolizumab, adalimumab, and etanercept could be alternatives to IFX if paradoxical adverse events occur in CIC patients (203).

Vedolizumab, an antagonist of α4β7 on CD4+ T cells, prevents T cells from aggregating and homing into the inflammatory intestinal mucosa. The unique gut selective mechanism could avoid systemic immunosuppression without substantially changing antitumor response to chemotherapy (28). It is administered to treat steroid-refractory cases with 300 mg infusions at 0, 2, and 6 weeks or until laboratory or clinical improvement (204, 205). Bergqvist et al. (206) reported seven patients with steroid-refractory or steroid-dependent CIC who recovered by using vedolizumab. CIC with microscopic colitis on histopathology also has a response to vedolizumab (205). The potential risk of tumor progression in patients with lymph nodes metastasis might be minimized by vedolizumab since its gut selectivity (207). In addition, utilizing vedolizumab, which has the same potential as IFX, could not increase secondary tumor risk in vulnerable individuals.

Increasing research studies support the early introduction of biological agents in the therapy algorithm (60, 197, 208). Wang et al. (60) pointed out that a long period of steroid monotherapy could increase the infectious risk in contrast to a short period of steroid such as IFX, which suggests that the early utilization of steroid-sparing therapy might improve the prognosis. Abu-Sbeih et al. (208) recruited 179 CIC patients who received biologic therapy (IFX and vedolizumab) to explore their clinical outcomes. They found that over half of the patients significantly experienced lower hospitalization, shorter symptom duration, shorter steroid taper/taper attempt, and higher success rate of steroid taper. Decreased fecal calprotectin levels and the promoted histologic regression rate were found in patients treated with over three infusions of biologics. Usually, the biologics withdrawal happens in the endoscopy finding of mucosal healing, if there is an attempt to resume ICI therapy. However, no prospective studies have emerged to verify the effectiveness of biologics as first-line therapy. ASCO guidelines stated that individualized therapeutic decisions should be recommended all along (79).

Besides, there are also other potential biologics for refractory ICI-related colitis (203). Anti-IL-1 blockade (anakinra), anti-IL-17 blockade (ixekizumab), anti-IL-23 and anti-IL-12 blockade (ustekinumab) (209), mycophenolate mofetil (MMF) (210, 211), and ciclosporin (54), aiming at blocking critical inflammatory components participating in the pathophysiological process of irAEs, are reported to exert considerable effects in treating severe CIC. Besides, Janus kinase (JAK) inhibitors (tofacitinib) have shown efficacy in CIC patients (212). More studies are warranted to evaluate the usefulness of these biologics in ICI-induced colitis.



Fecal Transplants

The intestinal microbiome has been hypothesized to play an essential role in the occurrence of CIC. Various gut microbiomes are correlated to induce or alleviate ICI-mediated colitis. Fecal transplantation, contributing to gut microbiome reconstitution and regulatory T cells relatively increasing within the colon mucosa, has been proposed as an optional therapeutic approach for patients with severe or refractory CIC. However, available guidance comes from limited case reports. Wang et al. (213) reported two cases with non-healing CIC who completely recovered after receiving fecal transplantation. Another case that was reported by Fasanello et al. had CIC healed successfully with fecal transplantation (214). Convincing prospective studies are required to verify these observations.



Surgery

Patients with CIC could deteriorate to colonic perforation, although with the estimated incidence of 1% to 1.5% (71). Emergency colectomy is recommended to be the most effective treatment. Specifically, subtotal colectomy is preferred since the colon lesions are extensive. Segmental colectomy is usually utilized in the remaining severe colonic inflammation in the postoperative period (77). We also included two NSCLC cases with colonic perforation after receiving ICI therapy (50). One recovered after surgery and rechallenge ICIs with ongoing partial regression (50), while the other ultimately succumbed to infectious complications (55). The predictive risk factors for colon perforation are limited. Smith et al. (215) found that CIC patients who received ipilimumab followed with high-dose IL-2 treatment were prone to present perforation than patients who received one of these therapies alone. Heightened vigilance and timely surgery to this severe complication can improve the clinical outcomes effectively.




Prognosis

Several speculations arise from the association between CIC outcome and survival, whose evidence is rare and conflicting. Two retrospective studies reported that patients who developed ICI-related diarrhea/colitis had a superior OS than those without gastrointestinal toxicity (60, 216). In addition, two simultaneous or sequential irAEs may herald better clinical outcomes. Patients with both colitis and rash caused by immune therapy had a significantly better OS (28.6 vs. 19.9 months, P = 0.018) and PFS (16.1 vs. 3.2 months, P = 0.001), in contrast to patients with colitis but no rash (217). Obviously, irAEs indicated encouraging tumor response and clinical benefit in patients, which meant longer PFS and OS (216–219). Similarly, our analysis showed that CIC patients with deteriorated or recurrent outcomes had longer OS than those with improved or resolved outcomes (28.5 vs. 13 months, P = 0.015) (Table 4). Besides, the CIC course was shorter in CIC patients with resolution or improvement, compared with those with deterioration and recurrence (0.84 vs. 6.25 months, P < 0.001) (Table 4). Moreover, we found that over 60% of patients with grade 2 CIC experienced resolved or improved CIC outcomes, while nearly half of patients with grade 3–4 CIC experienced deteriorated or recurrent CIC outcome (Table 3). Generally, higher grade irAEs were reported to suffer inferior prognosis (220). However, several studies showed that no significant correlation was observed between CIC and survival (221, 222). Therefore, the correlation between irAEs and survival needs further verification, and the involved mechanisms are warranted to be clarified.

Predictors for CIC are still on exploration. Several serum markers like CRP, LDH, and fecal calcitonin and their association with CIC prognosis have been investigated. Justine et al. revealed that patients with elevated CRP level had a higher risk of irAE recurrence (223). LDH ≥618 IU/L was related to a poor prognosis in CIC patients (60). Conversely, the decrease of fecal calcitonin after treatment occurred more significantly in patients with CIC remission under endoscopy, which could be used as a non-invasive tool for monitoring and evaluating the response of CIC (159). Nevertheless, the value of fecal calcitonin was limited by its 54% specificity in predicting the endoscopic remission of CIC (166). Furthermore, CIC with immuno-suppressive therapy might be associated with improved OS and PFS compared with CIC without immunosuppressive treatment (25, 60). Higher grade diarrhea could predict great prognosis (216). In addition, the application of antibiotics at any time was reported to decrease the incidence of CIC recrudescence, and patients in our analysis who experienced poor CIC prognosis (P = 0.025) or had higher CIC grade (P = 0.025) were more frequently utilized antibiotics (Tables 3 and 4). However, it could increase the frequency of hospitalization and intensive care unit hospitalization and exacerbate CIC severity (224).



Rechallenge and Recurrence

A great number of meta-analyses and retrospective studies showed that the resumption after irAEs was potentially effective and relatively safe in selected individuals with careful monitoring (225–229). Universally, patients who improved to grade 1 or less diarrhea/colitis could resume ICI therapy. Any grade 4 irAEs, especially cardiac and neurologic toxicities, are not allowed to continue or reuse ICI (225). The patterns of ICI reintroduction included the same ICI utilized before, the same type of ICIs, and the switching of ICIs of distinct types. Kitagawa et al. (230) showed the safety and efficacy of rechallenging ICIs in patients with NSCLC reported in prior studies. They found that switching ICI class therapy obtained a superior outcome, with over 50% of patients experiencing stable or partial regression disease. Gobbini et al. (231) demonstrated that NSCLC patients discontinuing for irAEs had more prolonged survival than those discontinuing for disease progression. After ICI rechallenge, the recurrence rate of irAEs varied from 37% to 78% (227, 232–234). Among these recurrent irAEs, colitis showed significantly higher incidence than other irAEs (227). Nearly 20%–30% of patients would experience recurrent grade 3 CIC (195, 233). In our analysis, 12.5% (4/32) of patients (36, 43, 50, 54) were retreated with the same ICI therapy used before, one of which experienced the recurrence of grade 3 enterocolitis (54). All of these patients who were reintroduced to ICI therapy harbored deteriorated/recurrent CIC outcomes (P = 0.037) (Table 4). Furthermore, a multicenter retrospective study compared the clinical outcomes in ICI retreatment and discontinuation group patients (229). The results showed that retreatment patients had fewer steroid requirements and less hospitalizations (P = 0.007). Besides, the outcomes of recurrent irAEs were found to be more severe if patients were treated with immunosuppressants before, and thus, they need more intensive immunosuppressive treatment. A retrospective study (205) investigated a patient subset of reinitiation ICI therapy. They found that most of the patients need steroid, while a minority of them required IFX or vedolizumab, regardless of whether in the initial or recurrent episode. Our analysis showed that 25% (8/32) of patients (36, 41, 43, 46, 48, 54, 57) had recurrent ICI-mediated colitis without ICI retreatment, which received subsequent therapy involving probiotics, antidiarrheal drugs, antiviral drugs, steroid, and immunosuppressants. Four cases with CIC finally did not improve or deteriorate after the second treatment (36, 41, 48, 54). The risk factors associated with CIC recurrence included early irAE development, long duration of the initial CIC, initial application of immunosuppressants, pneumonitis, hepatitis, age over 65, advanced tumor stage, CTLA-4 inhibitors use (227), and less antibiotic therapy (205, 224). In addition, the factors—good performance status at ICI resumption, the duration and response of the initial ICI course, longer ICI-free interval, and high PD-L1 expression—were considered so far as correlated to clinical benefit from ICI retreatment (235, 236). Actually, with the increasing interest in immunotherapy reintroduction in recent years, we still need further ad-hoc-designed and prospective studies to assess the efficacy and safety of the diverse immunotherapy strategies.



Summary

ICI-mediated colitis is the most common irAEs. The incidence varied with different types of ICIs, with combined ICI therapy obtaining the highest occurrence and severity. Gut microbiota plays a critical role in the development of CIC. Endoscopic biopsy is the gold standard of diagnosis, and the consideration combined with medication history is necessary. Current management is based on symptomatic and steroid therapy. The utilization of biological agents according to the severity of CIC grade is reasonable and recommended. The association between CIC and survival is obscure and requires to be explored further. Rechallenge of ICIs is on heated debate. On the condition of symptom control, the reintroduction of ICI is worthy of consideration, with persistent monitoring and evaluation certainly.



Strengths and Limitations

This review summarized the latest studies to demonstrate the comprehensive characteristics of ICI-related colitis, especially the mechanisms and treatment. We also collected the CIC cases with NSCLC as an example to analyze the differences between different CIC grades and outcomes. The association between endoscopic findings and the severity of ICIs-related colitis has been evaluated as well. We hoped that our comprehensive review could bring some inspiration in clinical practice. In addition, we explored the correlation between initial steroid dose and CIC outcome, but no significant results were found due to the small sample size and limited accurate data. Although we focused on the NSCLC cases with ICI-mediated colitis, the understanding of irAEs is regardless of cancer species. Moreover, we are conducting real-world studies in our center and we hope that large sample data could present more reliable results.



Future Direction

In the future, early prediction and detection and timely and effective treatment are the two main aspects we need to investigate continuously.

Most studies have focused on the predictive factors for survival outcomes or treatment response (237, 238), while comparatively limited research studies could find biomarkers characterizing irAEs (239, 240). Lim et al. established the CYTOX score covering 11 proinflammatory cytokines and validated its efficacy in predicting severe irAEs which need high-dose corticosteroid therapy (241). However, in view of the extensive organ specificity or systemic presentations in irAEs and the distinct potentially inflammatory mechanisms concerning the adverse events, it is still difficult to translate relevant results to clinical practice. Besides, specific biomarkers are warranted to be explored with a large number of verified preclinical models.

As for the treatment, the optimal steroid dose and continuous/taper time remain inconclusive. Besides, steroid utilization for treating irAEs has become a field with growing controversy. Quite a bit of evidence suggested that the antitumor efficacy of ICI could be weakened by the wide range of immunosuppressive function of steroid (242–244). However, a single-center study (245) recruited 372 patients according to the different indications (irAEs and others) for steroid. They found that using systemic steroid for irAEs could not influence tumor response and OS, while for other indications (usually correlated to poor prognosis), it could. In addition, we also know little about the immune microenvironment effect by systemic corticosteroids administration. A few case reports implied a temporal correlation between steroid therapy, decreased cytokine expression, and irAE resolution (96). Notably, Tyan et al. (143) found that steroid could disrupt the specific harmonization pattern in irAE patients, which suggested the elimination of activated immune states and thus verified the worse outcome in patients without irAEs or in patients treated with steroid. More subgroup analysis is required to associate irAEs and steroid utilization with survival. Except for steroid treatment, current clinical trials, concerning the use of IFX and vedolizumab (NCT04407247) for CIC patients and tofacitinib (NCT04768504) for refractory CIC patients, are looking forward to presenting profound results. Clinical studies on fecal transplant involved in the gut microbiome have also been in the phase of recruiting participants (NCT03819296 and NCT04038619).

Numerous scientists have been persistently working to investigate the development of irAEs. We hope that one day in the future, irAEs could be specifically predicted and its risk could be assessed by simple and convenient detection biomarkers. The cooperation among multiple disciplines should be strengthened for the continuous monitoring of CIC. Novel treatment strategies are expected with a few side effects. Furthermore, we also need more research studies about the clinicopathological and biological characteristics of CIC to help us better understand this specific subset of irAEs.



Statistical Analysis

We analyzed the differences of CIC onset in different ICI therapy groups by Mann–Whitney U test. The descriptive analysis was conducted to describe the baseline features and the intergroup discrepancies in distinct CIC grade and CIC outcome groups. Fisher’s exact or chi-square test and Kruskal–Wallis test were performed to analyze categorical and continuous variables, respectively. Categorical variables were expressed as counts and proportions. Continuous variables were delineated as means and standard deviations. We utilized the statistical software packages R and EmpowerStats (X&Y Solutions Inc., Boston, MA, USA) to perform all the statistical analyses. The statistical significance was presented as two-sided P-values less than 0.05.
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Immune checkpoint blockade (ICB) therapy has provided clinical benefits for patients with advanced non-small-cell lung cancer (NSCLC), but the majority still do not respond. Although a few biomarkers of ICB treatment response have been developed, the predictive power of these biomarkers showed substantial variation across datasets. Therefore, predicting response to ICB therapy remains a challenge. Here, we provided a concise combinatorial strategy for predicting ICB therapy response and constructed the ICB treatment signature (ITS) in lung cancer. The prediction performance of ITS has been validated in an independent ICB treatment cohort of NSCLC, where patients with higher ITS score were significantly associated with longer progression-free survival and better response. And ITS score was more powerful than traditional biomarkers, such as TMB and PD-L1, in predicting the ICB treatment response in NSCLC. In addition, ITS scores still had predictive effects in other cancer data sets, showing strong scalability and robustness. Further research showed that a high ITS score represented comprehensive immune activation characteristics including activated immune cell infiltration, increased mutation load, and TCR diversity. In conclusion, our practice suggested that the combination of biomarkers will lead to a better prediction of ICB treatment prognosis, and the ITS score will provide NSCLC patients with better ICB treatment decisions.
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Introduction

Lung cancer is the most common malignant tumor in the world (1). In the current clinical practice, immune checkpoint therapy (2, 3) and combination therapy strategy (4, 5) has achieved amazing therapeutic effects in the treatment of cancer and have changed the clinical management of cancer. However, despite the strong improvement of these antibodies in cancer treatment, it is important to note that most patients fail to respond to ICBs or even have to stop treatment because of immune-related adverse events (6). Therefore, predicting ICB response is a key challenge in guiding patients to select current checkpoint immunotherapy and providing indicators of early treatment response.

Several biomarkers for predicting responsiveness to ICB treatment were developed. PD-L1 expression was one of the most promising biomarkers, which higher level of expression contributed better benefit. Nevertheless, some studies reported that advanced NSCLC patients with lower PD-L1 expression still benefit from anti-PD1 therapy (6–8). Tumor mutation burden (TMB) emerged as a biomarker for ICB patient stratification, in which abundant non-synonymous mutations lead to an increased number of neoantigen, potentially increasing immune recognition and response (9). Higher TMB is associated with improved prognosis and increased response rate to ICB therapies in most studies (9–11). In addition, several immune escape mechanisms hindered the application of ICB therapy (12). Decreased T-cell infiltration has been reported to be associated with a poorer prognosis (13), and TGF-β signal limits the infiltration of T cells, forming a suppressed immune microenvironment (14, 15). These mechanisms were also used to develop ICB response biomarkers, such as TIDE (16) and PAN-fibroblast TGF-β response signature (17).

Due to the complexity of factors affecting immune checkpoint therapy, current biomarkers mainly involve a single ICB response mechanism, which is not good in predicting the prognosis of non-small cell lung cancer immune checkpoint therapy (18). Therefore, it is still a meaningful topic to explore the prognostic markers of ICB in non-small cell lung cancer.

Therefore, in this study, we focused on building a combinatorial biomarker for ICB treatment in lung cancer. Firstly, we evaluated genes related to ICB response biomarkers including cytotoxic T lymphocyte (CTL) level, TMB, and TGF-β signal. Then, an ICB treatment score (ITS) for lung cancer was established by integrating these genes. The relationship of the ITS with immune activity and mutations was also analyzed. Finally, we found that the ITS is a powerful prognostic biomarker and predicts the response to immune checkpoint inhibitors.



Method


Data Acquisition

Gene expression with the format of fragments per kilobase million (FPKM) and mutation data of TCGA-LUAD and TCGA-LUSC sample were obtained from UCSC Xena (http://xena.ucsc.edu). For the NSCLC ICB treatment cohort, we collected gene expression and the corresponding clinical response data of ICB pre-treatment patients from the Jung et al. (19) study. We also validated the prognosis efficiency of ITS score in three additional datasets including Gide et al. (20), Van Allen et al. (21), and Mariathasan et al. (17), involving two other cancer types. RNA-seq data of these ICB treatment cohorts were obtained through the supplementary materials of original publications.



Calculation of ICB Treatment Signature (ITS) Score

We used the average expression level of CD8A, CD8B, GZMA, GZMB, and PRF1 to characterize cytotoxic T lymphocyte (CTL) levels. The TGF-β signaling score was calculated based on signatures proposed by a previous study (22). By spearman’s rank correlation test, we screened genes associated with CTL and TGF-β signaling with cor greater than 0.3 and FDR less than 0.01. According to TMB, patients were equally divided into three groups, high, middle, and low, and the differential genes between TMB-high and TMB-low group screened by Wilcoxon rank-sum test were considered to be TMB-related genes. Pathway enrichment analysis of genes was carried out with a hypergeometric test described previously (23). We selected genes associated with both high CTL level and high TMB and excluded immunosuppression-related genes as the ICB treatment signature (ITS). For each sample, the ITS score was calculated by ssGSEA (24) with default parameters in the “GSVA” R package. The interaction network analysis of ITS genes was performed by the Metascape online tool (25).



Robustness Evaluation of ITS

We assessed the robustness of the prognostic power of ITS using the following methods. Firstly, ITS scores calculated by GSVA (26), Zscore (27), and PLAGE (28) with default parameters were used to evaluate whether the prognostic efficacy of ITS depended on specific scoring methods. Then, we evaluated the prognostic efficacy of signatures derived from multiple combinations of genes related to CTL, TMB, and TGF-β to discuss the necessity of three factors. And we randomly selected genes from ITS 100 times in a fixed proportion, from 0.1 to 0.9, to discuss how much does the absence of some genes in ITS effects the predictive power.



Immune-Related and Genomic Features of Lung Cancer Sample

We calculated and collected expression signatures, CIBERSORT fractions, DNA damage scores, intratumor heterogeneity (ITH), TCR/BCR diversity, stromal fraction, and Leukocyte fraction for each lung cancer sample (22). Expression signatures include proliferation, macrophages regulation, overall lymphocyte infiltration, TGF-β response, IFN-g response, and wound healing. The composition ratio of 22 immune cells in the sample was inferred using the CIBERSORT algorithm (29). Some immune cell types were aggregated to a major class including total lymphocytes, total dendritic cells, total macrophage, and total mast cells. These proportions were multiplied by leukocyte fraction, estimated from a mixture model with specific methylation probes, to yield corresponding estimates in terms of overall fraction in samples. ABSOLUTE algorithm (30) was used to calculate tumor purity, aneuploidy scores, and ITH. The stromal fraction was defined as the total non-tumor cellular component, obtained by subtracting tumor purity from unity.



Screening Features Associated With ITS Scores

We used linear mixed-effects models to associate ITS score with TME features in lung cancers using the “lme4” R package. For each feature, we compared a model with the feature to a model without this feature using an ANOVA to determine whether the ITS score was significantly associated with this feature in lung cancers. We adjusted patient age and sex and set cancer type as a random effect in every model. This allowed us to consider a different baseline value for the feature in LUAD and LUSC. The conditional R2 was reported which reflects the variance explained by the fixed and random factors. An FDR adjustment was applied to the p-values from the linear mixed-effect model. Features with FDR less than 0.01 were considered to be correlated with ITS score.



Statistics Analysis

All statistical analyses were performed with R statistical software version 3.5.2 (http://www.R-project.org). Wilcoxon rank-sum test was used to determine the significance of differences between the two groups. The correlation between the two continuous variables was evaluated by spearman’s rank correlation test. The survival curves were calculated with Kaplan-Meier estimation, and the differences between survival curves were calculated by log-rank test. The hazard ratio, multivariate analysis adjusting for clinical parameters was determined through a Cox proportional hazards model. Survival analysis was carried out using the “survminer” and “survival” R packages.




Results


Identification of Immune-Related Genes Used to Construct ICB Treatment Signature in Lung Cancer

To construct an integrated ICB response biomarker, we first evaluated genes and pathways associated with three mechanisms related to ICB response (CTL, TMB, and TGF-β signaling) in lung cancer samples (see Methods). We identified 756 and 1,100 genes associated with high CTL levels in lung adenocarcinoma (LUAD) and lung squamous carcinoma (LUSC), respectively, of which 608 genes were found in both cancers (Figures 1A, S1A). Pathway enrichment analysis showed that these genes converged to immune-related pathways, including innate immune system, adaptive immune system, and various cytokine pathways (Table S1, Figure 1B). The genes associated with TMB were significantly different between the two cancer types. A large number of genes in LUAD were associated with high levels of TMB compared to LUSC (Figure S1B). In LUAD, TMB-related genes were mainly enriched in RNA metabolism and regulatory pathways, while in LUSC, they were mainly enriched in the cell cycle pathway (Table S1, Figure 1C).




Figure 1 | Genes and pathways related to ICB treatment response biomarker. (A) Genes related to CTL in LUAD and LUSC. The red dots represent an association greater than 0.3 in two cancer types. (B) Pathways related to CTL in LUAD and LUSC. (C) Pathways related to TMB in LUAD and LUSC. (D) Genes related to TGF-β in LUAD and LUSC. The red dots represent an association greater than 0.3 in two cancer types. (E) Pathways related to TGF-β in LUAD and LUSC. (F) Relationship between genes related to CTL, TMB, and TGF-β in LUSC. (G) Relationship between genes related to CTL, TMB, and TGF-β in LUAD.



A large number of immunosuppressive-related genes were also identified in both cancer types (Figures 1D, S1C). These genes are associated with the abnormal glycosylation and extracellular matrix organization pathway (Table S1, Figure 1E). We found that the genes associated with high CTL infiltration and high TMB level still contained a certain number of immunosuppressive-related genes, which may have a poor contribution to the prognosis of immunotherapy, so we considered excluding these genes when constructing the biomarker. Finally, by combining three mechanisms related to ICB response, we selected genes associated with both high CTL level and high TMB and excluded immunosuppressive-related genes as the ICB treatment signature (ITS). In LUAD, ITS contained 91 genes (Figure 1G, Table S2), while in LUSC only one gene passed the screening criteria (Figure 1F), so we used ITS obtained from LUAD as a proxy for NSCLC. A close interaction network was formed between ITS genes, and we found three functional modules in the interaction network, which were respectively related to cell killing, interferon response, and transcription factor binding (Figure S2).



ITS Score Predicts the Prognosis of Lung Cancer Patients With ICB Treatment

Then, we used a cohort of NSCLC patients treated with ICB therapy to evaluate the prognosis efficacy of ITS. In this cohort, 85 genes in ITS had expression information. ITS score was estimated using single-sample gene set enrichment analysis (ssGSEA) with default parameters in each patient. Patients were divided into two groups based on median ITS scores. Patients with high ITS scores had significantly better progression-free survival (p = 0.03; Figure 2A) and higher objective response rates (53.8% VS 7.1%, p = 0.01; Figure 2B) than patients with low ITS scores. Meanwhile, the ITS score of responders was significantly higher than that of non-responders (p = 0.008; Figure 2C). Multivariate Cox analysis showed that the ITS score was an independent prognostic factor after adjustment for age and sex (HR = 0.097, p = 0.02). Alternatively, other algorithms such as PLAGE, GSVA, and Zscore could also be employed to calculate the ITS score. Patients with higher ITS scores could have better survival to immunotherapy (Figure S3). While for the PLAGE scores, higher scores may not indicate higher activities as PLAGE calculates the first principal component as the gene-set score.




Figure 2 | Predictive efficacy of ITS scores in an ICB treatment dataset for NSCLC. (A) PFS difference between the two groups with high and low ITS scores. (B) Response to treatment between the two groups with ITS score. Red indicates the patient’s response to treatment. (C) Differences in ITS scores between responders and non-responders. (D) Prognostic efficacy (top panel) and response prediction ability (bottom panel) of different signatures and biomarkers. (E) The area under the curve (AUC) was calculated for three prognostic models from 50 to 400 days. Blue: CTL; green: TMB; red: ITS.



To discuss whether the combination of CTL, TMB, and TGF-β is necessary to the predictive effectiveness in prognosis or response to immunotherapy, we built various signatures based on multiple combinations of these factors. Using these three factors alone, the only score of CTL-related genes had predictive power (Figure 2D). And the best predictive performance was achieved only when these factors were considered simultaneously (Figure 2D). We further evaluated the immunotherapy prognostic ability of each gene in ITS, and only 8.2% (7/85) genes had the prognostic ability (Figure S4A). we randomly selected genes from ITS 100 times in a fixed proportion to investigate the robustness of prognostic ability of ITS. It can be seen from the results that when 80% of the genes in ITS are lost, it can still ensure satisfactory prognostic efficacy (Figure S4B). It can be seen that these genes make ITS maintain very good stability in the application process because when we apply ITS, we cannot guarantee that every gene in ITS has expression information.

We also compared the prognosis efficacy of ITS with traditional biomarkers such as PD1, PD-L1, Teff, and TMB. None of these individual markers showed satisfactory predictive power, and only the ITS score was an independent prognostic factor for ICB treatment (Table S3, Figure 2D). Typically, CTL (p = 0.13; Figure S5A) and TMB (p = 0.36; Figure S5B) did not show significant prognosis efficacy of ICB treatment. And, the AUC of ITS was higher than that of CTL and TMB in predicting the survival rate of patients at different periods, showing a better prognosis efficiency (Figure 2E). In terms of predicting the response to ICB treatment, ICB also had a higher AUC than other biomarkers (Table S3). Taken together, the ITS score was demonstrated as a promising biomarker for immunotherapy after immune checkpoint inhibitors.



ITS Score Represented Comprehensive Immune Characteristics

Further, we explored the biological explanation of the prognosis significance of the ITS score. The linear mixed-effect model was used to associate ITS score with TME and genomic features in lung cancers by adjusting for age and sex. LUAD samples were observed to have relatively high ITS scores than LUSC (Figure S6A). Therefore, cancer type was further incorporated as a random effect in the model, allowing us to consider a different baseline value for features in LUAD and LUSC.

Among the immune subtypes identified in previous studies (22), samples characterized by IFN-gamma dominance had the highest ITS scores, while lymphocyte-depleted samples possessed lower ITS scores (Figure S6B). Notably, C3 samples, which are predominantly immune-inflammatory and have the best prognosis, also had relatively low ITS scores, suggesting that some immune escape mechanism exists in these samples to influence the response to ICB treatment. We observed that proliferation rate (R2 = 0.269, FDR = 1.17e-41) and four immune expression signatures, macrophages (R2 = 0.565, FDR = 1.01e-80), lymphocyte infiltration (R2 = 0.615, FDR = 2.76e-113), IFN-g response (R2 = 0.462, FDR = 7.23e-61), and wound healing (R2 = 0.193, FDR = 2.49e-27), were more active in sample with higher ITS score (Table S4, Figures S7, 3A).




Figure 3 | Heatmap showing the relationship between (A) expression signatures, (B) TME features, (C) tumor immunogenicity, and (D) mutations and ITS score across TCGA lung samples. Samples are ordered by ITS score.



We found that higher stromal fraction (R2 = 0.287, FDR = 9.06e-26) and leukocyte fraction (R2 = 0.355, FDR = 5.03e-60) were associated with stronger ITS score (Table S4, Figure S7, Figure 3B). Of the 29 classes of tumor-infiltrating immune cells tested, infiltrating levels of 21 showed significant related with ITS score (FDR < 0.01; Table S4). Of these, ten were highly infiltrated and eleven less enriched in tumors with elevated ITS score (Figures S7, 3B). The sample with higher ITS score had abundant adaptive immune cells, including CD8+ T cells (R2 = 0.387, FDR = 7.01e-64), active Memory CD4 T cells (R2 = 0.370, FDR = 4.96e-55), and Th2 cells (R2 = 0.196, FDR = 4.27e-28). Low ITS score samples had more quiescent cells and activated innate immune cells, including resting mast cells (R2 = 0.219, FDR = 5.82e-16) and activated dendritic cells (R2 = 0.266, FDR = 2.10e-10), suggesting that patients in the low ITS group may have an insufficient adaptive immune response.

We also observed that samples with higher ITS score had increased tumor immunogenicity. For instance, elevated TCR richness (R2 = 0.459, FDR = 4.87-71), BCR richness (R2 = 0.199, FDR = 6.89e-19), TMB (R2 = 0.205, FDR = 1.24e-11), and SNV neoantigens (R2 = 0.199, FDR = 2.45e-10) were associated with high ITS score (Figures S7, 3C). Considering the strong association of ITS score with mutational density, we next looked to determine whether these were selectively affected specific genes or chromosome regions. The mutation status of 69 genes was significantly correlated with the ITS score (FDR < 0.01; Table S4), of which 8 genes were related to immune or cancer genes (Figure 3D). Typically, mutations in the EGFR were associated with decreased ITS score (R2 = 0.156, FDR = 0.004), consistent with previous descriptions that EGFR mutant tumors have generally a low response to immune checkpoint inhibitors (31). And we detected no specific copy number region associated with the ITS score (Table S4), indicating a general effect of association.

Overall, these results suggested that the ITS score may represent comprehensive immune characteristics to predict the outcome of ICB treatment.



Robustness of Prognosis Efficiency of ITS Score

To ensure the robustness of ITS scores for ICB treatment prognosis efficacy, it should be evaluated in more data sets. However, due to the lack of additional immunotherapy data for non-small cell lung cancer, we examined the prognostic efficacy of ITS scores for ICB treatment in other cancer types. In a melanoma cohort (20), immunotherapy-treated patients with higher ITS score demonstrated the longer OS (p = 0.002; Figure 4A) and PFS (p = 0.002; Figure 4B), and responders had significantly higher ITS scores than non-responders (p = 0.001; Figure 4C). In this dataset, some samples were also sequenced early during treatment (EDT), and we found that the ITS scores of almost all samples increased after treatment (Figure 4D), reflecting the dynamic changes of tumor immune microenvironment during ICB treatment. Similar findings were observed in another cohort of melanoma patients (21) (n = 42) treated with anti-CTLA-4 therapy. Patients with prolonged OS also noted in higher ITS score (p = 0.039; Figure 4E), and ITS score was significantly higher in responders and long-term survivors (p = 0.018; Figure 4F). In addition, ITS scores also showed prognostic efficacy for ICB treatment in bladder cancer (17). Immunotherapy-treated patients with higher ITS score also displayed a superior prognosis compared with the other patients (p = 0.019; Figure 4G), and respondents were associated with higher ITS scores (p = 9.1e-5; Figure 4H). In summary, these results indicated the robust and practical prognosis efficacy of the ITS score. We also compared the prognosis and response prediction efficacy of ITS with traditional biomarkers in these three cohorts. ITS still showed satisfactory results (Figure 4I), although it was not trained in the corresponding cancer sample. This further confirms the prognostic potential of the combined strategies.




Figure 4 | Predictive efficacy of ITS scores in other ICB treatment cohorts. (A) OS and (B) PFS difference between the two groups with high and low ITS scores in the Gide cohort. (C) Differences in ITS scores between responders and non-responders in the Gide cohort. (D) ITS score changes after treatment. (E) OS difference between the two groups with high and low ITS scores in the VanAll cohort. (F) Differences in ITS scores between responders and non-responders in the VanAll cohort. (G) OS difference between the two groups with high and low ITS scores in the Mariathasan cohort. (H) Differences in ITS scores between responders and non-responders in the Mariathasan cohort. (I) Biomarkers are shown as rows and individual cohorts as columns. The heatmap indicates the hazard ratio derived from Cox regression (left panel) and AUC value derived from ROC curve (right panel), * denoted p <0.05, ** denoted p <0.01, *** denotes p < 0.001.






Discussion

In this study, we analyzed genes and pathways associated with traditional biomarkers, including CTL level, TMB, and TGF-β signal, and designed a combined strategy to predict ICB treatment response and prognosis. We suggested that robust prognostic factors should include a comprehensive immune response mechanism and not be associated with immunosuppression. We applied this strategy to TCGA lung cancer samples and obtained an ICB treatment signature (ITS) with 91 genes. In independent ICB treatment cohorts, we demonstrated superior prediction performance of ITS scores over traditional biomarkers.

Drug resistance to targeted drugs including BRAF (32), MAPK (33), and MEK (34) signaling pathways in different cancer types affects patient treatment outcomes. Immunotherapy has been observed to show strong antitumor activity in advanced non-small-cell lung cancer. While the success of immunotherapy was exciting, it was important to note that only a subset of patients will benefit from ICB treatment. Therefore, predicting the treatment response of ICB was a challenge for researchers. At present, various predictive biomarkers have been constructed, but these markers have not achieved satisfactory prediction effects, and the prediction performance of these biomarkers has shown great variability in different datasets (18). In NSCLC, PD-L1 expression was the most commonly used predictive biomarker in routine clinical practice. Some studies have shown that increased PD-L1 expression predicts longer progression-free survival and overall survival after ICB treatment (18). However, PD-L1 expression was not the best biomarker for some patients, because patients with low PD-L1 expression also showed a lasting response (35). Tumor mutation load (TMB) was the second most frequently studied biomarker, where higher TMB was associated with long-lasting clinical benefits and longer overall survival (9–11). Similarly, studies have shown that the tumor immune microenvironment can be used to predict the efficacy of immunotherapy in NSCLC patients. Clinical trials of ICB therapy in NSCLC patients have shown that higher effector T cell level is associated with greater clinical benefit (36). However, none of these markers achieved sufficient predictive power in the ICB dataset we analyzed. The immune response depends on various elements (37), and the complexity of the immune therapy response mechanism led to the fact that prognostic markers designed based on a single mechanism can no longer meet the prediction needs.

Despite the agreement that they are associated with better ICB outcomes, our results suggested that pathways related to cytotoxic T lymphocytes (CTL) differ from pathways related to TMB. Genes related to CTL in LUAD and LUSC represent a broad range of immune response systems including the innate immune system, adaptive immune system, and cytokine pathways. In LUAD and LUSC, TMB-related genes were enriched in cell cycle and RNA metabolism and regulation pathways, respectively. This is consistent with the idea that they represent different immune response mechanisms. CTL plays a killing role in the tumor, and response to ICB treatment requires pre-existing immune microenvironment (38). Tumors with high TMB may be associated with the presence of a large number of neoantigens that can be recognized by CD8+ T cells (39). In addition, we found that the genes related to CTL and TMB contained a large number of genes related to immunosuppressive signature, suggesting that the use of these two types of biomarkers alone would ignore the immune escape mechanism, leading to the instability of prediction performance. We considered that the stable prognostic factors should include a comprehensive response mechanism and exclude the interference of immunosuppressive signals. Based on this idea, we constructed ITS scores in lung cancer to predict ICB treatment response.

ITS is a set of 91 genes identified in LUAD. We did not find a large number of genes associated with both CTL and TMB in LUSC, and one possible explanation is that differences in mutagenicity between the two cancer types lead to different patterns of genomic variation (40). Gene interactions in ITS are involved in cell killing, interferon response, and transcription factor binding. And ITS scores represented comprehensive immune activation characteristics including activated immune cell infiltration, increased mutation load, and TCR diversity. In the independent ICB treatment cohorts, ITS scores were more effective in predicting survival and response to treatment than the single biomarker. Multi-angle evaluation proves that ITS is stable in the application process. This suggests the need to combine multiple immune response mechanisms to predict ICB response.

However, more NSCLC ICB treatment datasets and prospective studies are needed to evaluate the clinical usefulness of ITS. Meanwhile, the ssGSEA method was used to calculate the ITS score in this study. It is not a robust sample classification method to classify samples only according to median ITS value, and more effective methods may be needed to explore the optimal cutoff value. In addition, the complex immune microenvironment of the samples also raises concerns. Gene expression at the bulk level does not take into account intra-tumor heterogeneity, which is an important factor affecting prognosis and treatment. These problems still need further research and exploration in the future.

In summary, this work demonstrated that the combination of biomarkers related to different response mechanisms contributed to better prediction performance of ICB treatment response, and provided a promising immune response biomarker in NSCLC, thus optimizing the treatment regimen of patients.
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Immune checkpoint inhibitors (ICIs) have substantially changed the treatment of a variety of malignant tumors. With the increasing of their usage, the unique immune-mediated toxicity profile of ICIs has become apparent. We report a case of esophageal squamous cell carcinoma in a patient who received anti-programmed cell death protein 1 (PD-1) (camrelizumab) therapy and the occurrence of sequential immune-related adverse events (irAEs). Although many irAEs have been reported, severe myositis caused by camrelizumab with simultaneous involvement of multiple organs, including the myocardium, respiratory muscles, and skeletal muscles, has rarely been described in literature. This 69-year-old male patient developed a grade 4 camrelizumab-induced adverse reaction according to the Common Terminology Criteria for Adverse Events (CTCAE) and was successfully treated with methylprednisolone and immunoglobulins. The early identification of irAEs, immediate discontinuation of immunotherapy, use of steroids and/or immunosuppressants, and adjuvant supportive treatment are critical to the clinical prognosis of patients. It should be aware that autoimmune complications can occur even when ICI treatment is ceased.
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Introduction

Malignant tumors have become a major public health problem worldwide (1). Surgery, chemotherapy, and radiotherapy are the main treatment methods used to fight cancers, but the mortality rate from tumors remains very high. Recently, immune checkpoint blockade therapy as immunotherapy has become a modality of cancer treatment. Immune checkpoint inhibitors (ICIs) that target and block the programmed cell death protein 1 pathway (PD-1/PD-L1) and cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) have demonstrated treatment potential in a variety of malignant tumors (2). Since the FDA approved the first CTLA-4 inhibitor, ipilimumab, in 2011 and the first PD-1 inhibitor, pembrolizumab, for melanoma treatment in 2014, ICIs have been approved for the treatment of various other tumors and have shown considerable advantages and impressive results in the field of tumor immunotherapy.

PD-1 is a negative regulator of T cell activity; it can limit the activity of T cells at various stages of the immune response when it interacts with its two ligands, PD-L1 and PD-L, negatively regulates T cell activation, and plays a key role in tumor evasion of host immunity (3). PD-1 inhibitors can block this interaction, which normally leads to T cell activation. However, PD-1 inhibitors induce many immune-related adverse events (irAEs) while activating T cells (4). These irAEs can involve multiple systems and locations, including the gastrointestinal tract, endocrine glands, skin, and liver (5); furthermore, irAEs such as myocarditis, heart failure, rhabdomyolysis, myositis, and myasthenia gravis (MG) have high fatality rates, thus warranting high vigilance in clinical practice (6–9).

Camrelizumab is a PD-1 inhibitor developed by Jiangsu Hengrui Medicine Co. Ltd., China. It was conditionally approved in China in May 2019 for the treatment of relapsed or refractory classic type II Hodgkin’s lymphoma in patients who had received at least second-line chemotherapy (10). Due to its good antitumor potential in a variety of malignant tumors, this drug has been approved for four indications in China to date: advanced esophageal cancer, advanced hepatocellular carcinoma, non-small cell lung cancer, and advanced esophageal squamous cell carcinoma. A number of clinical trials involving multiple indications for camrelizumab are ongoing (Table 1).


Table 1 | Key ongoing clinical trials of camrelizumab in cancers.



Data from nine clinical trials (n = 986) showed that most camrelizumab recipients experienced an adverse event, 24% of which were grade 3 or higher (10). Adverse events of any severity with an incidence of ≥ 10% included reactive cutaneous capillary endothelial proliferation (RCCEP), anemia, fever, hypothyroidism, fatigue, and proteinuria. RCCEP appears to be unique to patients treated with camrelizumab; moreover, studies have shown that RCCEP is generally a grade 1 or 2 adverse event, and the clinical efficacy of camrelizumab treatment is closely correlated with a survival benefit (11). For grade 3 or grade 4 treatment-related adverse events (TRAEs), common symptoms include elevated aspartate aminotransferase (AST) (12), a decreased neutrophil count (12), pulmonary infection (13), elevated blood bilirubin (12), a decreased platelet count (12), and elevated serum alkaline phosphatase (10). Here, we report a case of MG and myositis involving the myocardium and respiratory muscles induced by the treatment of advanced esophageal cancer with the PD-1 inhibitor camrelizumab. The conditions of the patient improved after treatment.



Case Presentation

A 69-year-old male was admitted to the hospital for examination due to hoarseness in January 2020. Gastroscopy showed an ulcerative neoplasia approximately 23 cm-31 cm from the incisors (Figure 1A), which resulted in luminal stenosis. Pathological diagnosis revealed poorly differentiated squamous cell carcinoma. Initial cervical-thoracic enhanced computed tomography (CT) showed middle and upper thoracic esophageal carcinoma, suspicious invasion of the fibrous membrane surface, and multiple swollen lymph nodes in the bilateral supraclavicular region, bilateral tracheoesophageal sulcus, and mediastinum (Figure 1B). The diagnosis was multiple lymph node metastases of esophageal squamous cell carcinoma. The patient had a history of diabetes for eight years. The patient had normal heart function and therefore received a normal TP regimen (paclitaxel injection 135 mg/m2 d1, 3 w + cisplatin 75 mg/m2 d1-d3, 3 w).




Figure 1 | (A) Endoscope images showing an ulcerative neoplasia. (B) In January 2020, posttreatment CT-scan showed middle and upper esophageal carcinoma with bilateral tracheoesophageal sulcus and right supraclavicular lymph node metastasis. (C) Typical electromyogram (EMG) of deltoid muscle showing the patient's myogenic damage. (D) Timeline of diagnosis, treatment, and immune-related adverse events.



After two cycles of chemotherapy, reexamination of the enhanced cervical-thoracic CT image showed that the patient was not responding to chemotherapy. On April 20, 2020, he started treatment with the TP regimen (paclitaxel injection 135 mg/m2 d1, 3 w + cisplatin 75 mg/m2 d1-d3, 3 w) for chemotherapy combined with a PD-1 monoclonal antibody and camrelizumab injections (200 mg/injection).

After the first injection of camrelizumab, the patient did not experience any discomfort and was discharged from the hospital. However, he developed left eyelid ptosis and limited movement of the left eyeball that was accompanied by weakness and soreness in both lower extremities 3 weeks after receiving the first dose of combination treatment. 2 days later, the patient presented with palpitations. Electrocardiogram (ECG) showed sinus tachycardia. Cardiac ultrasound and cardiac function tests revealed the following results: left ventricular ejection fraction 70%, right ventricular ejection fraction 77%, moderate left ventricular diastolic function reduction, and tachycardia. Myocardial enzymatic assays revealed the following results: creatine kinase (CK) 3503.1 U/L (normal value 50-310 U/L), creatine kinase isoenzyme (CK-MB) 178.7 U/L (normal value 0-25.0 U/L), lactate dehydrogenase (LDH) 622.6 U/L (normal value 120-250 U/L), α-hydroxybutyric acid 596.0 U/L (normal value 72-182 U/L) and myoglobin (Myo) 1248 μg/L (normal value 1.5-70 μg/L); cardiac troponin (cTnI) level was 0.35 ng/mL (normal value < 0.040 ng/mL) and rose to 0.63 ng/mL 6 hours later, and brain natriuretic peptide (BNP) is normal. Abnormal liver function was evidenced by the following results: alanine aminotransferase (ALT) 154.3 U/L (normal value 9-50 U/L) and AST 204.4 U/L (normal value 15-40 U/L). On electromyography, the examined muscles showed myogenic damage, and the left deltoid showed a spontaneous spot (active phase) manifestation (Figure 1C). Considering the clinical manifestations and laboratory test results, we considered camrelizumab injection-induced adverse myositis involving the myocardium and skeletal muscles accompanied by elevated transaminases, which is considered a grade 4 camrelizumab-induced adverse reaction according to the Common Terminology Criteria for Adverse Events (CTCAE) (The order of occurrence as shown in Figure 1D). The patient was immediately injected with methylprednisolone sodium succinate (120 mg daily days 1-5, with gradually decreasing doses); he complained of lower extremity weakness, but his soreness was significantly improved. On the sixth day, the methylprednisolone sodium succinate dose was reduced to 80 mg daily. The patient experienced rapid breathing and dyspnea. Blood gas analysis indicated type II respiratory failure. The patient was transferred to the intensive care unit (ICU), tracheal intubation was immediately performed, and the patient was connected to a ventilator to facilitate respiration. Cardiac troponin (cTnI) level rose to 0.89 ng/mL. Anti-acetylcholine receptor antibody (anti-AChR-Ab) was detected at 10.94 nmol/L. Camrelizumab-associated MG (CTCAE grade 4) was considered. The patient received oral pyridostigmine bromide (30 mg qid with gradually decreasing doses) to improve muscle weakness. Methylprednisolone sodium succinate was restarted at 120 mg with gradually decreasing doses. After five days, the patient’s respiratory condition did not improve. Immunoglobulin injections were administered for one week.

The patient developed ventilator-associated pneumonia during hospitalization in the ICU. Sputum culture results showed Klebsiella pneumoniae and pan-drug-resistant Acinetobacter baumannii. After two weeks of anti-infective therapy with cefoperazone and sulbactam combined with tigecycline, the patient was weaned off the ventilator and was transferred to the general ward. Within two months, his dose of glucocorticoid therapy was gradually reduced and the levels of biomarkers of myocardial injury declined. His muscle strength gradually recovered, and he returned home to recuperate. During this period, he was treated with oral prednisone tablets (15 mg qd with gradually decreasing doses) and pyridostigmine bromide (30 mg tid).

At a follow-up examination two months later, cervical-thoracic enhanced CT showed a mass in the esophageal wall at the upper thoracic segment, with no obvious change compared to the previous examination, and enlarged lymph nodes on the right supraclavicular fossa and both sides of the tracheal sulcus, with no obvious change compared with the previous film. Cardiac magnetic resonance and ultrasound imaging results were all normal, and myocardial enzymes and liver and kidney functions were normal. Anti-AChR-Ab levels decreased slowly but did not reach a normal level.



Discussion

Camrelizumab is a humanized high-affinity IgG4 monoclonal antibody against PD-1 (14). It binds to and blocks PD-1 for its binding to the ligand PD-L1 which is overexpressed on activated T lymphocytes, B cells, and natural killer (NK) cells in certain tumors, and PD-L2, which is primarily expressed on antigen-presenting cells. Camrelizumab prevents the activation of PD-1 and its downstream signaling pathways and restores immune function through the activation of cytotoxic T lymphocytes and cell-mediated immune responses directed against tumor cells or pathogens (15). Camrelizumab showed a high dose-dependent affinity for PD-1 (KD 3.31 nmol/L) when administered as a single 60-, 200-, or 400-mg intravenous treatment for patients with solid tumors (10). With a single 200-mg injection of camrelizumab, the peak receptor occupancy of circulating T lymphocytes was 85%, and receptor occupancy remained steadily high in patients who received repeated infusions (once every two weeks), with a receptor occupancy of 77% at the trough concentration after the first infusion of treatment cycle 5. The administration of a single 200-mg IV infusion of camrelizumab to patients with solid tumors (n = 12) produced a mean Cmax of 70.4 µg/mL after a median of 0.00347 days (time to the maximum concentration, tmax) and an area under the curve from zero to infinity (AUC∞) of 465 µg day/mL, and the mean half-life (t½) was 5.61 days (14). The elimination half-lives of PD-1 inhibitors are generally long, and they exhibit slow elimination. When serious adverse drug reactions occur, physicians must cease administration of the drug immediately to avoid drug accumulation and aggravate adverse reactions.

The incidence of immune-associated myocarditis is < 1% (16). ICI-induced myocarditis may be more common than previously thought because of its nonspecific clinical manifestations and the lack of methods for the routine detection of cardiac biomarkers (17). From 2009 to 2018, 613 fatal toxic events caused by ICIs were reported in VigiBase (WHO database). These included 333 deaths related to PD-1/PD-L1 inhibitors, including 27 deaths due to myocarditis (accounting for 8%) and 87 deaths related to the combination of CTLA-4 and PD-1/PD-L1 inhibitors, 22 of them were caused by myocarditis (accounting for 25%) (16). These fatal events indicate that the incidence and mortality of myocarditis significantly increases with combined CTLA-4 and PD-1/PD-L1 inhibitor therapy. The cardiac toxicity of ICIs was diagnosed based on the patients’ drug history, clinical manifestations, cardiac biomarkers, electrocardiogram (ECG) results, endomyocardial biopsy, and imaging examinations. A single center study in China described 283 patients who received PD-1 or PD-L1 inhibitor monotherapy or combination therapy between January 1, 2018, and December 31, 2019: three of the patients had immune-related myositis (incidence: 1.06%), including two patients who received nivolumab monotherapy and one patient who received combination treatment with camrelizumab and gemcitabine, and both patients died (17). In another multicenter, randomized, nonblinded phase III clinical trial, one patient among 228 patients with metastatic esophageal squamous cell carcinoma who received camrelizumab treatment developed myocarditis and died (18). Because most cases of immune-related myocarditis occur at the early stage of ICI treatment and rapidly deteriorate, baseline examination and regular monitoring of myocardial markers and ECG are necessary for the early detection of myocarditis (17).

ICI-induced neuromuscular side effects are rare but often severe and include musculoskeletal pain, myositis, polymyalgia rheumatica, ocular myositis, and MG. Myositis occurs in 1% of patients treated with PD-1 inhibitors (according to the prescribing information for Opdivo®) (19); there was one fatality in a trial of pembrolizumab as an adjuvant treatment and a mortality rate less than 1% in patients treated with ipilimumab (according to the prescribing information for Yervoy®) (20). A Japanese study of 10,277 patients who received monotherapy with either nivolumab or ipilimumab reported 12 cases of MG among the patients treated with nivolumab but none among the patients treated with ipilimumab, indicating that the incidence of PD-1 inhibitor-induced MG was higher than the incidence of CTLA-4 inhibitor-induced MG (21). Nivolumab-induced myositis (22) and CTLA-4 inhibitor-induced ophthalmic myositis myopathy have been reported (23). These drugs have also been reported to induce severe MG-induced respiratory disorders when used alone or in combination (24).

The side-effect registry and institutional databases of 10 skin cancer centers were queried for reports of myositis and neuromuscular side effects induced by ICIs. Myositis (19/38) was the most frequently reported neuromuscular adverse event. Thirty-two percent of myositis patients had myocarditis (n = 6), 5% of myositis patients had MG, and two patients died from myositis, which is consistent with findings from a WHO registry: myocarditis was associated with myositis in 25% of cases and with MG in 11% of cases. A death case of MG with immune-related myositis involving the myocardium has been reported after camrelizumab treatment (25). Surprisingly, MG also occurred concomitantly in 11 (10%) of 101 patients with myocarditis (26). The specific mechanism underlying myositis associated with myocarditis and MG remains unknown. However, the mechanism might reflect a shared antigen profile and immune phenotype between cardiac and skeletal muscles (17).

In the case of grade 3–4 immune-related myocarditis/myositis (27), ICI treatment must be discontinued, and intravenous glucocorticoids should be started as soon as possible. The initial dosage of prednisone is 1–2 mg/kg daily (or an equal dose of methylprednisolone). If immune-related myocarditis/myositis is accompanied by severe damage (weakness, severely restricted activities, cardiac respiratory insufficiency, difficulty swallowing), plasma exchange and combined intravenous immunoglobulin therapy can also be considered. If symptoms do not improve within two to three days, immunosuppressants should be increased or changed. Recently, two cases of immunotherapy-related myocarditis were reported in the literature. After treatment with alemtuzumab and abatacept, the condition was controlled (6, 7). In this study, the patient received an intravenous injection of a large dose of glucocorticoids combined with gamma immunoglobulin as the main therapeutic drug, with improved results. Glucocorticoid maintenance treatment can take place for four to six weeks after symptoms improve to ≤ grade 1. Patients with myositis respond well to steroid therapy. Notably, doctors should be cautious of recurrent conditions during the dose reduction process of their patients. Shortness of breath and an increased heart rate occurred in this patient during the first dose reduction of methylprednisolone. Blood gas analysis showed that the patient had type II respiratory failure and respiratory acidosis. Progressive aggravation of myositis involving the respiratory muscles was considered. The severity of muscle weakness increased, and the dose of methylprednisolone was increased to and maintained at 120 mg. The dose was reduced after the patient’s condition improved. The case revealed that patients usually can benefit from high dose of glucocorticoid and a slower course of dose reduction.

Supportive care is also very important. The patient was transferred to the ICU for ventilator-assisted ventilation when type II respiratory failure occurred, which led to ventilator-associated pneumonia. Therefore, weaning from the ventilator as early as possible is very important. When a lung infection occurs, the ability to treat the patient with the correct antibiotic will determine the hospitalization time and rehabilitation.

Treatment for MG usually involves symptomatic treatment and immunosuppressive therapy (28). Pyridostigmine bromide, an acetylcholinesterase inhibitor, should be considered as part of the initial treatment for most patients with MG. All MG patients who have received a sufficient amount of pyridostigmine bromide without achieving the treatment goal should receive glucocorticoids or immunosuppressants. This patient was treated with a PD-1 inhibitor and had immune-related myositis involving the myocardium and respiratory muscles accompanied by MG. Therefore, pyridostigmine bromide served as a symptomatic immunotherapeutic treatment.

Lau (29) and Zhu (30) reported that patients with a history of MG showed muscle weakness after receiving pembrolizumab for the treatment of metastatic melanoma. In addition, some patients had high levels of anti-AChR-Ab before receiving nivolumab. After they received treatment, a myasthenic crisis was reported (31). Therefore, for patients with a history of MG, the use of ICIs might activate the T cell autoimmune response and may induce MG.

For patients with a history of MG or other immune-related diseases, physicians should weigh the risk of serious immune-related adverse reactions caused by immune activation due to the use of ICIs. ICI-induced myositis is rare but serious and sometimes fatal. The immediate discontinuation of immunotherapy and timely administration of adequate steroids can reduce the risk of death. Pyridostigmine bromide can be used to treat immune-related polymyositis with MG caused by ICIs and can reduce sequelae. While we emphasize the importance of tumor killing with ICI therapy, we focus on being alert to autoimmune complications in patients who have received ICI therapy, even after the discontinuation of ICI treatment. Early identification and effective management of irAEs are very important.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author Contributions

FZ: Conceptualization, project administration, funding acquisition, writing – review and editing. WD, RF: Writing – review and editing. JL, YW, QL: Supervision. JB: Writing – original draft, formal analysis. KX: Case tracking. PY: Literature review. DL: Data collection. All authors contributed to the article and approved the submitted version.



Funding

Support was provided by the Hebei Natural Science Foundation (No. H2019206614; Shijiazhuang, China).



References

1. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2019. CA Cancer J Clin (2019) 69:7–34. doi: 10.3322/caac.21551

2. Postow, MA, Callahan, MK, and Wolchok, JD. Immune Checkpoint Blockade in Cancer Therapy. J Clin Oncol (2015) 33:1974–82. doi: 10.1200/JCO.2014.59.4358

3. Wang, S, Luo, LL, Lv, M, and Ma, YF. Pd-1/Pd-Ll Signaling Pathway and Its Application in Tumor. J Int Pharm Res (2015) 42:143–5. doi: 10.13220/j.cnki.jipr.2015.02.003

4. Postow, MA, Sidlow, R, and Hellmann, MD. Immune-Related Adverse Events Associated With Immune Checkpoint Blockade. N Engl J Med (2018) 378:158–68. doi: 10.1056/NEJMra1703481

5. Wang, DY, Salem, JE, Cohen, JV, Chandra, S, Menzer, C, Ye, F, et al. Fatal Toxic Effects Associated With Immune Checkpoint Inhibitors: A Systematic Review and Meta-Analysis. JAMA Oncol (2018) 4:1721–8. doi: 10.1001/jamaoncol.2018.3923

6. Salem, JE, Allenbach, Y, Vozy, A, Brechot, N, Johnson, DB, Moslehi, JJ, et al. Abatacept for Severe Immune Checkpoint Inhibitor-Associated Myocarditis. N Engl J Med (2019) 380:2377–9. doi: 10.1056/NEJMc1901677

7. Esfahani, K, Buhlaiga, N, Thébault, P, Lapointe, R, Johnson, NA, and Miller, WJ. Alemtuzumab for Immune-Related Myocarditis Due to Pd-1 Therapy. N Engl J Med (2019) 380:2375–6. doi: 10.1056/NEJMc1903064

8. Moslehi, JJ, Salem, JE, Sosman, JA, Lebrun-Vignes, B, and Johnson, DB. Increased Reporting of Fatal Immune Checkpoint Inhibitor-Associated Myocarditis. Lancet (2018) 391:933. doi: 10.1016/S0140-6736(18)30533-6

9. March, KL, Samarin, MJ, Sodhi, A, and Owens, RE. Pembrolizumab-Induced Myasthenia Gravis: A Fatal Case Report. J Oncol Pharm Pract (2018) 24:146–9. doi: 10.1177/1078155216687389

10. Markham, A, and Keam, SJ. Camrelizumab: First Global Approval. Drugs (2019) 79:1355–61. doi: 10.1007/s40265-019-01167-0

11. Chen, X, Ma, L, Wang, X, Mo, H, Wu, D, Lan, B, et al. Reactive Capillary Hemangiomas: A Novel Dermatologic Toxicity Following Anti-Pd-1 Treatment With Shr-1210. Cancer Biol Med (2019) 16:173–81. doi: 10.20892/j.issn.2095-3941.2018.0172

12. Fang, W, Yang, Y, Ma, Y, Hong, S, Lin, L, He, X, et al. Camrelizumab (Shr-1210) Alone or in Combination With Gemcitabine Plus Cisplatin for Nasopharyngeal Carcinoma: Results From Two Single-Arm, Phase 1 Trials. Lancet Oncol (2018) 19:1338–50. doi: 10.1016/S1470-2045(18)30495-9

13. Huang, J, Xu, B, Mo, H, Zhang, W, Chen, X, Wu, D, et al. Safety, Activity, and Biomarkers of Shr-1210, an Anti-Pd-1 Antibody, for Patients With Advanced Esophageal Carcinoma. Clin Cancer Res (2018) 24:1296–304. doi: 10.1158/1078-0432.CCR-17-2439

14. Mo, H, Huang, J, Xu, J, Chen, X, Wu, D, Qu, D, et al. Safety, Anti-Tumour Activity, and Pharmacokinetics of Fixed-Dose Shr-1210, an Anti-Pd-1 Antibody in Advanced Solid Tumours: A Dose-Escalation, Phase 1 Study. Br J Cancer (2018) 119:538–45. doi: 10.1038/s41416-018-0100-3

15. Alsaab, HO, Sau, S, Alzhrani, R, Tatiparti, K, Bhise, K, Kashaw, SK, et al. Pd-1 and Pd-L1 Checkpoint Signaling Inhibition for Cancer Immunotherapy: Mechanism, Combinations, and Clinical Outcome. Front Pharmacol (2017) 8:561. doi: 10.3389/fphar.2017.00561

16. Johnson, DB, Balko, JM, Compton, ML, Chalkias, S, Gorham, J, Xu, Y, et al. Fulminant Myocarditis With Combination Immune Checkpoint Blockade. N Engl J Med (2016) 375:1749–55. doi: 10.1056/NEJMoa1609214

17. Wang, F, Sun, X, Qin, S, Hua, H, Liu, X, Yang, L, et al. A Retrospective Study of Immune Checkpoint Inhibitor-Associated Myocarditis in a Single Center in China. Chin Clin Oncol (2020) 9:16. doi: 10.21037/cco.2020.03.08

18. Huang, J, Xu, J, Chen, Y, Zhuang, W, Zhang, Y, Chen, Z, et al. Camrelizumab Versus Investigator’s Choice of Chemotherapy as Second-Line Therapy for Advanced or Metastatic Oesophageal Squamous Cell Carcinoma (Escort): A Multicentre, Randomised, Open-Label, Phase 3 Study. Lancet Oncol (2020) 21:832–42. doi: 10.1016/S1470-2045(20)30110-8

19. Eggermont, AM, Blank, CU, Mandala, M, Long, GV, Atkinson, V, Dalle, S, et al. Adjuvant Pembrolizumab Versus Placebo in Resected Stage Iii Melanoma. New Engl J Med (2018) 378:1789–801. doi: 10.1056/NEJMoa1802357

20. Tan, R, Toh, CK, and Takano, A. Continued Response to One Dose of Nivolumab Complicated by Myasthenic Crisis and Myositis. J Thorac Oncol (2017) 12:e90–1. doi: 10.1016/j.jtho.2017.02.024

21. Suzuki, S, Ishikawa, N, Konoeda, F, Seki, N, Fukushima, S, Takahashi, K, et al. Nivolumab-Related Myasthenia Gravis With Myositis and Myocarditis in Japan. Neurology (2017) 89:1127–34. doi: 10.1212/WNL.0000000000004359

22. Goldstein, BL, Gedmintas, L, and Todd, DJ. Drug-Associated Polymyalgia Rheumatica/Giant Cell Arteritis Occurring in Two Patients After Treatment With Ipilimumab, an Antagonist of Ctla-4. Arthritis Rheumatol (2014) 66:768–9. doi: 10.1002/art.38282

23. Pushkarevskaya, A, Neuberger, U, Dimitrakopoulou-Strauss, A, Enk, A, and Hassel, JC. Severe Ocular Myositis After Ipilimumab Treatment for Melanoma: A Report of 2 Cases. J Immunother (2017) 40:282–5. doi: 10.1097/CJI.0000000000000178

24. John, S, Antonia, SJ, Rose, TA, Seifert, RP, Centeno, BA, Wagner, AS, et al. Progressive Hypoventilation Due to Mixed Cd8(+) and Cd4(+) Lymphocytic Polymyositis Following Tremelimumab - Durvalumab Treatment. J Immunother Cancer (2017) 5:54. doi: 10.1186/s40425-017-0258-x

25. Chen, Y, Jia, Y, Liu, Q, Shen, Y, Zhu, H, Dong, X, et al. Myocarditis Related to Immune Checkpoint Inhibitors Treatment: Two Case Reports and Literature Review. Ann Palliat Med (2021) 10:8512–7. doi: 10.21037/apm-20-2620

26. Moreira, A, Loquai, C, Pföhler, C, Kähler, KC, Knauss, S, Heppt, MV, et al. Myositis and Neuromuscular Side-Effects Induced by Immune Checkpoint Inhibitors. Eur J Cancer (2019) 106:12–23. doi: 10.1016/j.ejca.2018.09.033

27. Brahmer, JR, Lacchetti, C, Schneider, BJ, Atkins, MB, Brassil, KJ, Caterino, JM, et al. Management of Immune-Related Adverse Events in Patients Treated With Immune Checkpoint Inhibitor Therapy: American Society of Clinical Oncology Clinical Practice Guideline. J Clin Oncol (2018) 36:1714–68. doi: 10.1200/JCO.2017.77.6385

28. Sanders, DB, Wolfe, GI, Benatar, M, Evoli, A, Gilhus, NE, Illa, I, et al. Intenational Consensus Guidance for Management of Myasthenia Gravis: Executive Summary. Neurology (2016) 87:419–25. doi: 10.1212/WNL.0000000000002790

29. Lau, KH, Kumar, A, Yang, IH, and Nowak, RJ. Exacerbation of Myasthenia Gravis in a Patient With Melanoma Treated With Pembrolizumab. Muscle Nerve (2016) 54:157–61. doi: 10.1002/mus.25141

30. Zhu, J, and Li, Y. Myasthenia Gravis Exacerbation Associated With Pembrolizumab. Muscle Nerve (2016) 54:506–7. doi: 10.1002/mus.25055

31. Shirai, T, Sano, T, Kamijo, F, Saito, N, Miyake, T, Kodaira, M, et al. Acetylcholine Receptor Binding Antibody-Associated Myasthenia Gravis and Rhabdomyolysis Induced by Nivolumab in a Patient With Melanoma. Jpn J Clin Oncol (2016) 46:86–8. doi: 10.1093/jjco/hyv158




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Bai, Li, Yang, Xu, Wang, Li, Liu, Du, Zhang and Feng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




MINI REVIEW

published: 06 January 2022

doi: 10.3389/fimmu.2021.802049

[image: image2]


The Role of m6A Epigenetic Modification in the Treatment of Colorectal Cancer Immune Checkpoint Inhibitors


Huan Tong 1,2†, He Wei 3,4†, Alhaji Osman Smith 2 and Juan Huang 1*


1 Department of Hematology, Sichuan Academy of Medical Sciences & Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of China, Chengdu, China, 2 Blood Diseases Institute, Xuzhou Medical University, Xuzhou, China & Department of Hematology, The Affiliated Hospital of Xuzhou Medical University, Xuzhou, China & Key Laboratory of Bone Marrow Stem Cell, Xuzhou, China, 3 Department of Gastroenterology, The Second Affiliated Hospital of Chengdu Medical College, Nuclear Industry 416 Hospital, Chengdu, China, 4 School of Bioscience and Technology, Chengdu Medical College, Chengdu, China




Edited by: 

Hubing Shi, Sichuan University, China

Reviewed by: 

Lizeng Gao, Institute of Biophysics (CAS), China

Liu Yang, China Medical University, China

*Correspondence: 

Juan Huang
 huangjuanxy@med.uestc.edu.cn



†These authors share first authorship


Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 26 October 2021

Accepted: 22 December 2021

Published: 06 January 2022

Citation:
Tong H, Wei H, Smith AO and Huang J (2022) The Role of m6A Epigenetic Modification in the Treatment of Colorectal Cancer Immune Checkpoint Inhibitors. Front. Immunol. 12:802049. doi: 10.3389/fimmu.2021.802049



Tumor immunotherapy, one of the efficient therapies in cancers, has been called to the scientific community’s increasing attention lately. Among them, immune checkpoint inhibitors, providing entirely new modalities to treat cancer by leveraging the patient’s immune system. They are first-line treatments for varieties of advanced malignancy, such as melanoma, gastrointestinal tumor, esophageal cancer. Although immune checkpoint inhibitors (ICIs) treatment has been successful in different cancers, drug resistance and relapses are common, such as in colorectal cancer. Therefore, it is necessary to improve the efficacy of immune checkpoint therapy for cancer patients who do not respond or lowly response to current treatments. N6-methyladenosine (m6A), as a critical regulator of transcript expression, is the most frequently internal modification of mRNA in the human body. Recently, it has been proposed that m6A epigenetic modification is a potential driver of tumor drug resistance. In this report, we will briefly outline the relevant mechanisms, general treatment status of immune checkpoint inhibitors in colorectal cancer, how m6A epigenetic modifications regulate the response of ICIs in CRC and provide new strategies for overcoming the resistance of ICIs in CRC.
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Introduction

The 2018 Global Cancer Statistics estimates the incidence and mortality of 36 cancers in 185 countries around the world. It is reported that the incidence of colorectal cancer is 6.1%, and the mortality rate is 9.2%. The incidence and mortality rate of colorectal cancer is second only to breast cancer in women. In contrast, the incidence and mortality of colorectal cancer in men are second only to lung cancer and prostate cancer (1). In short, the incidence and mortality of colorectal cancer are currently at a high position, which should be paid great attention to and urgently needed effective measures to reduce. In the previous low-incidence areas, the incidence of colorectal cancer showed an upward trend (2). Recently, it has been suggested that the patterns and trends of the incidence and mortality of colorectal cancer are connected to human beings’ current living standards and lifestyles (3). While China’s economic situation is now changing from developing countries to developed countries, Chinese average living standards get remarkably improved. Simultaneously, China is currently also in the stage of cancer transformation, the cancer spectrum is changing toward developed countries, and the cancer burden of colorectal cancer is increasing rapidly (4). Therefore, it is essential to prevent the onset of colorectal cancer and cure colorectal cancer patients, then to improve people’s quality of life.

The current management strategies for colorectal cancer mainly include surgery, chemotherapy, radiotherapy, and immunotherapy (5, 6). Among them, cancer immunotherapy, containing active immunotherapy, passive immunotherapy, and immune checkpoint inhibitors, is gradually becoming the mainstream of modern cancer treatment (7), which has become a new research direction for cancer treatment and has received extensive attention (8, 9).

Recently, tumor immunotherapy, especially in immune checkpoint blockade treatment, has achieved remarkable success in the treatment of colorectal cancer. In particular, immune checkpoint inhibitors have been used in mismatch repair defects and high microsatellite instability (dMMR – MSI-H) metastasis, which have been shown to be effective in patients with colorectal cancer and have been approved by the FDA, such as pembrolizumab, nivolumab. Compared with most other treatments for malignant metastatic cancer, immune checkpoint blockade achieved long-term and durable remission in some patients, highlighting the excellent prospects of immune checkpoint blockade in treating colorectal cancer (10–14).

However, with the significant improvement of people’s living standards, the quantity of patients with colorectal cancer has continued to hoist, increasing treatment difficulties are found nowadays. It is currently believed that only a tiny proportion of patients with colorectal cancer respond to immune checkpoint inhibitors treatment. While most proficient in mismatch repair (pMMR) and microsatellite stabilization (MSS) or low levels tumors with microsatellite instability (MSI-L) (called pMMR-MSI-L tumors) are ineffective. In these tumors, low tumor mutation burden and lack of immune cell infiltration are thought to be mechanisms of immune resistance (15, 16).

Because most pMMR and MSS or MSI-L patients with colorectal cancer is ineffective in ICIs, we wonder that, whether there exist some deeply resistant mechanisms in these patients. It has been proposed that epigenetic modification is a potential driver of tumor drug resistance (17). Since epigenetic inheritance is reversible in nature, the strategy of reversing epigenetic abnormalities is considered to be helpful in treating cancer and reversing drug resistance in cancer therapy (18–20).

In this report, we will briefly outline the relevant mechanisms of tumor immunity, the possible mechanism of tumor ICIs in treating tumors, the current status of colorectal cancer immune checkpoint inhibitors, and a potential method of m6A epigenetic modifications to regulate colorectal cancer ICIs response.



Immunological Mechanisms for Cancer

In human immune system is divided into three categories: the immune defense, immune surveillance, and immune stability, in which tumorigenesis is closely related to the immune surveillance function in the body. Specifically, when the body discovers some cells become cancerous, the immune system will develop an innate immune response and an adaptive immune response targeting to tumor cells or antigens. These immune effector mechanisms influence and regulate each other to achieve the removal of tumor cells within the body (21–25).

In this process, cancer cells secrete some cytokines, which will stimulate the maturation of immature antigen-presenting cells, such as dendritic cells. Mature antigen-presenting cells then present relevant antigens to CD4+ or CD8+ T cells to make them respond, such as secreting some cytokines, which can further act on cytotoxic lymphocytes, Natural killer Cells, macrophages, and enhance the killing of cancer cells, as shown in Figure 1A.




Figure 1 | (A) Innate immune response and adaptive immune response to tumor cells; (B) tumor immune escape mechanism.



However, even due the body has a series of intelligent immune surveillance, immune clearance of tumor cells, tumor cells escape the body’s immune response and weaken the immune system, that result in tumor immune escape mechanism (21, 25).

Regarding the tumor immune escape mechanism, the current standard views are as follows: a. The immunogenicity of tumor cells is weakened or missing, b. Tumor antigen modulation, that is, due to the body’s immune response to tumor antigens, tumor cell surface antigens are reduced, weakened, or disappear, thus leaving the immune system unrecognizable, allowing the tumor cells to escape the host immune attack, c. tumor cell surface antigens are covered or blocked, d. tumor antigens induce immune tolerance, e. tumor cells would resist apoptosis and induce immune cell apoptosis through Fas/FasL, PD-1/PD-L1 pathways, tumor cells induce immune suppression (21, 25, 26) as displayed in Figure 1B.



Tumor Immune Checkpoint Inhibitors

Given that the body’s immune system plays a vital role in the development and progression of tumors, tumor immunotherapy utilizing the body’s own immune system to fight against tumor cells is booming. Immunotherapy is expected to become a new development following surgery, chemotherapy, radiotherapy, and targeted tumor therapy as a generation of tumor treatment methods (5, 6). The goal of tumor immunotherapy is to release the negative regulatory mechanism in the body and then enhance the immune response of cancer immunity (27). A typical example is to block PD-1/PD-L1 or CTLA-4.

Both PD-1 and CTLA-4 are checkpoints that co-inhibit signaling, which controls T-cell activities, such as activation, proliferation. Immune checkpoint inhibitors, such as PD-1/PD-L1 inhibitors and CTLA-4 inhibitors, is a way to remove tumor cells from the inhibitory effect of tumor cells on the immune system, release immune responses, and eliminate tumor cells, which are the excellent content of immunotherapy for colorectal cancer. On the surface of natural killer cells, dendritic cells, B cells,T cells, macrophages, MDSCs, et al. there exists substantial receptors—PD-1(PDCD1/CD279) (28–30). However, PD-1 is usually not expressed in inactivated T cells. PD-1 are not highly expressed until T cells are activated. The ligand—PD-L1/PD-L2, is a transmembrane protein that can bind to PD-1 and then negatively regulate T cell function, specifically, T cells’ activation, proliferation, and survival (31). In tumor microenvironment, tumor cells and tumor-associated APCs highly express PD-L1, while tumor-infiltrating lymphocytes are gradually rich in PD-1 expression under long-term stimulation of tumor antigens. The combination of PD-L1 and PD-1 can induce T cell apoptosis, disability, and depletion (Figure 2), thereby inhibiting the activation, proliferation, and anti-tumor function of tumor antigen-specific CD8+ T cells and achieving tumor immune escape (32–39). Noticeably, the use of PD-1/PD-L1 inhibitors would block the PD-1 signaling pathway, restore the body’s tumor immunity to normal, and eliminate tumor cells in the body.




Figure 2 | Once tumor’s PD-L1 binds to T cells’s PD-1 induced depletion, disability and apoptosis of T cells, achieves tumor immune escape. Thus, block the binding of PD1/PD-L1 would be an effective treatment for human cancer or inhibiting tumor proliferation and metastasis.



CTLA-4(CD152), is a transmembrane protein, whose receptors are B7-1(CD80) and B7-2(CD86). CTLA-4 and CD28 share the same receptor, but each of them in the body plays a completely different role. Triggering CD28 will strongly up-regulate T cells function, enhancing T cell activation and cytokine production, while triggering CTLA-4 wouldn’t not only produce the same effect, but may also down-regulate CD28-mediated effects. Generally speaking, CD28 is expressed on resting and activated T cells while CTLA-4 is only expressed on activated T cells. Furthermore, CTLA-4 has a stronger affinity for B7 molecules than CD28 (40). After the TCR-CD3 complex is formed, CTLA-4 will rapidly up-regulate and bind with its high affinity to the co-activated receptors CD80 and CD86 expressed on antigen-presenting cells, thus negatively regulates the activation and function of T cells (41–47). In the tumor microenvironment, the expression of CTLA-4 in tumor infiltrating regulatory T cells (Treg) is increased (38, 48–50), thereby inhibiting the activation of tumor antigen-specific T cells, proliferation and anti-tumor function, realize tumor escape. Unlike PD-1/PD-L1 inhibitors, the using of CTLA-4 inhibitors would like to relieve the inhibitory effect of regulatory T cells (Treg) in the tumor microenvironment, enhancing the body’s tumor immunity to eliminate tumor cells in the body.

Inhibition of PD1/PD-L1 and/or CTLA, beyond all doubt, would become an effective therapy to treat human cancers including colorectal cancer or to inhibit tumor proliferation and metastasis.



ICIs Treatment for Colorectal Cancer

Starting from this mechanism of tumor immune escape, inhibit the binding of tumor PD-L1 and T cell surface PD-1, block negative regulatory signals, restore the normal immune response of T cells to tumor cells to realize the role of removing tumor cells. Based on this mechanism, a large number of colorectal cancer patients have now been treated with ICIs. Fortunately, in treating colorectal cancer patients with PD-1, PD-L1, and CTLA-4 inhibitors, patients with high microsatellite stability (MSI-H) and mismatch repair defects showed fine efficacy (10–14, 51, 52). Recent researches demonstrated that Cytotoxic T cells, memory T cells, Th1 cells, N.K. Cells, TFH cells, B cells, activated and mature D.C., M1 macrophages, FOXP31owCD45RA- Treg cells, high PD-L1 expression on the exterior of immune cells were confirmed to be strongly associated with a favorable prognosis of CRC (53–59), while CRC patients with massive infiltration of FOXP3hi- Treg cells, Th17 cells, M2 macrophages, MDSCs, LAMP3 DC and neutrophils have generally a poor prognosis (60–63). Therefore, by raising the level of cells associated with good prognosis of colorectal cancer or lowering the level of cells associated with poor prognosis of colorectal cancer, it may improve the efficacy of colorectal cancer patients. Besides, one of the evaluation indicators over ICIs treatment response is the quantification of circulating tumor DNA (ctDNA). As a practical predictive approach, this indicator can be used in early monitoring to assess the tumor response of patients receiving anti-PD-1 therapy (64). Furthermore, it has shown that MSI, tumor mutation burden(TMB), and MMR played a critical role in the ICB response of colorectal cancer. Generally speaking, CRC patients with MSI-H, high TMB, and dMMR are considered to have a positive reaction to ICIs treatment. Thus CRC patients can get a considerably brilliant prognosis (65–67).

In 2010, Julie R Brahmer, et al. first reported anti-PD-1 in 39 patients with different advanced maglicies, in which one CRC receiving durable complete remission, while other cancers, like melanoma, renal cell cancer did not meet the PR criteria but had significant tumor lesion regression (68). With the in-depth study of anti-immune checkpoint treatment of cancer subsequent studies showed significant activity of PD-1 blockers in multiple cancers, leading to clinical approval for the treatment of multiple tumors, such as gastric cancer (69), colorectal cancer (70), liver cancer (71), and pancreatic cancer (72–74). However, despite of abundant success in treating CRC, there still exists resistance to ICIs in colorectal cancer. The results of current clinical studies are quite explorable, which encourage us to further explore the underlying mechanism of non-response or low-response to ICIs for CRC patients.

Thus, varieties of researches including basic and clinical are done over enhancing CRC efficiency. Researchers made a conclusion that CRC patients with MSI-H, high TMB and dMMR are demonstrated to get a nice response to ICIs treatment and own a considerably brilliant prognosis (65–67, 75–77). Following, FDA approved pebrolizumab used for the treatment of refractory, metastatic solid tumors with mismatch repair defects, high microsatellite instability, and applied nivolumab approval for the treatment of colorectal cancer with a mismatch repair defect and high microsatellite instability.

However, although this colorectal cancer type with very good response to ICIs treatment, there may still exist some resistance and patients still have poor response to ICIs treatment. Romain Cohen, et al. analyzed 38 colorectal cancer patients diagnosed with MSI or dMMR and treated with ICIs and found five had ICB resistance, immediately after they reassessed the status of MSI or dMMR and found that three mCRC patients are characterized with MSS or pMMR (78) showing that MSI-H or dMMR mCRC is misdiagnosed into MSS or pMMR as MSI-H or dMMR status. Therefore, it appears crucial to make a correct diagnosis and to determine MSS and MMR status by immunohistochemistry or PCR before ICIs treatment. Besides, Carino Gurjao, et al. reported that a patient with MSI-H and extremely high neoantigen load found continued disease progression despite with ICIs treatment. Then they tested the intrinsic resistance of CRC by testing the genomic, transcriptomes, immunohistochemistry of patient tumors and related immune microenvironment. They found that the possible reasons for intrinsic resistance to MSI-CRC were biallelic deletion of B2M (associated with antigen presentation) and increasing infiltration of NK cells and M2 macrophage (79). Therefore, attempting to improve B2M biallelic deletion status and reducing NK cell and M2 macrophage infiltration are possible effective pathways to improve intrinsic resistance to MSI-CRC. Next, CRC patients with MSI-H or dMMR with BRAF mutations also have relatively poor prognosis (80–82), therefore, such patients should be specific analysis, and utilize different therapeutic targets or combination therapy may be needed to improve efficacy.

Unfortunately, CRC patients with MSI-H or dMMR who respond well to ICIs efficacy account for only 10–15% of the entire CRC patient population, and approximately 85–90% of CRC patients belongs to the MSS or pMMR type. The current general view is that mCRC tumor cells accompanied by pMMR or MSS features have reduced immunogenicity to CD8 + T cells, reduced tumor cell mutation load, reduced HLA class molecule expression, and missing B2M protein are the possible reasons for their poor or even no response to ICIs treatment. There is no doubt that it’s urgent to improve the efficacy of CRC patients with MSS or pMMR to significantly improve the quality of life of CRC patients.

It is widely accepted that pMMR or MSS mCRC tumor cells have reduced immunogenicity, lower mutational load, low expression of HLA class molecules, and loss of 2-heterococytoprotein may be the main reason of (83) for its low or non-response to ICIs treatment. An increasing quantity of researchers have invested basic and clinical research to improve ICIs treatment response in pMMR or MSS mCRC patients, in order to improve progression-free survival and improve their quality of life in CRC patients. They found that ICIs combined with Fruquitinib or Regorafenib (an antiangiogenic drug, the former combination works better than the latter and could significantly improve the progression-free survival of mCRC patients) (84), LDH-A inhibitors (85), MEK inhibitors (86, 87), celecoxib (an inhibitor of the cyclooxidase COX2) (88), TGF-β inhibitors (89), CXCR4 inhibitors (90) combined treatment of pMMR or MSS mCRC, could significantly improve the treatment response of such patients to ICB in response, which provides a vision of a promising cure for CRC, however, drugs partly produce some toxic side effects such as colitis and duodenal ulcer, one of the pathogenic factors in colorectal cancer. Therefore, there is an urgent need to explore an effective treatment of CRC patients, including MSI-H or dMMR characteristics and pMMR or MSS characteristics, to improve progression-free survival and improve their quality of life in CRC patients.



m6A Epigenetic Modification

Current studies have shown that epigenetic defects played a crucial role in all malignant tumors with genetic defects (18, 19, 91, 92). Cancer is a disease caused by the continuous accumulation of genetic and epigenetic alteration. Generally, epigenetic alteration often precedes cancer and then induce gene mutations which lead to cancer (93). Almost all human cancer types contain epigenetic alterations. Because epigenetic modifications are reversible in nature (18–20), epigenetics has become an attractive target for cancer therapy. Recent studies have found that, in addition to being related to cancer progression, epigenetic modification is also a potential driver of drug resistance (17).

N6-methyladenosine (m6A) modification is the most common epigenetic methylation modification in RNA, such as mRNAs, ncRNAs, approximately 80% of all RNA methylation modification in vivo (94), which influences RNA function, for example, it has an great effect on RNA splicing, export, stability and translation. m6A modification is a reversible and dynamic in RNA epigenetic process. It is adjusted by m6A regulators, the main regulators containing “writer” (methyltransferase), “reader” (signal converter), combined with “eraser” (demethylation basease) (95).

Specifically, the writers, whose function is adding methylation into RNA to make the RNA methylated, up to date, are composed of METTL3, METTL14, WTAP, RBM15, RBM15B, ZC3H13 and KIAA1429 (96, 97). The readers, identifying methylation sites, are contained with YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, HNRNPC,IMP2 and HNRNPA2B1 (98–101). The erasers, whose role is deleting the methylation of RNA, mainly consist of FTO and ALKBH5 (102, 103) as revealed in Figure 3.




Figure 3 | m6A regulators, including “writer” (methyltransferase), “reader” (signal converter) and “eraser” (demethylation basease).





m6A modification, ICIs IN CRC

At present, anti-immune checkpoint treatment of CRC is the thoroughly studied type of immunotherapy and has left some treating troubles so far (17). Researches lately have displayed that, in addition to being related to cancer progression, m6A epigenetic modification is also a potential driver of drug resistance (104). There are several main mechanisms that lead to anti-cancer drug resistance: changes in drug metabolism, deregulation of drug transport, mutations or changes in target protein expression, the above-mentioned mechanisms are the main reasons for the decrease in the efficacy of anti-cancer drugs (105–109).

Among several new methods to achieve the goal of drug sensitive, the regulation of m6A RNA modification has been demonstrated to be an overwhelming strategy for the drug resistance of various types of cancer cells. M6A regulates RNA’s different-stage function, such as RNA splicing, degradation and translation to take part in a variety of biological processes including cell proliferation, metabolism and metastasis, and the caused anti-tumor resistance (109).

Immune checkpoint inhibitors have been utilized to colorectal cancer therapy and provides a promising clinical advantage; however, it usually shows that CRC patients make a low response or resistance (110). To improve the efficacy of ICB, it is urgently needed to identify the underlying mechanism for the low-response or resistance of ICIs in CRC. Recent studies have shown that m6A modifications are highly related with the low-response or resistance of ICIs in CRC, one possible reason that m6A tightly connected with microenvironment of tumor and immune cells in CRC.

The m6A modification pathway is often misregulated in cancer (111). Bo Zhang, et al. revealed that m6A modification is necessary in TME (112–115). The high m6A score, characterized by decreased mutation burden and immune activation, is related to reduced neoantigen load and poor response to ICIs (115). Patients with higher m6A-related risks have lower expression of immune checkpoint molecules, indicating that ICIs treatment may be less efficient for this subgroup. Therefore, m6A risk characteristics could be used as immunotherapy predictors for STAD prognosis in a clinical setting, and the underlying mechanism of the relationship between immune checkpoint molecules and m6A methylation needs to be further studied (115). In the same way as gastric cancer, does this apply to the colorectal tumors belonging to the digestive tract tumor? This will provide new ideas for clinically predicting the ICIs response of patients with colorectal cancer and further strengthening ICIs therapeutic response in colorectal cancer.


m6A Writers, ICIs in CRC

M6A modification regulated by METTL3 may promotes D.C. activation and maturation, Specific knockout Mettl3 in D.C. causes impaired phenotypic and functional maturation of D.C. and decreases their capacities of stimulating T cell responses (112). Specific depletion of Mettl3 in tumor-associated macrophages(TAM) resulted in CD8+ T cells dysfunction and tumor growth (113). With the reducing of m6A regulated by Mettl14, expression of the tumor suppressor KLF4 will be substantially increased and will further promote the migration of CRC cells and invasion (114). Interestingly some reseachers believed that m6A writers, such as Mettl3, WTAP, is positively associated with CRC cells invasion, migration, progression, and tumor stem cells with stemness and drug resistance (116–119).

Chen Xiaoxiang, et al. explored the function of m6A modification in CRC, illustrated the mechanism of m6A modification involved in the biological process of CRC, and confirmed that METTL14 is related to the progression of CRC in vivo and in vitro (112–114, 116–120). Lingling Wang et al. found that the deletion of methyltransferases Mettl3 and Mettl14 inhibited N6 methyladenosine (m6A) mRNA modification, enhanced pMMR-MSI-L colorectal cancer and melanoma patients’ response to anti-PD-1 therapy, and significantly slowed down tumor grows and prolongs the patient’s survival. In addition, the deficiency of MettL3 or Mettl14 in tumors results in enhancing cytotoxic tumor-infiltrating CD8+ T cells, and increasing the secretion of IFN-c, Cxcl9 and Cxcl10 in TME in vivo, which proves that the immune system and tumor microenvironment have metastasized in tumor m6A mRNA. Changes will occur after the enzyme is removed. In patients with colorectal cancer and melanoma undergoing immunotherapy, changes in the transcriptome profile of methyltransferase-deficient tumors in tumor cells indicate that the activation of IFN-c signaling is the key to resensitization, while external transcriptome analysis shows that IFN -c-Stat1-Irf1 axis transcript lacking m6A modification contributes to the stabilization of m6A reader Ythdf2-mediated transcripts, thereby explaining the up-regulation of IFN-c signaling and changes in the tumor microenvironment (121), this discovery will further promote the understanding and in-depth study of m6A methyltransferase in the anti-PD-1/PD-L1 treatment of colorectal cancer.

However, whether and how m6A modifications writers alteration influence the efficiency of ICIs in colorectal cancer, still remains further research.



m6A Erasers, ICIs in CRC 

Zeyan Zhang, et al. studied m6A erasers and found that reducing FTO expression, inhibiting MZF1 expression, and thus c-Myc expression and hindered CRC cell proliferation and progression (122). Contrary to the conclusion, Danyun Ruan, et al. and Sebastien Relier, et al. suggested that inhibiting FTO expression would promote CRC metastasis, poor prognosis and high recurrence in CRC patients (101, 123).

The study by Seungwon Yang, et al. found that under the action of the demethylase FTO, m6A will promote the growth of melanoma and reduce its response to anti-PD-1 blocking immunotherapy. When FTO is knocked out, it can increase m6A methylation in key tumorigenic melanoma cells (including PD-1, CXCR4 and SOX10), resulting in increased RNA attenuation through m6A reader YTHDF2, and then cause that melanoma cells are sensitive to interferon-γ (IFN-γ) and make melanoma sensitive to anti-PD-1 treatment. It is generally believed that inhibiting the combination of FTO and anti-PD-1 blockade may attenuate the resistance of melanoma to immunotherapy and improve the treatment response (124). However, they did not conduct research on colorectal cancer like Lingling Wang et al., but this will open a new way of thinking about ICIs resistance in colorectal cancer patients.

Then the study by Na Lia, et al. found that the knockout of the m6A demethylase ALKBH5 would make tumors susceptible to cancer immunotherapy. Specifically, ALKBH5 regulates the expression level and lactic acid content of Mct4/Slc16a3 in the TME and the constitution of tumor infiltrating Tregs and myeloid-derived suppressor cells. The research results show that m6A demethylase in tumor cells contributes to the effect of immunotherapy, and ALKBH5 is identified as a potential therapeutic target to improve the efficacy of immunotherapy for melanoma, colorectal cancer and other potential cancers (125).

However, whether and how m6A modifications erasers variations influence the efficiency of ICIs in colorectal cancer, still remains further research.



m6A Readers, ICIs in CRC

Numerous studies on m6A Reader have confirmed four genes (YTHDF1, IGF2BP1, IGF2BP1, IGFBP3, EIF3B) is a potential biomarker of CRC. It was found to downregulate YTHDF1 or IMP2, can further regulate the GLS1-glutamine metabolic axis, improve the stability of the m6A-modified GSK3β mRNA, inhibition of Wnt/-catenin/cyclin D1 expression, inhibition of CRC cell proliferation, colony formation, and increase the apoptosis levels in CRC cells, To sensitized cisplatin-resistant CRC cells (126–128).

Kazuo Tsuchiya, et al. used immunohistochemistry to detect the protein expression levels of m6A readers, such as YTHDF1 and YTHDF2 in 603 cases of non-small cell lung cancer tissues and evaluated four subgroups as TILs in tumor nests and surrounding stroma (PD-1, CD8, Foxp3 and CD45RO), and to study the differential expression of PD-L1 in lung cancer cells lacking YTHDF1 and YTHDF2. They found that YTHDF1 and YTHDF2 lowerly expressed in advanced tumors than that of early tumors, and the expression of YTHDF1 and YTHDF2 were also advised to be independent favorable prognostic factors for recurrence-free survival. In tumors with high expression of YTHDF1 and YTHDF2, the TIL density of almost all four lymphocyte subgroups in the stroma was significantly increased. In vitro, YTHDF1 and YTHDF2 knockout in cells up-regulated the expression of tumor PD-L1 and changed a variety of immune-related genes. It shows that the high expression of YTHDF1 and YTHDF2 is related to the good prognosis of NSCLC patients, the increase in the number of TIL and the down-regulation of PD-L1. YTHDF1 and YTHDF2 may be new prognostic and drug targets related to lung cancer tumor immune microenvironment (129). However, whether the up-regulation of YTHDF1 and YTHDF2 is effective for patients with colorectal cancer needs further research.

However, whether and how m6A modifications readers changes influence the efficiency of ICIs in colorectal cancer, still remains further research.

The possible reasons for such interestingly different and even opposite conclusions for different researchers in the same study subject maybe depended on m6A modified different RNA sites, different patterns in different immune cells, or different types of CRC, for example, MSS/pMMR or MSI-H/dMMR and whether accompanied by BRAF mutations.

However, due to methodological limitations, these studies are limited to one or two RNA modification “writers”, “erasers” or “readers”, but the antitumor effects of RNA modifications are characterized by highly complicated interactions of many regulators. Thus, a comprehensive and full understanding of how the regulatory networks of multiple RNA modification, there is no doubt that, will absolutely help us to have a better understanding of immunomodulatory and development of immunotherapy strategies in low-response or resistance of ICIs in CRC patients.




Conclusions and Prospects

The success of tumor immunotherapy, especially the success of  ICIs treatment, has brought encouraging hope and confidence for better treatment and possible cure of colorectal cancer patients. However, because about 85-90% of colorectal cancer patients have the characteristics of pMMR or MSI-L in clinical practice, whose typical feature is that the tumor with a lower mutation burden has a poor curative effect, usually showing resistance to  ICIs treatment. So this will force us to further explore the cure of colorectal cancer and the mechanism of PD-1/PD-L1 resistance.

In this review, we summarized the mechanism of immune escape in the process of general cancer and the current status of immune checkpoint blockade treatment of colorectal cancer. At the same time, we also deeply explored and guess the role of m6A in mechanism of resistance in colorectal cancer anti-PD-1/PD-L1 therapy.

For the brief mechanism of m6A to relieve the resistance of colorectal cancer patients to anti-PD-1/PD-L1 therapy, we summarize the existing research and speculate the following findings. The m6A modification regulated by the m6A regulator includes the “writer” (methyltransferase_METTL3, METL14), “reader” (signal converter_YTHDC1, YTHDC2) and “eraser” (demethylase_FTO, ALKBH5) (67). Inhibition of “writers” (methyltransferase_Mettl3, Mettl14) can inhibit m6A modification, enhance the response of pMMR-MSI-L colorectal cancer patients to anti-PD-1 treatment, and significantly slow down tumor growth and prolong patient survival; activation the high expression of “readers” (signal converters_YTHDF1 and YTHDF2) may be related to the good prognosis of patients with colorectal cancer, the increase in the number of TIL, and the down-regulation of PD-L1, and may become a novel related to the immune microenvironment of colorectal cancer. The prognosis and drug targets of the drug; inhibiting the “eraser” (demethylase_FTO, ALKBH5) may increase the sensitivity of colorectal cancer patients to immune checkpoint therapy and reduce resistance after the anti-PD-1/PD-L1 therapy.

At present, in colorectal cancer  ICIs treatment resistance research, only Lingling Wang et al. from the m6A “author” (methyltransferase_Mettl3, Mettl14) point of view, found that the deletion of methyltransferase Mettl3 and Mettl14 inhibits N6 methyladenosine (m6A) mRNA modification, enhances the response of pMMR-MSI-L colorectal cancer and melanoma patients to anti-PD-1 treatment, and significantly slows tumor growth and prolongs patient survival. And whether m6A “reader” (signal converter_YTHDF1, YTHDF2), “eraser” (demethylase_FTO, ALKBH5), etc. or how to convert can increase the sensitivity of colorectal cancer patients to immune checkpoint therapy and reduce the resistance of colorectal cancer patients to anti-PD-1/PD-L1 therapy still needs further research.
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Immunotherapy based on immune checkpoint inhibitors (ICIs) have demonstrated remarkable survival benefits and gained regulatory approval in non-small cell lung cancer (NSCLC) patients without an actionable driver mutation, but currently there is no well-established standard for how to screen the most suitable population for ICIs treatment. Here, we conducted a comprehensive analysis of the somatic mutation landscape of lung adenocarcinoma (LUAD) samples. After the stepwise screening of high-frequency mutated genes, two genes with prominent significance, FAT3 and LRP1B, were finally screened out. Through further analysis, we discovered that the co-mutation of FAT3 and LRP1B was associated with an earlier age of onset and occurred more frequently in Black/African American. Furthermore, co-mutation defines a unique subgroup of lung adenocarcinoma that can increase tumor mutational burden (TMB), boost cytotoxicity and tumor immunogenicity, and facilitate lymphocyte infiltration. The results of gene set enrichment analysis (GSEA) indicated that co-mutation can influence tumorigenesis through a variety of mechanisms. More strikingly, the subset of LUAD with co-mutation of FAT3 and LRP1B exhibited significantly prolonged immunotherapy progression free survival (PFS). In summary, co-mutation of FAT3 and LRP1B is a promising useful biomarker for predicting the efficacy of immunotherapy, which can improve the clinical efficiency of practicing precision medicine in lung adenocarcinoma patients.
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Introduction

Lung cancer is currently the leading cause of cancer death and second most diagnosed cancer worldwide, with an incidence of 11.4% and a mortality far higher than any other cancer types (18.0%) (1). Approximately 1.8 million patients died of lung cancer and 2.2 million new lung cancer cases globally in 2020 (1). Despite great progress have been made in the treatment of lung cancer, the five-year survival rate for patients diagnosed between 2010 and 2014 was only 10% to 20% in most countries (2). The prevalence of lung cancer in China has been among the top for many years. In 2015, lung cancer was the most common malignancy and caused the most cancer-related deaths in China (3). Adenocarcinoma is the most common histologic subtype of lung cancer, belonging to NSCLC (4). In recent years, immunotherapy based on monoclonal antibodies targeting immune checkpoint programmed cell death-1 (PD-1) and programmed cell death-1 ligand (PD-L1) has achieved remarkable clinical success and shown unprecedented durable responses for NSCLC patients without an actionable driver mutation (5–8). The emergence of ICIs has become an exciting treatment option for these patients, and has dramatically changed the way they are treated (9). Unfortunately, only a minority of NSCLC patients can really benefit from ICIs treatment (10).

PD-L1 expression, microsatellite instability high (MSI-H)/mismatch repair deficiency (dMMR) and TMB have gained regulatory approval as predictive biomarkers for ICIs in the treatment of NSCLC (5, 8, 11–13). PD-L1 expression is the first biomarker developed to enrich the population who are sensitive to PD-1/PD-L1 targeted immunotherapy. The interpretation of PD-L1 immunohistochemistry (IHC) requires professional pathologists to undergo special training to ensure the accuracy of the results. Different ICIs need to be detected by diverse antibodies, and different antibodies require distinct IHC platforms and have various positivity interpretation standards (14). MSI-H occurs when MMR proteins are dysfunctional and unable to repair errors caused by DNA replication in the microsatellite (15). MSI-H/dMMR mainly exists in colorectal cancer, endometrial cancer and gastric cancer, and its incidence in LUAD is very low (16). TMB is generally determined by whole-exome sequencing or targeted gene panel sequencing with a coding sequence (CDS) greater than or equal to 1.0Mb, and has been used as an effective indicator of response in immunotherapy for many cancer types (17). In most cancers, PD-L1 expression and TMB are two independent biomarkers, and the level of PD-L1 expression has no connection with the level of TMB (18, 19). MSI-H can be understood as a subset of TMB-H. Patients with TMB-H are not necessarily MSI-H, but most patients with MSI-H are also TMB-H (20, 21), because in addition to errors in mismatch repair, defects in other DNA damage repair pathways can also lead to increased mutation rates (22). Tumor somatic mutations can generate non-self neoantigens that confer immunogenicity and induce anti-tumor immune response (23). Therefore, mutations not only contribute to tumorigenesis and progression, but also increase the chance of tumors being recognized by the host immune system and lead to tumor elimination in the meanwhile.

It is well established that simpler methods, such as single-gene or multi-gene co-mutation detection can be used as an alternative to predict TMB (22, 24, 25). LRP1B is a tumor suppressor gene, encoding low-density lipoprotein (LDL) family receptor (26), and its mutation frequency is among the top ten in LUAD (27). The correlation of LRP1B with TMB and immunotherapy efficacy has been confirmed in multiple cancers, including lung cancer, melanoma and other solid tumors (28, 29). FAT3 belongs to the FAT family genes encoding large proteins with extracellular Cadherin repeats, EGF-like domains, and Laminin G-like domains, and is involved in tumor suppression and planar cell polarity (PCP) (30). Similarly, FAT3 mutations have been linked to prognosis and elevated TMB level in NSCLC (31), esophageal cancer (ESCA) (32) and triple-negative breast cancer (TNBC) (33). Although FAT3 gene mutations are common in many cancers, including lung adenocarcinoma, there are few studies on the association between FAT3 gene and immunotherapy.

In this study, we comprehensively analyzed the gene sequencing data of lung adenocarcinoma samples, and screened out 18 genes with non-synonymous mutations frequencies greater than 20% in the coding region. Next, we further explored the correlation between these high-frequency mutated genes and TMB, mRNA expression levels of recombinant cluster of differentiation 8A (CD8A) and interferon gamma (IFNG), neoantigen and immunotherapy benefit, and finally acquired two significantly related genes, FAT3 and LRP1B. Considering the co-occurrence relationship between these two key genes, we conducted an in-depth analysis of LUAD samples with co-mutation of FAT3 and LRP1B, performed GSEA analysis and investigated the impact of co-mutation on immune infiltration. Overall, our results demonstrate that compared with FAT3 or LRP1B single-mutation samples, the LUAD subset with co-mutation of FAT3 and LRP1B exhibit more unique clinical profiles and is more closely associated with the efficacy of immunotherapy.



Materials and Methods


Patient Selection

The study cohort consisted of 506 LUAD patients selected and retrieved from The Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov), and the mutation and expression data from these populations were used for comprehensive integrated analysis. The cohort was obtained by screening samples with both somatic mutation and mRNA expression profiling. A total of 90 LUAD samples from Rizvi et al. (15 cases) (34) and Hellmann et al. (75 cases) (18) were used to explore the association of gene mutations with neoantigen and the efficacy of immunotherapy. In addition, 485 LUAD samples from Imielinksi et al. (183 cases) (35) and Chen et al. (302 cases) (36) were used to verify the relationship between mutation status and TMB level. Gene mutations were defined as all mutations in CDS region except synonymous and intron mutations, including indels, missense mutations, nonsense mutations and splice mutations. Given the absence of patient identification information and the retrospective nature of the study, ethical approval and informed consent was waived.



Identification of Frequently Mutated Genes

Based on the original gene mutation results of 506 LUAD samples from TCGA, a TXT file annotated by hg19 reference genome was generated, including only three columns of sample ID, mutant gene and variant class. Among them, the variant class was composed of all mutations in CDS region except synonymous and intron mutations. The TXT file was visualized through the GenVisR package for somatic mutations, ranking mutated genes in the order of mutation frequency from high to low to obtain 18 genes with mutation frequency greater than 20% in the cohort.



Molecular Characteristics Analysis

The total number of non-synonymous somatic variants obtained from whole exome sequencing (WES) data, divided by the size of the exome, was used as the formula to calculate the TMB of LUAD samples. All single nucleotide variants (SNVs) and indels were included. The expression of CD8A and IFNG were evaluated through transcriptome data in RNASeqV2 RSEM format, log2(RSEM+1) transformed. The level of neoantigen had previously been measured in the immunotherapy cohort by published methods (18, 34). By assessing the correlation of these 18 genes with TMB, the expression levels of CD8A and IFNG, and neoantigen for stepwise screening, the two key genes, FAT3 and LRP1B, which had important implications in LUAD, were finally obtained.



Gene Set Enrichment Analysis

In order to explore the mechanism of the mutation status of target genes in the occurrence and development of LUAD tumors, we divided the TCGA cohort into two groups, FAT3 and LRP1B co-mutation and wild-type, and performed GSEA by RNA-seq data. Using GSEA software (version 4.1.0) (37), we analyzed which classic signaling pathways are affected by co-mutation of FAT3 and LRP1B. Enrichment score (ES) reflected the degree to which a gene set was overrepresented at top or bottom of the entire ranked list, and ES was normalized according to the size of gene set to yield normalized enrichment score (NES). Permutations for each analysis were set as 1000 times. Pathways with a normal p-value less than 0.05 were considered to be significantly enriched.



Co-Mutation and Tumor-Infiltrating Lymphocytes

Based on the deconvolution algorithm CIBERSORT (38), we used RNA-seq data to evaluate the relative abundance of 22 tumor-infiltrating immune cells in the TCGA LUAD dataset. We then divided the cohort into FAT3 and LRP1B co-mutation and wild-type groups according to the mutation status of target genes to discuss the effect of co-mutation on the degree of lymphocyte infiltration. The correlation between immune cells was visualized using corrplot package and Pearson correlation coefficient was calculated.



Statistical Analysis

Demographic, clinicopathological, and molecular characteristics were treated as either continuous (e.g., age, TMB, mRNA expression) or categorical (e.g., sex, stage, race) variables as appropriate. We used the nonparametric Mann-Whitney for all comparisons of continuous data, and categorical variables were compared using the Fisher exact test. For the analysis of the association of target gene mutations with the efficacy of ICIs treatment, survival curves were plotted using the Kaplan-Meier method and compared by the log-rank test. The PFS data were evaluated by Response Evaluation Criteria in Solid Tumors, version 1.1 (RECISTv1.1). PFS was defined as the time from the initiation of therapy to the date of disease progression or death from any cause. Statistical analyses were conducted using R (version 3.6.1), SPSS (version 25.0) and GraphPad Prism (version 8.0). All statistical tests were two-tailed, and p value under 0.05 was deemed significant.




Results


Somatic Mutation Landscape in Lung Adenocarcinoma

Using 20% as the cut-off value of gene mutation frequency, we screened out 18 genes (TP53, TTN, MUC16, CSMD3, RYR2, LRP1B, ZFHX4, USH2A, KRAS, SPTA1, FLG, XIRP2, CSMD1, FAT3, PCDH15, ZNF536, NAV3 and COL11A1) based on the waterfall plot of 506 LUAD samples, of which TP53 had the highest mutation frequency (52.0%, 263 of 506) (Figure 1). All mutations in the CDS region that might alter the amino acid sequence were included, such as indels, missense mutations, nonsense mutations and splice mutations. Missense mutation was the most common type of variation.




Figure 1 | The waterfall plot displaying the landscape of frequently mutated genes in 506 LUAD samples with non-synonymous mutation frequency in the coding region greater than 20%. Genes were arranged in descending order of mutation frequency (left panel), and different colors represented different mutation types (right panel). The upper panel indicated the number of non-synonymous mutations in the coding region per Mb of each sample.





The Association of Target Gene Mutations With TMB and the Expression Levels of CD8A and IFNG

TMB reflects the number of mutations contained in tumor cells, usually measured by the number of mutations per Mb in the CDS region of the genome, and has been used as an effective predictor of immunotherapy response in lung cancer (5, 8). LUAD patients with TP53, TTN, MUC16, CSMD3, RYR2, LRP1B, ZFHX4, USH2A, SPTA1, FLG, XIRP2, CSMD1, FAT3, PCDH15, ZNF536, NAV3 and COL11A1 mutations in the cohort exhibited a much higher TMB than wild-type patients (Figure 2A). The TMB of the dataset ranged from 0.00 to 53.29 mutations/Mb, with a median of 5.42 mutations/Mb. Further analysis indicated that regardless of the median TMB or 10 mutations/Mb as the threshold, the level of TMB had no significant correlation with the prognosis of LUAD (Supplementary Figure 1).




Figure 2 | Gene mutations were related to TMB and the expression levels of CD8A and IFNG. (A) Compared with wild-type groups, LUAD samples with TP53, TTN, MUC16, CSMD3, RYR2, LRP1B, ZFHX4, USH2A, SPTA1, FLG, XIRP2, CSMD1, FAT3, PCDH15, ZNF536, NAV3 and COL11A1 mutations had significantly higher TMB. (B, C) LUAD samples with TP53, LRP1B, USH2A, SPTA1 and FAT3 mutations had higher CD8A and IFNG mRNA expression levels (adding one pseudo-count and log2 transformation) than wild-type. WT=wild-type. p values indicate comparisons between mutant and wild-type LUADs by Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001.



Tumors possessing higher level of TMB may stimulate the immune system to produce more potent cytotoxicity. To discover whether these target genes that were significantly related to TMB had similar impact on the tumor microenvironment (TME), we further examined the cytotoxic T-cell markers of mutant LUADs. Compared with wild-type group, the expression of CD8A (Figure 2B) and IFNG (Figure 2C) were significantly upregulated in LUAD patients with TP53, LRP1B, USH2A, SPTA1 and FAT3 mutations. Collectively, LUAD subgroups with TP53, LRP1B, USH2A, SPTA1 and FAT3 mutations harbored higher TMB level and exhibited enhanced cytotoxicity.



Gene Mutations Are Relevant With Neoantigen Level and Immunotherapy Outcome

A large number of non-synonymous mutations are thought to cause the emergence of more neoantigens, which further enhances immunogenicity and makes tumors more sensitive to ICIs treatment (13). To investigate whether higher TMB can translate into favorable immunotherapy response, we conducted a more in-depth examination of subgroups with target gene mutations. Through a dataset containing 90 LUAD samples treated with ICIs, we found that TP53, LRP1B, USH2A, SPTA1 and FAT3-mutant LUADs all had higher neoantigen loads than wild-type (Figure 3A). More importantly, LUADs with LRP1B (22.1 months vs 6.5 months, HR=0.55, 95% CI=0.32-0.94, p=0.0495) and FAT3 (not reached vs 6.5 months, HR=0.38, 95% CI=0.22-0.68, p=0.012) mutations also had significantly prolonged immunotherapy PFS (Figures 3B–F). In general, these results suggested that LUAD samples with LRP1B and FAT3 mutations possessed increased immunogenicity and better immunotherapy outcomes.




Figure 3 | The associations of gene mutations with neoantigen and immunotherapy PFS. (A) LUAD samples with TP53, LRP1B, USH2A, SPTA1 and FAT3 mutations had higher levels of neoantigen (adding one pseudo-count and log2 transformation). (B–F) Compared with non-mutated LUAD samples, LUADs with LRP1B and FAT3 mutations had significantly longer PFS for immunotherapy. WT=wild-type. Statistical comparisons between different groups were made by Mann-Whitney test (A), and survival curves were plotted using the Kaplan-Meier method and compared by the log-rank test (B–F). ***p < 0.001.





Characteristics of Lung Adenocarcinoma Patients With FAT3 and LRP1B Mutations

Across 506 LUAD patients, the mutation frequencies of LRP1B and FAT3 genes were 21.34% (108 of 506) and 34.78% (176 of 506), respectively, and the frequency of co-mutation of FAT3 and LRP1B genes was 10.87% (55 of 506). Furthermore, co-occurrence and mutual exclusivity analysis of mutations confirmed that FAT3 and LRP1B mutations tended to occur simultaneously (Fisher’s exact test, p<0.001). Consequently, we sought to divide the LUAD cohort into four groups: FAT3 and LRP1B co-mutation group (FAT3+/LRP1B+), FAT3 mutation only group (FAT3+), LRP1B mutation only group (LRP1B+), and FAT3 and LRP1B double wild-type group (WT), to analyze the relationship between mutation status and demographic and clinicopathological characteristics of lung adenocarcinoma patients (Table 1). Compared with wild-type LUADs, patients in the FAT3+/LRP1B+ group were correlated with earlier cancer onset (median age 63.5 vs 67 years old, p=0.012), and the tumors were more commonly occurred in Black/African American (18.18% vs 8.30%, p=0.037). There were no significant differences between the FAT3+/LRP1B+ and WT groups in terms of sex, stage, grade and tumor status. Additionally, compared with the WT group, the FAT3+ and LRP1B+ groups had no striking differences in these characteristics.


Table 1 | Demographic and clinicopathological characteristics in the LUAD cohort according to FAT3 and LRP1B mutation status.





The Subgroup of Lung Adenocarcinoma With Co-Mutation of FAT3 and LRP1B Exhibited Favorable Immunotherapy Efficacy

Considering the co-occurrence of FAT3 and LRP1B mutations, as well as the unique clinical characteristics of the co-mutation group, we attempted to check whether the molecular features of the FAT3+/LRP1B+ group were also worthy of attention. We found that LUADs in the FAT3+/LRP1B+ group had the highest level of TMB, even significantly higher than that of the FAT3+ (Figure 4A, 16.5 vs 8.3, p<0.001) and LRP1B+ (Figure 4A, 16.5 vs 9.0, p<0.001) groups. To evaluate the accuracy of using FAT3 and LRP1B co-mutation to predict TMB level in LUAD, 10 mutations/Mb was regarded as the cut-off value of TMB like most studies (5, 8). The positive rate of high TMB (>10 mutations/Mb) among the FAT3+/LRP1B+ group was 85.45% (47 of 55), while that of the remaining samples of LUAD cohort was 21.06% (95 of 451), p<0.001 (Fisher exact test). Besides, to determine the sensitivity and specificity of FAT3 and LRP1B co-mutation for predicting the level of TMB, receiver operating characteristic (ROC) curve was performed. The area under the ROC curve (AUC) of co-mutation group was 0.655, with a sensitivity of 33.1% and a specificity of 97.8% (Figure 4B, p<0.001). The AUC of the FAT3+/LRP1B+ group was higher than that of the FAT3+, LRP1B+ and WT groups, illustrating that the FAT3 and LRP1B co-mutation had superior predictive performance for TMB level. What’s more, another dataset composed of 485 LUAD samples was used as the validation group, further supporting the view that the TMB level of the co-mutation group was higher than that of the FAT3 and LRP1B groups (Figure 4C). At the same time, although the previous result indicated that the population with FAT3 and LRP1B mutations had higher CD8A expression level than wild-type LUADs, a more detailed group comparison result proved that compared with the WT group, the CD8A expression level of the FAT3+/LRP1B+ group was significantly up-regulated, while not the same case in the FAT3+ and LRP1B+ groups (Figure 4D).




Figure 4 | LUAD samples with FAT3 and LRP1B co-mutation had significantly higher TMB levels and exhibited unique immune characteristics. (A) Compared with LUADs with only FAT3 or LRP1B mutations alone, the LUAD subgroup with co-mutation of FAT3 and LRP1B had significantly higher TMB level. (B) High specificity of FAT3 and LRP1B co-mutation status for predicting TMB-H (>10 mutations/Mb). The prediction performance of the FAT3+/LRP1B+ group for TMB-H exceeded that of the FAT3+ and LRP1B+ groups, with an AUC of 0.655, a 95% confidence interval of 0.596-0.713, and p<0.001. (C) The validation cohort of 485 LUAD samples confirmed the FAT3+/LRP1B+ group had the highest TMB level. (D) Compared with wild-type samples, LUADs in the FAT3+/LRP1B+ group had significantly higher CD8A mRNA expression level (adding one pseudo-count and log2 transformation). (E) The level of neoantigen (adding one pseudo-count and log2 transformation) in the FAT3+/LRP1B+ group was higher than that in the FAT3+ and LRP1B+ groups. (F) The immunotherapy PFS of the FAT3+/LRP1B+ group was significantly prolonged. Statistical comparisons between different groups were made by Mann-Whitney test (A, C–E), and survival curves were plotted using the Kaplan-Meier method and compared by the log-rank test (F). *p < 0.05, **p < 0.01, ***p < 0.001.



Similarly, through a population of 90 LUAD patients that received ICIs treatment, we discovered that the FAT3+/LRP1B+ group had strikingly higher neoantigen level than the FAT3+ (Figure 4E, p<0.01) and LRP1B+ (Figure 4E, p<0.001) groups. Even more importantly, LUAD patients with co-mutation of FAT3 and LRP1B had significantly better immunotherapy outcomes (Figure 4F, p=0.026). Moreover, when the entire cohort was divided into two groups, only the co-mutation group exhibited significantly prolonged PFS, while the immunotherapy response of the FAT3 and LRP1B single-mutation groups showed no advantage (Supplementary Figure 2). Taken together, these data suggest that the co-mutation of FAT3 and LRP1B defines a unique subset and may be a promising novel biomarker for screening candidates for ICIs therapy of lung adenocarcinoma.



Pathway Enrichment Analysis of FAT3 and LRP1B Co-Mutation

Gene set enrichment analysis was performed with the TCGA LUAD dataset to explore the effects of FAT3 and LRP1B co-mutation on the physiological processes and functions of the body. The analysis results of GSEA indicated that LUADs with FAT3 and LRP1B co-mutation were significantly enriched in Regulation of double strand break repair via homologous recombination, Basic amino acid transmembrane transporter activity, DNA replication, Regulation of spindle assembly, Histone methyltransferase complex and SWI/SNF superfamily type complex pathways (Figure 5), which revealed the potential mechanism of co-mutation in the occurrence and development of LUAD tumors, and also provided a direction for subsequent further research.




Figure 5 | Significantly enriched pathways associated with LUAD samples with co-mutations of FAT3 and LRP1B. GSEA analysis revealed that the FAT3+/LRP1B+ subgroup significantly enriched in (A) Regulation of double strand break repair via homologous recombination, (B) Basic amino acid transmembrane transporter activity, (C) DNA replication, (D) Regulation of spindle assembly, (E) Histone methyltransferase complex, (F) SWI/SNF superfamily type complex. NES, normalized enrichment score.





Co-Mutation of FAT3 and LRP1B Affects Lymphocyte Infiltration

The efficacy of ICIs treatment in cancer patients has been linked to the quality and magnitude of tumor-infiltrating lymphocytes (TILs) within the microenvironment (39). The infiltration degree of 22 immune cells in the LUAD was calculated using the CIBERSORT algorithm, and the proportion of immune cells in each sample in the cohort was displayed through stacked bars (Figure 6A). The results showed that compared with the wild-type samples, the TME of the LUADs with co-mutation of FAT3 and LRP1B contained more CD8+ T cells, activated CD4+ memory T cells and M1 macrophages, but fewer resting CD4+ memory T cells, resting dendritic cells and activated dendritic cells (Figure 6B). Besides, Pearson correlation analysis of immune cell abundance revealed the feedback relationship between immune cells (Figure 6C). From the correlation matrix, the strongest positive correlation existed between CD8+ T cells and activated CD4+ memory T cells, while the negative correlation between activated NK cells and resting NK cells was the strongest.




Figure 6 | Co-mutation of FAT3 and LRP1B can affect the degree of lymphocyte infiltration in LUAD. (A) The proportion of 22 immune cells in each sample in the LUAD dataset. (B) Differential tumor-infiltrating immune cells between FAT3+/LRP1B+ group and wild-type group. (C) Correlation analysis of immune cell abundance in tumor microenvironment. Red represents positive correlation, blue represents negative correlation. p values indicate comparisons between FAT3+/LRP1B+ and wild-type LUADs by Mann-Whitney test. *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

Based on a TCGA dataset consisting of 506 samples, we conducted an integrated analysis of the somatic mutation landscape of lung adenocarcinoma. After stepwise screening, we obtained FAT3 and LRP1B, two key genes closely related to the immunogenicity, cytotoxicity and immunotherapy response of lung adenocarcinoma patients. Further analysis showed that there was a co-occurrence relationship between FAT3 and LRP1B mutations, so we took the LUAD subgroup with FAT3 and LRP1B co-mutation as a whole to conduct a more in-depth exploration. The results demonstrated that the frequency of co-mutation of FAT3 and LRP1B in LUAD patients was 10.87% (55 out of 506), which was associated with an earlier age of onset and occurred more frequently in Black/African American. Besides, LUAD patients with FAT3 and LRP1B co-mutation displayed substantially higher TMB, CD8A expression level and neoantigen. More importantly, the subset of LUAD with co-mutation of FAT3 and LRP1B exhibited significantly prolonged immunotherapy PFS, so we performed GSEA and immune infiltration analysis on this subset to explore the effect of co-mutation on the degree of lymphocyte infiltration and tumorigenesis in lung adenocarcinoma.

FAT3 mutations occurred in 21.34% (108 out of 506) of LUAD samples in the TCGA cohort, which is consistent with previous conclusions in TNBC and ESCA that FAT3 gene has higher mutation rate (32, 33). Similarly, LRP1B gene not only has a relatively high mutation frequency (34.78%, 176/506) in this study, but also frequently mutates in multiple tumors, such as melanoma, ESCA and colorectal cancer (CRC) (28). Previous studies have demonstrated that in a variety of solid tumors, samples with FAT3 (31–33) or LRP1B (28, 29) mutations may have elevated TMB. However, according to our data, we found that although the LUAD samples with a single mutation of FAT3 or LRP1B had higher levels of TMB than the wild-type group, the TMB level of LUADs with co-mutation of FAT3 and LRP1B was even significantly higher than that of the FAT3 and LRP1B single-mutation groups. The increased TMB level of the co-mutation group was also reflected in its elevated neoantigen level, which was higher than that in the FAT3+ and LRP1B+ groups. Higher neoantigen load represents enhanced immunogenicity, which can stimulate more potent cytotoxicity, and our research suggests that only the FAT3+/LRP1B+ group has significantly increased CD8A expression level, while the FAT3 or LRP1B single-mutation groups have no significant difference from the wild-type group. It is worth noting that although the subset with FAT3 or LRP1B mutations displayed superior immunotherapy PFS than the wild-type, the results of a more detailed study of the cohort based on the co-mutation status indicated that only LUAD patients with co-mutation of FAT3 and LRP1B receive ICIs treatment can achieve better efficacy. Taken together, our study proves that while a series of studies have confirmed the predictive role of FAT3 and LRP1B mutations in tumor immunotherapy, the results of genetic testing found that LUAD patients with FAT3 or LRP1B mutations may not necessarily benefit from immunotherapy, only the LUAD population with both FAT3 and LRP1B mutations can benefit from ICIs therapy.

GSEA results showed that multiple signaling pathways were enriched in the LUAD subset with co-mutation of FAT3 and LRP1B. Basic amino acid transmembrane transporter activity enables the transfer of basic amino acids from one side of a membrane to the other, thereby providing nutrients for human metabolism. Most of the remaining enriched pathways are related to cell cycle and transcriptional regulation, illustrating that co-mutation may affect the occurrence and development of tumors through these mechanisms. Strikingly, the DNA homologous recombination repair (HRR) pathway is also enriched in the FAT3+/LRP1B+ group. Homologous recombination deficiency (HRD) leads to the accumulation of a large amount of DNA with damage that cannot be repaired, thus increasing genomic instability, which may be one of the reasons for the higher TMB level of LUADs with co-mutation of FAT3 and LRP1B. Studies have shown that NSCLC patients with HRD have better response to ICIs treatment (40, 41), which further validates the viewpoints put forward in this study.

The immune system and tumor microenvironment play an important role in tumor growth and progression, and can contribute to the efficacy of immunotherapy (42). Immune cells are an important component of the tumor microenvironment. We found that compared with wild-type samples, LUADs with co-mutation of FAT3 and LRP1B displayed a higher degree of infiltration of CD8+ T cells, activated CD4+ memory T cells and M1 macrophages. Cytotoxic CD8+ T cells (CTLs) are the most powerful effectors in the anti-cancer immune response, because they can detect intracellular antigens presented by major histocompatibility complex (MHC), which constitute the backbone of cancer immunotherapy (43). CD4+ T cells can help enhance the function of CTLs, enabling CTLs to overcome the barriers that typically hinder anti-cancer immunity (44). And M1 macrophages promote inflammatory response and play an active role in the elimination of pathogens and tumor cells (45). ICIs therapy can induce polarization of M1 macrophages, thus enhancing the antineoplastic effect (46, 47). The simultaneous prominence of the three types cells, CD8+ T cells, activated CD4+ memory T cells and M1 macrophages, implying that co-mutation of FAT3 and LRP1B can be used to predict the cytotoxic effect of lymphocytes against tumor cells and the beneficial response of immunotherapy in LUAD.

Our study also has some limitations. In view of the retrospective nature of this study that did not collect real-world samples, the conclusions obtained need to be verified by a large-sample prospective analysis. In addition, the cohort used for mutation and expression analysis is completely different from the population that has received immunotherapy, making our findings may need to be interpreted with caution. Nevertheless, we believe that the data of this paper has proved that in patients with lung adenocarcinoma, the co-mutation status of FAT3 and LRP1B deserves further attention and research. Considering that FAT3 and LRP1B genes lack hotspot mutations in lung adenocarcinoma, and these two genes may not even be included in the list of clinical routine gene testing (especially FAT3), we recommend that whole exon or even the whole gene level mutations of FAT3 and LRP1B should be comprehensively detected in clinical practice, which will provide more useful information for treatment options of lung adenocarcinoma.

In conclusion, through a comprehensive analysis of lung adenocarcinoma samples, the results of this study provide insights into the immunotherapeutic implications of co-occurrence of some common mutations in lung adenocarcinoma. We found that co-mutation of FAT3 and LRP1B has prominent significance, which can increase somatic mutational load, boost cytotoxicity and tumor immunogenicity, facilitate lymphocyte infiltration in the microenvironment, and significantly influence the outcome of immunotherapy. This research provides evidence that co-mutation of FAT3 and LRP1B may be a very promising novel biomarker for screening candidates of ICIs therapy in lung adenocarcinoma and lays a preliminary foundation for subsequent further exploration.
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The clinical success of immunotherapy has revolutionized the treatment of cancer patients, bringing renewed attention to tumor-infiltrating lymphocytes (TILs) of various cancer types. Immune checkpoint blockade is effective in patients with mismatched repair defects and high microsatellite instability (dMMR-MSI-H) in metastatic colorectal cancer (CRC), leading the FDA to accelerate the approval of two programmed cell death 1 (PD-1) blocking antibodies, pembrolizumab and nivolumab, for treatment of dMMR-MSI-H cancers. In contrast, patients with proficient mismatch repair and low levels of microsatellite stability or microsatellite instability (pMMR-MSI-L/MSS) typically have low tumor-infiltrating lymphocytes and have shown unsatisfied responses to the immune checkpoint inhibitor. Different TILs environments reflect different responses to immunotherapy, highlighting the complexity of the underlying tumor-immune interaction. Profiling of TILs fundamental Indication would shed light on the mechanisms of cancer-immune evasion, thus providing opportunities for the development of novel therapeutic strategies. In this review, we summarize phenotypic diversities of TILs and their connections with prognosis in CRC and provide insights into the subsets-specific nature of TILs with different MSI status. We also discuss current clinical immunotherapy approaches based on TILs as well as promising directions for future expansion, and highlight existing clinical data supporting its use.
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Introduction

Colorectal cancer (CRC) is a clinically common malignant tumor of the digestive system. According to Global Cancer Statistics of 2020, there are approximately 1.9 million newly diagnosed CRC patients and 935,000 CRC-related deaths, accounting for 10% of cancer cases and 9.4% of cancer-related deaths worldwide (1). With deeper understanding of pathophysiology in colorectal cancer, the optimization of screening and the application of various treatments have effectively improved the 5-year survival rate (2–5). However, nearly 40% of patients with CRC end up relapsing, with recurrent or advanced metastasis. As a result, extensive researches are now being conducted to overcome the barriers to relapse and resistance, and to explore more effective targets.

In the past decade immunotherapy has achieved impressive success in eradicating malignant cells by harnessing the inherent mechanisms of the host immune system, transforming the therapeutic landscape for a variety of solid and hematological malignancies (6, 7). Among cancer immunotherapy strategies, immune checkpoint blockade has shown significant benefits. It is the most thoroughly studied class of immunotherapy to date, increasing the overall survival (OS) rates of patients with advanced melanoma, non-small-cell lung cancer (NSCLC), urothelial cancer (8–10). Immune checkpoint therapy rejuvenates T cells and allows the adaptive immune system to block immune escape caused by cascade activation of tumor-specific immune checkpoints, such as those controlled by programmed cell death protein (PD-1), programmed death-ligand 1 (PD-L1) or cytotoxic T lymphocyte-associated protein 4 (CTLA-4) (11, 12). In the treatment of CRC, the PD-1 inhibitors pembrolizumab and nivolumab, which have been approved by the Food and Drug Administration (FDA), led a to durable response in patients with metastatic CRC that is mismatch-repair-deficient (dMMR) and microsatellite instability-high (MSI-H) (dMMR-MSI-H). Another inhibitor, ipilimumab, a fully-humanized monoclonal antibody that blocks CTLA-4, has also been approved by the FDA for combination with nivolumab in patients with dMMR-MSI-H CRC who have previously received chemotherapy.

According to The Cancer Genome Atlas Project’s CRC study based on the array and sequencing technologies, CRC can be classified into two main types: (1) ~ 16% hypermutated (>12 mutations per 106 DNA bases) cancers with dMMR-MSI-H signature and (2) ~ 84% percent non-hypermutated (<8.24 mutations per 106 DNA bases) with mismatch-repair-proficient (pMMR) and have low levels of microsatellite instability (MSI-L) or microsatellite stable (MSS) (pMMR-MSI-L/MSS) signature (13). Patients with pMMR-MSI-L/MSS have a worse prognosis than dMMR-MSI-H (14), and show unsatisfied responses to immune checkpoint inhibitors (ICIs) (15). In general, pMMR-MSI-L/MSS have low TMB, are often poorly infiltrated by TILs. Accumulating evidence has shown that tumor mutation burden and tumor-infiltrating-lymphocytes (TILs) correlate with ICIs response (16–18). Therefore, it is important to understand the relationship between genetic heterogeneity and the molecular level of TILs in CRC. In this review, we discuss the accumulating evidence about the fundamental feature of TILs and their prognostic value in the tumor micro-environment of CRC. We also review the clinical development of immune checkpoint inhibition in CRC and discuss the emerging clinical therapies for targeting TILs. Collectively, this work clarifies some aspects of TILs subsets discrepancy, which provides a scientific basis for a better understanding of the excessive interactions between immune cells and different genetic types of CRC.



The Role of TILs in Anti-Tumor Immunity

It is an increasing variety of investigations that support the importance of tumor immune infiltration, including lymphocytes [T cells, B cells, and natural killer (NK) cells], macrophages, dendritic cells, and neutrophils, revealing a wide patient-patient diversity (19, 20). For a long time in the past, colorectal cancer was regarded as immunogenic and difficult to be treated by immunotherapy. However, advances in the molecular characterization of tumor-associated antigens defined by T cells and methods for detecting antigen-specific T cell responses have changed the scientific community’s view of this issue. Tumors with microsatellite instability, including CRC, accumulate inserts and deletions in DNA repeat sequences. About two-thirds of MSI tumors are sporadic, and one-third are hereditary (Lynch syndrome). The high mutational load and frequent frameshift mutations in MSI tumors lead to the production of many neoantigens recognized by the immune system, which can trigger the lymphocytic infiltrates. Although a portion of TILs is composed of immunosuppressant cells, these cells are specifically recruited and/or directed by the tumor to maintain the immune-privileged microenvironment. In contrast, some TILs reflect attempts by the immune system to counter tumor responses (21, 22).

It is noteworthy that several studies have identified a broad association among TILs, different histological characteristics of cancer, disease-free survival (DFS), cancer-specific survival (CS) and OS (23–26). A meta-analysis of 43 trials describing 21,015 CRC patients showed that high generalized tumor inflammatory infiltrate was associated with good OS (hazard ratio (HR), 0.65; 95% confidence interval (95% CI, 0.54-0.77), CS (HR, 0.58; 95% CI, 0.46-0.73) and DFS (HR, 0.72; 95% CI, 0.60–0.88) (27). Similarly, Rozek et al. found that high TILs (HR = 0.76, 95% CI = 0.64 to 0.89, p < 0.001) was favorable prognostic factors for specific and OS in colorectal cancer through a multivariate analysis of 2,369 cases (28). However, the quantity and quality can significantly vary among CRC patients within CRC different MSI statue (29, 30). Next, we reviewed the association between TILs and survival in patients with CRC and the characteristics of major subsets of TILs in the literature with different MSI statue.



CD8+ Cytotoxic T Cells

CD8+ cytotoxic T lymphocytes (CTLs), a key component of the adaptive immune system, play an important role in immune defense against intracellular pathogens such as viruses, bacteria and tumors, which were regarded as a major driver of anti-tumor immunity (31, 32). The cytotoxicity process is carried out by several substances produced by CD8+ T cells, such as perforin, granzymes, granulysin, Fas ligand, and tumor necrosis factor α (TNF-α) (33, 34). CD8+ CTLs mediates tumor rejection by recognizing tumor antigens and directly kill transformed cells. Effector CD8+ T cells in the tumor microenvironment generate Interleukin-2 (IL-2), IL-12 and Interferon-γ (IFN-γ), which enhance CD8+ CTLs, leading to targeted tumor cell killing (35, 36).

A recent study of most tumor-infiltrating immune cell subtypes revealed that CD8+ T cells had the greatest impact on patient survival (37). The role of CD8+ CTLs in prognosis was first analyzed in a large cohort of CRC more than 10 years ago (24, 32). Several studies have shown that elevated levels of CTLs in the tumor microenvironment are associated with antitumor effects and improved prognosis in various cancers (30, 38–40). Moreover, tumors from the patient cohorts categorized by a high or low density of immune infiltrate and presence or absence of metastases revealed that adequate immune infiltration with successful initiation and differentiation of CD8+ T cells is vital for successful suppression of metastasis development (41).

Microsatellite instability is a good predictor of the prognosis of colorectal cancer, and there is a close relationship between microsatellite instability and the abundance of tumor-infiltrating T-cells (Table 1). It is noteworthy that a study of automatic image analysis on 768 colorectal cancers has identified the density of T cell subsets in neoplastic epithelial areas was positively correlated with MSI-H (39). In particular, several immunohistochemistry studies have revealed an especially high infiltration of intraepithelial activated CD8+ T cells within microsatellite instability colorectal tumors (42–45). Dolcetti et al. using immunohistochemistry found that there were many cytotoxic infiltrating structures in tumor epithelial cells in MSI-H patients. Moreover, granase B expression showed that these cytotoxic effects were more active in MSI-H tumors (5.3 ± 4.5 vs 0.6 ± 1.3, p < 0.001) (46). Similarly, in another study evaluating the number of multiple immune cells in an in situ immune response of 490 patients with CRC, the total density of cytotoxic T cells was significantly higher in MSI samples than in MSS samples. Interestingly, due to the importance of accurate intratumoral localization of infiltrating immune cells, the study also measured the density within the tumor glands (intratumoral) or stroma. The group reported that MSI-H and MSS patients showed similar stromal CD8+ T cell densities and there was a significant increase in the density of CD8+ T cells within the tumor glands in MSI patients, in both the core and invasive margin of tumor (all p < 0.05) (47). The same conclusion was also found in the study of Smedt et al., which identified high numbers of intra-epithelial CD8+ cells in MSI compared with MSS tumors (48, 49).


Table 1 | The association of tumor infiltrating lymphocytes with microsatellite stability status in colorectal cancer.





T Helper Cells

CD4+ helper T lymphocytes are mediators of cellular immunity and play a key role in the activation of other immune cells, such as B cells and cytotoxic T cells, modulating immune responses. CD4+ helper T cells further differentiate into subsets with broad functions characterized by cytokine secretion and effector function, including T helper 1 (Th1) cells, T helper 2 (Th2) cells, T helper 17 (Th17) cells, follicular helper T (Tfh) cells (reviewed in the later section) and regulatory T (Treg) cells.

The main effector function of Th1 cells lie in cell-mediated immunity and inflammation, including the activation of other immune cells such as macrophages, B cells and CD8+ CTLs lysis and other effector functions, which play an important role in clearing intracellular infection and assisting in killing tumor cells. Th1 cells and their derived cytokines (e.g., IFN-γ, TNF-α, etc.) are strongly associated with good clinical outcomes in almost all cancer types (21, 25, 41, 52). In contrast to the effects of Th1, analysis of the effect of other CD4+ T cell subsets on clinical outcomes has yielded apparent contradictory results, remaining a matter of debate (Table 2). The prognostic effects of other T-helper cell populations (Th2, Th17, and Treg cells) are also different across cancer types and stages. Th2 cells are usually associated with aggressive tumors, either by activating B cells or producing the immunosuppressive cytokine IL-10 (55, 56, 86). However, it is not a universal phenomenon. Multiple studies have shown that Th2 cells are associated with a good prognosis in Hodgkin’s lymphoma (53) and breast cancer (54), but not in ovarian (55), gastric (57) and pancreatic cancer (56). There were also conflicting results regarding the role of Th17 cells, which are associated with poor prognosis [e.g., NSCLC (62) and hepatocellular carcinoma (63)] and improved survival [esophageal cancer (58), gastric cancer (59), ovarian cancer (60), cervical cancer (61)]. Th17 cells recruitment have been observed in a variety of malignancies in comparison with normal tissue. On the one hand, the potential of Th17 cells to transdifferentiate into a more immunosuppressive phenotype plays a role in tumor immune evasion. IL-17 (a cytokine produced by Th17 cells) cytokines are associated with increased vascular growth and thus increase tumor growth and metastasis in some models. On the other hand, Th17 cells recruit CTLs and dendritic cells to the tumor site to promote tumor clearance, similar to their ability to convert to a Th1 phenotype that secretes IFN-γ under specific environmental factors (87). The role of Th17 cells in cancer progression appears to be highly dependent on the specific tumor microenvironment. Harnessing this plasticity to control them and improve anti-tumor responses may be a useful strategy for developing cancer immunotherapies. Treg cells can inhibit anti-autoimmune reactions, and there are different subsets (including thymic-derived Treg, peripheral Treg, etc.). Similarly, the role of regulatory T cells has been a matter of debate for the past decade. Curiel et al. first demonstrated a correlation of intratumoral Treg cells and poor survival in ovarian cancer (70). However, subsequent studies have reported inconsistent results, with Treg cells having no effect on survival of anal squamous cell carcinoma (67), glioma (68), and glioblastoma (69), while showing positive effects on nasopharyngeal cancer (64), head and neck cancer (65), and hematological malignancies (66).


Table 2 | The association of different types of TILs with tumor prognosis.



A growing number of studies have investigated the characteristics and prognostic potential of T helper cells in CRC adaptive immune response (Table 1). A study conducted by Liu and his colleagues showed that the dMMR group displayed much less CD56+ cell, CD4+ cell and MHC class I expression (all p < 0.05) and higher CD8 expression (p < 0.01) than the pMMR group. Besides, in the dMMR group, low CD4 and CD56 expression were risk factors for low MHC class I expression in the univariate model (42). However, due to helper cells exhibiting a great diversity in phenotype, identification of the T helper cell subsets in tumors requires evaluation of some specific markers (including, but not limited to, mRNA and key cytokines) in addition to CD4+. A study of 52 patients with CRC showed that IL-17 was co-stained with CD4 and CD68 by confocal microscopy analysis, which indicated IL-17 in colorectal cancer was expressed by macrophage and Th17. Compared to Treg cells, other T-helper cell subsets generally do not express distinct surface markers. As a result, several studies have assessed T helper cell abundance through gene expression profiles. In 2013, Bindea et al. performed microarray expression experiments in tumors from 105 CRC patients showed that CD8+ and Th1 were associated with a good prognosis (DFS, HR < 1) (88), confirming previous reports from the same group (24). In this report, Th17 cells were also found to negatively influence the patient outcome (DFS, HR > 1, p < 0.05). In a large study of 125 frozen colorectal tumor specimens, immune-related genes indicated that patients with high expression of the Th17 cluster had a poor prognosis, whereas patients with high expression of the Th1 cluster had prolonged disease-free survival. In contrast, their results did not support the primary role of Th2 cells in patient outcomes (52). Using single cell RNA-seq, Zhang et al. (89) found that among CD4+ T cells, most tumor-infiltrating Treg cells showed clonal exclusivity, while certain Treg cell clones were associated with the development of several T helper cells clones by single T cell transcriptome analysis (89). Notably, two IFNG+ Th1-like cell clusters were also found in this study, only CXCL13+ BHLHE40+ Th1-like cells were preferentially enriched in patients with microsatellite-instable tumors.

Treg cell is characterized by high expression of CD25 and the transcription factor fork head box protein P3 (FOXP3) (64, 90). Using quantitative reverse transcription-PCR (qRT-PCR) quantified for the expression of 15 markers of the immune response, Cui et al. found that higher expression of FOXP3, IL-17, IL1-β, IL-6 and TGF-β were associated with the MSS phenotype (50). Moreover, a large study of 1,420 tumor samples found a significantly higher amount of FOXP3+ tumor-infiltrating Treg in pMMR CRC samples (38). This study also observed an association between a high frequency of tumor-infiltrating FOXP3+ Treg and improved survival in CRC patients, which is in accordance with the results reported by Gunnarsson et al. and Frey et al. (91, 92). In contrast, several studies have challenged the characterization of Treg cells in CRC. In MSI-H CRC, Michel et al. found a significant increase in intraepithelial infiltration of FOXP3+ cells and in the ratio of intraepithelial to stromal infiltration. Similarly, in another study, CD45RO+ and FOXP3+ cell densities were significantly correlated with MSI-H and the densities of CD8+, CD45RO+ and FOXP3+ cells were significantly associated with patient survival in CRC (43). Given the diversity of Treg populations observed in cancer, it is a great challenge of studying T helper cell subpopulations in the context of immunopathology.



NK Cells

In recent years, the rapid and potent anti-tumor function of innate immunity, which even occurs at a very early stage of tumor progression, has attracted increasing attention. NK cells, as a subset of innate lymphoid cells, are able to control tumor growth as well as the initial stages of metastatic dissemination (93–95). Unlike other lymphocytes (including B cells, T cells, and natural killer T cells), NK cells do not express antigen-specific receptors such as B cell receptor/T cell receptor or CD3. Instead, NK cells possess cytotoxic abilities similar to CD8+ T cells, acting in an antigen-independent manner in the adaptive immunity. In addition to cytotoxic effects, NK cells have been reported to produce a large number of cytokines similar to T cells, including IL-2 (96), IL-7 (97), IL-15 (98), and IFN-γ (99), to modulate adaptive immune responses and participate in other related pathways. Despite many similarities, compared with effector T cells, NK cells are more cytotoxic to tumors, possess lower immunogenicity and respond to target cells more quickly (100, 101). NK cells are highly heterogeneous, characterized by the abundance of surface receptors. According to surface CD56 expression, NK cells can be divided into 2 developmentally related, but functionally distinct, subsets: CD56bright and CD56dim. CD56dim NK cells are comprise 80%–95% of peripheral blood NK cells, and are always also CD16+, expressing high levels of KIR and LFA-1 and showing cell killing ability (102). However, CD56bright NK cells are traditionally considered ineffective antitumor responders that instead function primarily in immunomodulation, which mainly secrete cytokines such as IFN-γ, TNF-β, and granulote-macrophage colony-stimulating factor (GM-CSF) (103–105). Nevertheless, NK cells in various tissues (106–108), even in the same organ and tissue (109), have diverse features.

The specific role of NK cells, with the complexity of intrinsic signaling pathways, remains controversial in distinct cancer types (Table 2). Due to the complex and variable functional status, NK cells were shown to vary survival and therapeutic response in different types of cancer (71, 77, 78, 110–112). In CRC, NK cells have been consistently associated with increased survival in patients (72–76). It is noteworthy that CRC patients with dMMR-MSI-H and pMMR-MSI-L/MSS also seem to display different NK cell features (Table 1). The surface markers of NK cells vary greatly and it is difficult to accurately identify NK cell type by one or two simple molecules. However, in many studies, NK cells have been detected using CD56 as a phenotypic marker. Liu et al. assessed for the presence of NK cell infiltration in CRC tissues using the expression of CD56, and found that CD56+ cells were reduced in the dMMR group (p < 0.05) through immunohistochemical (42). In apparent contrast with these observations, Mlecnik et al. quantified the number of cells by detecting NKp46 and found no significant difference in NK cells between MSI and MSS patients (47). The mechanism of NK cells is complex and variable, and its actual role in the tumor microenvironment remains to be further clarified.



B Cells, Tfh, and Tertiary Lymphoid Structures


Tumor-Infiltrating B Lymphocytes

B cells, with a variety of immune functions, are recognized as the main effector cells of the humoral adaptive immune response. However, TIBs can be observed in various solid tumors, but their role in cancer remains controversial (Table 2). In HCC (79), melanoma (80), high-grade serous ovarian cancer (81), NSCLC (82) and stage IB cervical squamous cell carcinoma (83), increased B cell count is associated with improved clinical outcomes. However, in epithelial ovarian cancer (84) and breast cancer (85), B cell infiltration is correlated with poor prognosis. At present, studies on the prognostic potential of B cells are limited. It is worth noting that most of the current studies quantify TIBs by CD20. A recently reported systematic review of TIBs into CRC showed that patients whose tumors were highly infiltrated by CD20+ B lymphocytes had a significantly improved DFS improvement DFS (HR = 0.45, 95% CI 0.28-0.73, p = 0.001). Moreover, the author also found that CD20+ B lymphocytes were highly and positively associated with CD8+ T lymphocytes (p < 0.001) (113). Interestingly, a report demonstrated that an increase in the number of TIBs was associated with improved clinical outcomes for CRC (88). However, another report has given a complex interpretation of the roles of TIBs in CRC (49). It was observed that CD8+ and CD20+ immunogradient indicators, that reflect cell migration towards the tumor, were associated with improved patient survival, while the infiltrative tumor growth pattern was linked to worse patient outcomes. In addition, this study also found that high numbers of intra-epithelial CD20+ cells were observed in MSI tumors compared with MSS tumors and MSS colorectal tumors were characterized by elevated levels of intratumoral CD20+.



Tfh and TLSs

Tfh cells, a T helper cells subset, are essential for the maturation and activation of B cells, which are characterized by the expression of CXCR5, an inducible T-cell co-stimulator. B cells, Tfh and related pathways also maintain the structure and function of the tertiary lymphoid structure. The interactions among Tfh cells, B cells and follicular dendritic cells are the basis of the adaptive immune response, which results in B cells differentiating into memory B cells and long-term surviving plasma cells. In addition, B cells can infiltrate into tumors and affect tumor progression through CXCL13 secreted by Tfh and follicular dendritic cells (114, 115). B cells, Tfh and related pathways also maintain the structure and function of the TLS. The current consensus is that the Tfh cell and B cell axis within tumor-associated TLSs contribute to the formation of anti-tumor immune structures (116). TLSs are transient ectopic lymphoid organs that share several structural and functional features with secondary lymphoid organs (117), and consist of B cell follicle and T-cell-rich areas that are sites for the differentiation of T cells and B cells (118) (Figure 1). B cell follicle, composed of a core germinal centre containing mostly B cells, but also Tfh cells, follicular DCs and macrophages, surrounded by a ring of naive B cells; and a T-cell-rich area, composed of clusters of T cells and mature DCs (119).




Figure 1 | The main tumor-infiltrating lymphocytes and tertiary lymphoid structures components in cancer. The schematic representation shows the features of the immune contexture, including tumor-infiltrating lymphocytes and tertiary lymphoid structures (TLSs). TLSs are usually located in the invasive margin or in the stroma rather than the tumor core. Tfh cells are the most important sources of CXCL13, induced TLSs formation. Th17 cells, B cells have been shown to be able to initiate of TLSs genesis in various pathological contexts. The synergistic effect of CD8+ cytotoxic effector T cells and B cells, generated in TLS, enable to direct kill tumour cell. Central memory B cells generated in TLSs protect against metastasis. TH, T helper cell; Treg, regulatory T cell; Tfh, follicular helper T; CTL, cytotoxic T cells; DC, dendritic cell.



There is increasing evidence that TLS is an effective modulator of immune responses. TLSs are often [NSCLC (120), HER2+ breast cancer (121), melanoma (122)], but not always [HCC (123)], associated with favourable clinical outcomes in most types of cancer. In local and metastatic CRCs, TLSs are associated with improved survival and may represent activation of an adaptive immune response to malignant cells (124, 125). In a cohort study involving a consecutive series of 351 patients with stage II and III colorectal cancer, the TLSs density and infiltration of patients with stage II are correlated and coordinated to predict better patient outcomes (126). In addition, the murine model showed an active role of TLSs in the recruitment of lymphocytes to tumor areas. Moreover, certain heterogeneities exist among TLSs from different cancer types, locations and stages. Posch et al. performed a comprehensive molecular, tissue, laboratory, and clinical analysis of 109 patients with stage II/III CRC (127). TLSs were found to be formed in most tumors and were more prevalent in CRC with MSI-H and/or BRAF mutations. In addition, the authors also found that TLSs maturation contained important prognostic information about the risk of disease recurrence. In a recent report examing the cellular composition and association with patients’ prognosis in each TLSs, the authors reported that the densities of T helper cells and macrophages in TLSs were significantly higher in relapsed patients than in not-relapsed patients (p = 0.043 and p = 0.0076) (128). Multivariate analysis also showed that a high proportion of T helper cells was the most significant independent risk factor for disease recurrence. In contrast, there is little data available regarding Tfh cells supporting anti-tumor responses in CRC. A high expression of Tfh and B cell genes was found strongly associated with a good prognosis in CRC according to Bindea et al. (88). The authors also found that Tfh and intrinsic cell density increased with tumor progression. Obviously, there are clearly interesting complexities to Tfh-associated biology in the context of cancer, and the available data show that much more needs to be learned.




TILs and Immunotherapy


T-Cell-Based Immunotherapy

In CRC, T cell infiltration into the tumor has been associated with good outcomes, and prevention of its exhaustion and apoptosis in tumors is the goal of immunotherapy, especially immune checkpoint inhibitors. ICIs target negative costimulation receptors or their ligands of TCR signals, such as CTLA4, PD-1 and PD-L1, to prevent tumor cells attenuate T-cell activation (129).

ICIs have shown very limited clinical activity in early studies of CRC treatment (130, 131). In 2015, a phase II study investigated the efficacy of pembrolizumab, a humanized IgG4 antibody directed against surface-expressed PD-1, in three separate cohorts of 41 patients with MSI-H and MSS CRC tumors, and MSI-H tumors from other sites (non-CRC). Results showed that the immune-related objective response rate was 40% (4 had a partial response and 5 had the stable disease) with dMMR-MSI-H patients, whereas there was no objective response in patients with MSS CRC. The median progression-free survival (PFS) and OS were not yet reached in the dMMR-MSI-H cohort but were 2.2 months and 5.0 months, respectively, in the pMMR-MSI-L/MSS cohort (HR for disease progression 0.10 (p < 0.001); HR for death 0.22 (p = 0.05) (14). Similarly, another study of 53 patients treated with pembrolizumab showed the benefit of immune checkpoint blockade in dMMR-MSI-H tumors. The response rate was 50% (95% CI 31–69%), and the disease control rate was 89% (25/28) in the 28 patients with dMMR-MSI-H tumors. At 24 months, PFS was 61%, and OS was 66%. None of the 18 patients with pMMR-MSI-L/MSS CRC responded and the disease control rate was 16% (4/25) (132). On May 23, 2017, FDA approved pembrolizumab based on the data from 149 patients (84% for colorectal cancer) for the treatment of adult and pediatric patients with unresectable or metastatic, dMMR-MSI-H solid tumors, regardless of tumor site or histology (133) (Figure 2). In addition to pembrolizumab, nivolumab, another PD-1 inhibitor, was tested in 74 patients with dMMR-MSI-H metastatic colorectal cancer (134). At a median follow-up duration of 12 months, the objective response rate was 31% (23/74), and in 69% (51/74) patients who had disease control for 12 weeks or longer were observed. In July 2017, FDA expedited approval of nivolumab for the second-line treatment of patients with dMMR-MSI-H CRC.




Figure 2 | Rationale for the current FDA-approved CRC immune checkpoint inhibitor strategies. TCR, T cell receptor; MHC, major histocompatibility complex; CTLA4, cytotoxic T lymphocyte antigen 4; PD1, programmed cell death 1; PD-L1, programmed cell death 1 ligand 1.



Compared with patients with dMMR-MSI-H CRC, immunotherapy alone has not shown a clinical benefit in patients with pMMR-MSI-L/MSS CRC. As a result, alternative approaches to immune modulation studies are ongoing. Tumor immune microenvironment, as a critical obstacle to the development of immunotherapy, has been studied with medications that have immunomodulatory properties. Indomethacin 2,3-double oxygenase 1 (IDO1) is an intracellular enzyme that can cause tryptophan depletion, has been reported to play multiple roles in cancer, including inhibiting T and NK cells, producing active Treg and myeloid-derived suppressor cells and promoting tumor angiogenesis (135). Kitsou et al. found that IDO1 was significantly overexpressed in CRC and exhibited anticancer activity (136). In murine intestinal adenomas cell-specific Stat1 deletion models, loss of IDO1+ Paneth cells had profound effects on the intratumoral immune cell composition. Moreover, the patient samples and TCGA expression data supported corresponding cells in human colorectal tumors, suggesting IDO1+ Paneth cells as a target for immunotherapy (137). Epacadostat, an IDO1 inhibitor, was planned to combinate with pimuzumab and azacytidine in the MSS CRC study. However, this study has been terminated at an early stage. Overall, the molecular of IDO1 inhibitor shows promising anti-tumor potential.

With the knowledge in CRC biology improved, another immunomodulatory strategy, the combination of MEK and PD-L1 inhibition, was developed. In many preclinical studies, inhibition of MEK, a downstream effector of the RAS-MAPK pathway, was found to induce PD-L1 upregulation (138). Preclinical data reported in 2016 showed that 4 of 23 patients with CRC had a partial response, in which three patients had confirmed pMMR-MSI-L (139). In addition, many clinical trials are also studying the combination of MEK inhibitor with anti-PD1 antibody and other chemotherapeutic drugs.



The Emergence of Natural Killer Cells as a Target in Cancer Immunotherapy

NK cells, as an important natural immune effector, are effector lymphocytes that control several types of tumors and microbial infections. In recent years, research on NK cell-related immunotherapy has been developing vigorously, and a number of NK cell-based therapeutic studies achieved favorable results. Recently, several studies have shown that cytokine supplementation can promote the development and cytotoxicity of NK cells. It has been revealed that direct contact with membrane-bound IL-15 on adjacent stromal cells could induce stronger cytotoxic effects in NK cells in the mice model (140). In a human multicenter phase I study, NKTR-214, a novel IL-2 pathway agonist, showed clinical activity including tumor shrinkage and durable disease stabilization in heavily pretreated patients (141). Moreover, in parallel with CD8+ T cells, NK cells can also be suppressed by immune checkpoint molecules. NKG2D, an essential receptor for the activation of NK cells, has been reported to be upregulated by many ligands in tumor cells (142). Andrade et al. designed antibodies targeting the MICA α3 domain and found that these antibodies prevented human cancer cells from loss of cell surface MICA and MICB (NKG2D ligands). In addition, these antibodies inhibited tumor growth in multiple fully immunocompetent mouse models and reduced human melanoma metastases in a humanized mouse model (143). Monalizumab, a clinically used antibody targeting NKG2A, has been developed to promote NK cell function and has shown the potential to enhance the efficacy of anti-PD-1 therapy in MSS metastatic CRC (144). In addition, other antibodies designed specifically for NK cells, such as lirilumab, are also under clinical trials. Overall, a number of studies have elucidated the possible mechanisms of NK cells, paving the way for clinical research into NK cell-based cancer therapies, and lighting up hope for patients currently resistant to T cell-based immunotherapy.



B Cell-Based Cancer Immunotherapy

In addition to T and NK cells, the development of B cell-based immunotherapy strategies may be effective. By bulk and single-cell RNA sequencing, Helmink et al. observed significantly higher levels of B-cell-related gene (such as MZB1, JCHAIN and IGLL5) expression, increased BCR diversity, and clonal expansion in tumor samples from melanoma patients who responded to ICB treatment than patients who did not (145). Besides, a study of gene expression profiles of 608 different subtypes of soft tissue sarcomas found that B cells are the strongest prognostic factor even in the context of high or low CD8+ T cells and cytotoxic contents (146). Considering the relationship between B cells and patient prognosis, enhancing anti-tumor B cell activity or may have an anti-tumor effect. It has been established that TIL B cells support antitumor immunity and promote immunotherapy responses by acting as APCs, producing high-affinity antibodies and secreting antitumor cytokines. Katoh et al. identified sulfated glycosaminoglycans as the main functional B cell antigen and its natural antibodies showed robust growth-suppressive functions against a wide variety of human malignancies (147). Intra-tumoral injection of IL-12 was also shown to activate B cells, leading to good outcomes in HNSCC patients (148). Interestingly, Lu et al. found a subpopulation of B cells, ICOSL+ B cells, in breast cancer patients who received neoadjuvant chemotherapy. Moreover, using B-cell specific deletion mice, ICOSL+ B cells were found to enhance anti-tumor immunity by enhancing effects that modulate T cell proportions (149). Over the past decade, a population of suppressor B cells, regulatory B (Breg) cells, have been shown to play a pivotal role in regulating immune responses involved in cancer. Schioppa et al. identified a population of splenic IL-10 producing Breg cells implicated in the suppression of CD8+ T cells, which promoted papilloma development and cancer growth in a mouse model of induced skin carcinogenesis (150). The presence of tumor-induced Breg cells has also been reported. In a variety of tumor types, IL-21 induced Granzyme B-Expressing Breg cells has been found to modulate cellular adaptive immune responses by promoting tumor avoidance mechanisms against anti-tumor immune attack (151). On the other hand, in PDAC mice models with KRAS-mutations, IL35-producing B cells have been reported to play a protumorigenic role, which could be inhibited by CD20 specific monoclonal antibody (152). In advanced CRC, Rituximab, a humanized monoclonal antibody targeting human CD20, apparently reduced the tumor burden (153). All of the above evidence points to the potential of B cell immunotherapy. In the future, new immunotherapy strategies should focus on activating TIL B cells, and how to exploit plasma B cells to promote lymphocyte infiltration and stimulate cytotoxic T cell activation to increase the antitumor immune response.




Conclusion

In recent years, significant achievements have been witnessed in the field of CRC immunotherapy. CD8+ TILs are essential for an effective anti-tumor immune response. Monoclonal antibodies that block immune checkpoints to prevent T cell exhaustion and promote tumor destruction by cytotoxic CD8+ T cells, have been shown to be effective in mCRC patients with dMMR-MSI-H. In 2017, pembrolizumab was approved by the FDA for the treatment of all dMMR-MSI-H metastatic solid tumors, becoming the first biomarker-based cancer treatment regimen. However, not all dMMR-MSI-H CRC cases respond to ICIs. Compared with dMMR-MSI-H, pMMR-MSI-L/MSS, which accounts for the majority of CRC with a lower mutation load, also shows an unsatisfactory response to ICIs. In tumors without active immune responses, active induction of immune responses by other immunotherapy methods may be required to achieve tumor control in the vast majority of patients with pMMR-MSI-L/MSS.

Increasing evidence supports the major role of infiltrating immune cells, especially TILs, in tumor control. In addition to CD8+ T cells, other TILs also have shown the potential in immunotherapy. CD4+ T cells play a key role in enhancing tumor control, both during effector T cell initiation and in the tumor microenvironment. Vaccines designed to induce a CD4 response have shown significant promise in improving clinical outcomes in subgroups of patients with melanoma and breast cancer (154). While several early trials have yielded promising data, further studies are needed to verify its safety and effectiveness. Moreover, a growing number of studies have the potential to improve our understanding of NK and B cells antitumor functions, promising positive research in related fields. With insights gained from trials based on NK and B cells, novel therapeutic strategies will likely help to guide clinicians towards a more personalized treatment for CRC patients.

In conclusion, tumor-infiltrating lymphocytes play a significant role in the tumor immune environment. As the regulatory role of TILs in CRC continues to be elucidated, we anticipate that personalized immunotherapy for CRC patients will be realized, and these advances will further drive the clinical success of immunotherapy.
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Background

Epidermal growth factor receptor (EGFR) mutations have a low incidence in squamous cell lung cancer (SqCLC), and the clinical efficacy of EGFR tyrosine kinase inhibitors (TKIs) in EGFR-mutated SqCLC is far less than that in EGFR-mutated lung adenocarcinoma. The treatment strategy for patients with EGFR-mutated non-small cell lung cancer who are refractory to EGFR TKIs has become a current dilemma and challenge.



Case Presentation

A case of a 69-year-old male patient suffering from intermittent cough and hemoptysis was diagnosed with EGFR-mutated advanced SqCLC (stage cT2bN2M1). The patient was treated with camrelizumab alone after five courses of different systemic therapies and achieved a partial response, with an eminent progression-free survival of more than 24 months. Grade 1 to 2 reactive cutaneous capillary endothelial proliferation and mild pruritus were observed during the treatment. No other immune-related adverse events were observed.



Conclusion

Monotherapy of immune-checkpoint inhibitors may be considered as a later-line option for EGFR-mutated advanced SqCLC patients with PD-L1 expression.
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Introduction

Lung cancer is currently the malignant tumor with the highest morbidity and mortality around the world. Squamous cell lung carcinoma (SqCLC) is a common pathological type of lung cancer, accounting for about 25 to 30% in non-small cell lung cancer (NSCLC) (1, 2). Epidermal growth factor receptor (EGFR) mutation is one of the most common driver mutations in NSCLC but occur in only 3.3–4.6% of patients with SqCLC (3). Patients with EGFR-mutated advanced SqCLC benefit limitedly from EGFR tyrosine kinase inhibitors (TKIs). In 2013, Fang et al. reported that the objective response rate (ORR) and median progression-free survival (mPFS) of first-generation EGFR-TKIs (gefitinib or erlotinib) in 15 advanced SqCLC patients with EGFR mutation was 26.7% and 3.9 months, respectively (4). Another pooled analysis from Japan demonstrated that the mPFS of gefitinib in 27 EGFR-mutated SqCLC patients was only 3.1 months, with an ORR of 30% (5). As the resistance to targeted therapy is inevitable and the mechanisms are complex, the treatment strategy after EGFR-TKI resistance has become a dilemma and challenge for patients with EGFR-mutated advanced NSCLC. With the advent of immunotherapy, a variety of immune-checkpoint inhibitors (ICIs) targeting programmed cell death protein 1/programmed cell death ligand 1 (PD-1/PD-L1) have been proven to benefit patients with advanced NSCLC (6–10). However, only about 20% of NSCLC patients could benefit from immunotherapy in second-line treatment (8). Due to the complex clinical features and gene mutations of SqCLC, which make its treatment challenging, whether patients with EGFR-mutated advanced NSCLC can benefit from immunotherapy has become a hot issue.

Here we describe a case of EGFR-mutated advanced SqCLC treated with PD-1 inhibitor monotherapy and which achieved an eminent PFS of 24.4 months in the sixth-line treatment and provide an assessment of the efficacy and safety of the treatment.



Background

In June 2018, a 69-year-old male with a 15-year smoking history went to our hospital; he had been suffering from intermittent cough and hemoptysis for 3 months. An enhanced computed tomography (CT) scan of the chest revealed a proximal interlobular pleural mass in the left lung upper lobe, multiple nodules and masses in the left lung lower lobe, a mass-like opacity in the right lung upper lobe, and a right renal mass. SqCLC was confirmed by pathological examination and immunohistochemistry study of CT-guided biopsy specimens from the mass of the left upper lobe (Figure 1A). The patient’s condition was staged as cT2bN2M1 (stage IV) according to the 8th Edition of the American Joint Committee on Cancer TNM Staging System (2017). The next-generation sequencing (NGS) analysis of the patient’s peripheral blood sample with a panel (Repugene Technology, Hangzhou, China) including 18 somatic genes related to NSCLC and the efficacy of targeted drugs suggested EGFR Exon 21 L858R, G719A, and S768I mutations. Other driver gene mutations, such as ALK, ROS1, ERBB2 (HER2), BRAF, KRAS, TP53, PIK3CA, etc., were not detected.




Figure 1 | (A) Histopathology of the left upper lobe mass at diagnosis: expression of cell keratin 5/6 and P40 thyroid transcription factor-1 by immunohistochemistry (original magnification, ×10). (B) Pathologic findings of the patient’s right kidney metastasis before the sixth-line treatment with camrelizumab: hematoxylin and eosin staining of PD-L1 (original magnification, ×20) and immunohistochemistry of PD-L1 (original magnification, ×10).



In July 2018, with an Eastern Cooperative Oncology Group performance status score of 0, the patient received first-line treatment with icotinib (Figure 2), a first-generation EGFR-TKI, and achieved a partial response (PR). A CT scan in January 2019 revealed multiple nodules in the right lung and enlarged lesions in the left lung and right kidney, indicating a progressive disease (PD). The PFS for the first-line treatment was 6 months.




Figure 2 | Diagnosis and treatment procedure.



The second NGS analysis of the whole blood sample with a large panel (Genetron Health, Beijing, China), including 824 somatic genes, suggested EGFR G719A and S768I mutations and negative EGFR T790M mutation. On January 24, 2019, the pathological examination of an ultrasound-guided biopsy of the right renal mass revealed a poorly differentiated squamous cell carcinoma, which may be derived from tumor metastasis. On January 30, 2019, the second-line treatment consisting of paclitaxel liposome in combination with carboplatin was administered. A re-examination after 2 cycles of treatment revealed enlarged primary and metastatic lesions, along with lymph node metastases presenting between the abdominal aorta and inferior vena cava, suggesting PD. The second-line therapy was continued for 1.2 months.

The third-line treatment with 2 cycles of gemcitabine monotherapy was started on March 17, 2019 and was continued for 2.2 months. Then, the disease progressed with bilateral frontal lobe metastases as revealed by magnetic resonance imaging.

The treatment was switched to oral afatinib, a second-generation EGFR-TKI, in May 2019 and lasted 2.8 months until the disease progressed with new liver metastases.

On August 26, 2019, the patient was given a systemic chemotherapy of afatinib combined with albumin-bound paclitaxel. Nevertheless, his disease progressed again after 4 cycles of this fifth-line treatment, as the re-examination suggested enlargement of the liver metastases and the right kidney metastasis (Figure 3A), with a PFS of 2.6 months.




Figure 3 | (A) Enhanced CT scan before the treatment of camrelizumab showing a mass-like opacity in the upper lobe of the right lung with a maximum cross-sectional area of about 3.4 × 1.4 cm, a 3.3 × 2.8-cm tumor in the upper lobe of the left lung near the interlobar pleura, a low-density subcapsular nodule in the right lobe of the liver of about 1.5 × 1.4 cm in size, and a metastatic tumor in the lower right kidney with the size of about 5.9 × 4.3 cm. (B) Enhanced CT scan after 43 cycles of treatment with camrelizumab showing that the tumor in the upper lobe of the right lung was of 3.1 × 2.3 cm in maximum cross-sectional area, the tumor in the upper lobe of the left lung near the interlobar pleura decreased to the size of 1.7 × 0.8 cm, the subcapsular lesion in the right lobe of the liver was calcified, and the tumor in the lower right kidney decreased to the size of 2.6 × 1.9 cm.



Since an immunohistochemistry study of the right kidney metastasis showed a PD-L1 tumor proportion score (TPS) of 20% (22c3 antibody on the Dako Link-48 platform) (Figure 1B), single-agent camrelizumab (200 mg every 2 weeks) was started on November 19, 2019. The patient’s cough was obviously relieved, and the re-examination indicated a stable disease after 3 cycles of camrelizumab. PR was achieved after 6 cycles and confirmed again by the response evaluation after 10 cycles. The patient remained in PR after 43 cycles (Figure 3B) and was about to receive the 50th cycle of monotherapy with camrelizumab as of the time of writing of this case report (November 20, 2021), with a PFS of 24.4 months.

After 6 cycles of camrelizumab, the patient presented with reactive cutaneous capillary endothelial proliferation (RCCEP), multiple bright red spots (“red-nevus-like”), with a spot on the skin surface of the neck measuring 1 to 2 mm in diameter (grade 1 RCCEP) (Figure 4A) and with a “pearl-like” nodule in the nasal cavity. After 8 cycles of camrelizumab, the nodule in the nasal cavity developed into a “tumor-like” nodule, >10 mm in diameter (Figure 4B), along with several “pearl-like” nodules on the occipital skin surface at 5 mm in diameter (Figure 4C). The nodule on the left occipital skin surface enlarged to a pedicled “tumor-like” nodule, >10 mm in diameter (Figure 4D), after 10 cycles of camrelizumab. Both “tumor-like” and “pearl-like” nodules on the surface of the nasal cavity and the occiput were treated with laser and underwent resection. After 35 cycles of camrelizumab, the patient developed pruritus all over the body and the extremities (grade 1 under the Common Terminology Criteria for Adverse Events). During the sixth-line treatment with camrelizumab, there was no ulceration, hemorrhage (grade 2 RCCEP), or other immune-related adverse events (irAEs) observed except for RCCEP.




Figure 4 | Reactive cutaneous capillary endothelial proliferation. (A) “Red-nevus-like” nodule with a diameter of 1 to 2 mm on the skin surface of the neck. (B) “Tumor-like” nodule with a diameter of >10 mm in the nasal cavity. (C) “Pearl-like” nodule with a diameter of 5 mm on the occipital skin surface. (D) The nodule on the left occipital skin surface enlarged to a pedicled “tumor-like” nodule with a diameter of >10 mm.





Discussion

EGFR mutation is an important molecular marker of NSCLC. EGFR Exon 21 L858R mutation, a classical activating mutation, is considered related to a better outcome in NSCLC patients, granting a complete blockade of the EGFR signaling pathway by EGFR-TKIs (11). The 6 months of PFS of the first-line treatment with icotinib and the L858R mutation that disappeared in the second NGS testing after icotinib treatment in our case demonstrated the L858R mutation as a positive predictor of clinical prognosis which responds well to first-generation EGFR-TKI. G719A mutation is one of the common EGFR exon 18 mutations, which was reported as a predictor of augmented sensitivity to afatinib or neratinib (12). The EGFR exon 20 S768I mutation is a rare mutation at a frequency of between 0.6 and 1% of EGFR mutations in NSCLC (13) and often co-occurs with other EGFR point mutations to form complex mutations—for example, S768I/G719X (G719X including G719S, G719A, G719C, and G719D substitutions) or S768I/L858R complex mutations. FDA approved afatinib for NSCLC patients with EGFR S768I mutations based on 100% of ORR and 14.7 months of mPFS for eight patients with S768I mutant NSCLC in a post-hoc analysis (14). Furthermore, the S768I/G719A co-mutation was confirmed to be resistant to first-generation and highly sensitive to afatinib (15). Thus, in our case, we used afatinib for fourth-line treatment in the SqCLC patient with a S768I/G719A co-mutation. However, unfortunately, gene detections after progression in the later-line treatments were lacking due to realistic reasons, and whether the genetic mutation changed during the different treatments is unknown, so the mechanism of repeated resistance to EGFR-TKIs and chemotherapies is uncertain.

EGFR-TKI is a standard treatment option for EGFR-mutated NSCLC, but the treatment strategy after drug resistance to EGFR-TKIs has been a great challenge. There is an urgent need for immunotherapy to achieve the precise treatment of EGFR-mutated NSCLC patients, bringing new hope to EGFR-mutated NSCLC patients. However, patients with EGFR mutations were once considered to be “immune-privilege” populations. A subgroup analysis of most previous studies showed little benefit from mono-immunotherapy in EGFR/ALK-mutated patients. A phase II clinical trial (NCT02879994) explored ICI monotherapy as the first-line treatment for EGFR-mutated NSCLC with 11 patients enrolled, but the recruitment was stopped due to lack of efficacy. Most clinical trials of first-line mono-immunotherapy excluded patients with EGFR-mutated NSCLC.

Regarding the second-line treatment with ICIs, the outcomes of the CHECKMATE-057 study (8) showed that the PFS and the overall survival (OS) were not significantly improved with nivolumab than with docetaxel among patients with EGFR-mutated advanced non-squamous NSCLC that had progressed after chemotherapy treatment. The KEYNOTE-010 study (pembrolizumab) (16) and the OAK study (atezolizumab) (10) showed similar results that revealed no OS benefit in EGFR-mutated subgroups. A retrospective study from Massachusetts General Hospital, which enrolled 28 patients with EGFR+/ALK+ NSCLC, indicated a significantly lower ORR of immunotherapy in EGFR+/ALK+ patients than that of EGFR-/ALK- patients (3.6 vs. 23.3%) (17). Other meta-analyses, including CHECKMATE-057, KEYNOTE-010, and POPLAR studies, showed that patients with EGFR-mutated advanced NSCLC cannot benefit from ICIs (18).

Although many studies have confirmed that EGFR-mutated advanced NSCLC is not sensitive to immunotherapy, two patients in the CA209-003 study had progressed after more than two lines of treatment, received nivolumab monotherapy, and survived for more than 5 years in the follow-up (19). In 2020, the ATLANTIC study (20), the largest prospective trial of anti-PD-1/PD-L1 treatments for patients with positive driver gene mutations so far, updated its results. In this trial, eligible patients were assigned into three groups based on the status of EGFR/ALK mutations and PD-L1 expression to evaluate the safety and efficacy of durvalumab for third-line or above treatment and found that the ORR (12.2 vs. 3.6%) and mOS (13.3 vs. 10.9 months) of patients with EGFR+/ALK+ NSCLC with a PD-L1 TPS of ≥25% were higher than those with EGFR-/ALK- NSCLC with a PD-L1 TPS of ≥25%. These results denied the previous conclusion that EGFR+/ALK+ patients are not fit for immunotherapy. For patients with EGFR mutations, PD-L1 may be used as a biomarker to predict the clinical efficacy of immunotherapy, which may provide another option of the third- or later-line treatment for EGFR-mutated NSCLC with PD-L1 overexpression. However, most of the patients included in the above-mentioned studies were EGFR-mutated lung adenocarcinoma case. In the EGFR+/ALK+ group of the ATLANTIC study, only one of 111 patients was a case of SqCLC. There was no detailed report on this rare case.

Immunotherapy for EGFR-mutant patients is faced with opportunities and challenges. Combination immunotherapy is becoming a new exploration direction. Pre-clinical studies found that EGFR activation upregulated PD-L1 through p-ERK1/2/p-c-Jun and induced the apoptosis of T cells. Accordingly, EGFR-TKIs could alleviate the inhibition effect of PD-L1/PD-1 axis on T cells and increase the production of interferon-γ. Moreover, PD-L1 expression is significantly elevated in EGFR-TKI-resistant cell lines, whereas anti-PD-1 antibody could suppress the viability of EGFR-TKI-resistant NSCLC cells (21), which may explain the good response to camrelizumab after repeated drug resistance to EGFR-TKIs in our case. Considering the potential interaction of PD-L1/PD-1 inhibitors and EGFR-TKIs, a number of trials regarding the combination therapy of ICIs with EGFR-TKIs have been conducted, such as the cohort of nivolumab combined with erlotinib in CheckMate 012 study (22), the KEYNOTE-021 study of pembrolizumab in combination with erlotinib or gefitinib (23), the phase-I open-label, multicenter trial of durvalumab plus gefitinib (NCT02088112) (24), the TATTON study of durvalumab combined with osimertinib (25), and the phase Ib study of atezolizumab plus erlotinib (26). The results of these studies suggest that ICIs combined with EGFR-TKIs can achieve various degrees of ORR but will also cause intolerable toxicity at the same time. In particular, due to the high incidence of interstitial pneumonitis during the treatment of durvalumab plus osimertinib, the TATTON study and the phase III CAURAL study were terminated. In addition, the study of CTLA-4 inhibitors plus targeted therapy suspended the recruitment (27) due to dose-limiting toxicity. Currently, the development of immune-based combinations remains a crucial unmet need. To explore the optimal combination strategy of immune-based therapy, reducing its toxic side effects and revealing its efficacy mechanism in EGFR-mutated NSCLC patients will be among the challenges for future research in this field.

ICIs combined with chemotherapy and anti-angiogenic drugs is another combination treatment strategy. The IMpower150 study is a phase III clinical study of the first-line treatment of advanced non-squamous NSCLC (28), and the subgroup analysis showed a significant improvement in OS (median OS: 29.4 vs. 18.1 months, HR = 0.60; 95% CI: 0.31–1.14) of ICIs combined with chemotherapy and anti-angiogenic therapy (atezolizumab + bevacizumab + carboplatin + paclitaxel) compared with that of chemotherapy combined with anti-angiogenic therapy (bevacizumab + carboplatin + paclitaxel) among 124 EGFR-mutated non-squamous NSCLC patients who had a failed previous targeted therapy. The IMpower150 study is currently the only phase III clinical trial in which immune combination therapy brought a survival benefit to EGFR-mutated patients. This global multi-center study overturns the theory of immune privilege resulting from EGFR mutations and provides new opportunities for the later-line treatment after EGFR-TKI resistance.

Camrelizumab is an IgG4-humanized monoclonal antibody against PD-1, which can inhibit the binding of PD-L1 and PD-L2 to PD-1, and has a promising anti-tumor efficacy. The patient with EGFR-mutated SqCLC in this paper has received multiple courses of targeted therapy, chemotherapy, and the combination of chemotherapy with targeted therapy, but the disease has progressed rapidly. Based on the PD-L1 expression status of the metastasis in the right kidney, the patient received 49 cycles of mono-immunotherapy with camrelizumab and achieved PR. The patient is still receiving maintenance treatment with camrelizumab alone, with a PFS of more than 24 months. This case report provides further evidence that a small number of patients with EGFR-mutated advanced SqCLC can benefit from mono-immunotherapy. Thus, mono-immunotherapy still has the opportunity to play an important role in the later-line treatment of EGFR-mutated advanced SqCLC, especially after multiple courses of different types of therapy, and PD-L1 may be used as a biomarker to predict the clinical efficacy of immunotherapy. The mechanism related to the prominent response to camrelizumab monotherapy and whether S768I/G719A mutation is one of the possible mechanisms need more inspection and exploration.

As with clinical trials, case reports regarding the treatment of ICIs for EGFR-mutated NSCLC are mostly cases of lung adenocarcinoma (29–31) or about a changed phenotype from lung adenocarcinoma to SqCLC (32). The patient in this case was first diagnosed with SqCLC and has a longer PFS (>24 vs. 16 months) during the treatment with camrelizumab compared with that of the patient with EGFR-mutated NSCLC in the CA209-003 trial who received durvalumab as a third-line treatment and had an OS of >5 years (19).

The patient developed grade 1 to 2 RCCEP during the treatment of camrelizumab, without other irAEs. RCCEP, a common, typical irAE of camrelizumab, mainly occurred on the skin surface of the head, neck, trunk, and extremities but rarely in other parts such as the oral mucosa, nasal mucosa, and eyelid conjunctiva and was never observed in visceral organs (33, 34). The mechanism of RCCEP is unclear and may be related to the imbalance between angiogenesis accelerants and inhibitors. Most RCCEPs are self-limited and have little impact on the quality of life. However, for patients with a high risk of bleeding, if the RCCEP is severely congested, fragile, located in the friction sites, or repeatedly bleeding, local resection may be a better choice. RCCEP may be used as a marker to predict the efficacy of camrelizumab. Studies have found that patients who develop RCCEP during the treatment with camrelizumab have an ORR of 28.9%, while patients without RCCEP do not respond to camrelizumab (33). In this report, the patient developed “red-nevus-like”, “pearl-like”, and “tumor-like” nodules, and both “pearl-like” and “tumor-like” nodules had been removed. Although the patient had grade 1 to 2 RCCEP, the immune response was obvious, consistent with the results previously reported in the literatures.



Concluding Remarks

At present, EGFR-TKIs are still the standard regimen for EGFR-mutated advanced NSCLC, but due to the complex drug resistance mechanism, mono-immunotherapy or a combination therapy of immunotherapy with other treatments needs to be optimized. The studies mentioned before have shown that the vast majority of patients with advanced NSCLC refractory to EGFR-TKIs had a poor curative effect to ICIs. However, in view of the fact that ICIs could exert anti-tumor effects through the patients’ own immune system, there are still a small number of EGFR-mutated advanced NSCLC that can benefit from immunotherapy after drug resistance to EGFR-TKIs. Mono-immunotherapy could be considered as one of the later-line treatment options for patients with EGFR-mutated advanced SqCLC, especially for those without EGFR T790M mutation or with high PD-L1 expression. The national, multi-center, randomized, double-blind phase III TREASURE study, CHECKMATE-722 study, KEYNOTE-789 study, and ORIENT-31 study are ongoing to explore the efficacy of immunotherapy for patients with NSCLC after PD on EGFR-TKIs. More and more clinical and basic research concerns were expected in these patients to further screen the advantageous population of ICIs in the treatment of EGFR-mutated advanced SqCLC, to find predictive biomarkers of clinical efficacy, and to achieve a personalized precision treatment.
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Objectives

The combination of neoadjuvant chemotherapy and immunotherapy (nICT) is a novel treatment for locally advanced esophageal cancer. There is concern that nICT may increase operation difficulty, postoperative morbidity, and mortality. This study aimed to compare short-term outcomes among esophagectomy after neoadjuvant chemoradiotherapy (nCRT) and nICT and for locally advanced esophageal squamous cell carcinoma (ESCC).



Methods

A retrospective analysis of a prospectively maintained database was performed to identify patients (from January 2017 through July 2021) who underwent surgery for ESCC following neoadjuvant therapy. A 1:1 propensity score matching (PSM) with a caliper 0.05 was conducted to balance potential bias.



Results

A 1:1 PSM was conducted based on clinical stage, age, body mass index (BMI), and tumor location, and then 32 comparable pairs were matched. After PSM, age, gender, BMI, American Society of Anesthesiologists (ASA) status, smoking history, clinical stage, tumor location, lymphadenectomy field, pathological stage, anastomotic position, route of gastric conduit, procedure type, and operative approach were comparable between groups. Compared with the nICT group (median, 300 min), the operation time was significantly longer in the nCRT group (median, 376 min). However, both groups were comparable in intraoperative blood loss, thoracic drainage volume, intensive care unit (ICU) stay, postoperative hospital stays, and hospital cost. Further, 30-day mortality, 30-day readmission, ICU readmission, and major complications were similar in both groups. The nCRT group had an advantage in pathological response. The pathological complete response (pCR) was 18.8% (6/32) in the nICT group and 43.8% (14/32) in the nCRT group (p = 0.03). The major pathological response (MPR) was 71.9% (23/32) in the nCRT group and 34.4% (11/32) in the nICT group (p = 0.03).



Conclusions

Based on our preliminary experience, esophagectomy appears to be safe and feasible following combined neoadjuvant immunotherapy with chemotherapy for locally advanced esophageal cancer.
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Background

Esophageal cancer (EC) is one of the most common and challenging types of cancer with 572,000 new diagnosis cases and 500,000 deaths annually. More than 50% of EC occurred in East Asia, and 90% of those patients have esophageal squamous cell carcinoma (ESCC) (1, 2). Esophagectomy plays an important role in the treatment of locally advanced EC. However, esophagectomy alone is often associated with high recurrence and metastasis rates reaching up to 43.3%–50.0% (3).

Neoadjuvant chemotherapy (nCT) or neoadjuvant chemoradiotherapy (nCRT) plus surgery had been applied to improve long-term results. Kamarajah et al. reported that nCT or nCRT followed by surgery for esophageal adenocarcinoma were equal in 5-year survival rates, and nCRT followed by surgery had an advantage in 5-year survival rates for ESCC (4). Currently, nCRT plus esophagectomy is recommended as first-line therapy for locally advanced ESCC (5). However, based on the long-term result of NEOCRTEC5010 Randomized Clinical Trial, the 5-year cumulative incidence of locoregional recurrence, distant recurrence, and overall recurrence in the nCRT group were 15.3%, 24.3%, and 32.2%, respectively, in locally advanced ESCC, which were still not promising (6). Further, a meta-analysis showed that compared with the surgery alone group, nCRT followed by surgery had an increased risk of total postoperative mortality and treatment-related mortality in patients diagnosed with ESCC (7). Thus, it is necessary to explore the novel pattern of neoadjuvant therapy for ESCC.

Based on CheckMate 577 trails results, Kelly et al. reported that nivolumab adjuvant therapy could prolong 11.4 months of disease-free survival among patients with resected esophageal or gastroesophageal junction cancer who had received nCRT (8). Further, pembrolizumab (PD-1 antagonist) plus chemotherapy has been recommended as first-line therapy for advanced EC (9). Considering the antibodies against the immune inhibitory pathway of programmed death 1 (PD-1) protein or PD-1 ligand 1 (PD-L1) checkpoint inhibitors is a new mechanism for the treatment of ESCC. nCT and immunotherapy (nICT) plus surgery may bring long-term benefits to patients diagnosed with ESCC. Recently, single-arm studies have revealed that the application of nICT in patients with locally advanced ESCC is safe and effective (10, 11).

To explore a new pattern of therapy, preoperative safety and short-term outcomes are the first concern for surgeons. However, a handful of studies focused on the comparison of short-term results and pathological response between nICT and nCRT. This study compared short-term results between nICT and nCRT to evaluate the potential effect of nICT on preoperative outcomes especially surgery safety and pathology response.



Methods


Patient Selection and Study Design

This is a retrospective review based on prospectively collected data conducted with consecutive patients who underwent esophagectomy followed nICT or nCRT for ESCC at Fujian Medical University Union Hospital from January 2017 to April 2021. This study was approved by the Ethics Committee of the Fujian Medical University Union Hospital, China (YF033-01). Inclusion criteria included aged between 18 and 75 years old; diagnosed with ESCC; receiving nICT or nCRT following esophagectomy; staged with cT1N1-3M0 or cT2-4aN0-3M0; and with normal hematologic, hepatic, and renal function. Exclusion criteria included patients with non-resectable tumors or metastases during exploratory surgery; patients receiving nCT or other targeted therapy; patients receiving salvage surgery; and patients with palliative surgery.



Neoadjuvant Treatment Protocols

Patients in the nICT group received 2–4 cycles of intravenous PD-1 inhibitor (sintilimab at a dose of 200 mg, pembrolizumab at a dose of 200 mg, toripalimab at a dose of 240 mg, and camrelizumab at a dose of 200 mg) every 3 weeks (day 1) and simultaneous chemotherapy consisted of platinum-based drugs and paclitaxel (TP regimen). The details of the regimen are as follows: cisplatin (60 mg/m2) on day 1, albumin-bound paclitaxel (125 mg/m2) on days 1 and 8, and sintilimab/pembrolizumab/camrelizumab (200 mg) on day 1 were administered intravenously during each cycle (of 21-day duration). Docetaxel (75 mg/m2), cisplatin (60 mg/m2), and toripalimab (240 mg) were administered intravenously during each cycle (of 21-day duration) on day 1. Corticosteroids, thyroid function [including T3, T4, and thyroid-stimulating hormone (TSH)], glucose, and myocardial enzyme were routinely examined before each cycle of nICT for early detection of immunotherapy-related adverse events. When grade 2 above immunotherapy-related events occurred, we stopped the application of nICT and prioritized the management of adverse reactions. For patients who successfully received two cycles of neoadjuvant therapy, we conducted another clinical evaluation, followed by a multidisciplinary consultation to determine whether the patient should undergo surgery or continue treatment.

Patients in the nCRT group received chemotherapy (paclitaxel or 5-fluorouracil plus platinum) concurrent radiotherapy, which consisted of 40–56 Gy in daily fractions of 1.8 Gy five times a week. Radiation targets are mapped on CT using all diagnostic information by an experienced radiation oncologist.



Surgery Protocols

For patients suitable for radical esophagectomy after clinical evaluation, the surgery was performed within 4–8 weeks from the end of the last neoadjuvant treatment if there were no contraindications for surgery treatment. Patients received McKeown minimally invasive esophagectomy (MIE) with or without robot-assisted, including 2-field or 3-field lymphadenectomy and gastric reconstruction. We regularly conducted 2-field lymphadenectomy, and standard three-field lymphadenectomy was performed in patients with suspected swollen lymph nodes in the neck. During the operation, patients with severe adhesion or intraoperative bleeding were transferred to thoracotomy. All operations were conducted by experienced surgeons with more than 50 cases annually, which ensured the surgery quality.



Outcome Measures

Postoperative complications were coded by Clavien–Dindo classification, and Clavien–Dindo classification grade ≧ 3 was defined as major complications. The comprehensive complication index (CCI) applied as a tool to evaluate complications systematically was calculated at www.assessurgery.com (12). The primary end point was 30-day complications (including pneumonia, anastomotic leakage, pleural infusion, chylothorax, and cardiac events). Secondary end points included pathological response, operation time, postoperative thoracic drainage, thoracic drainage tube stay, 30-day readmission rate, and 30-day mortality. Interval to surgery was defined as the last measured from the end of last neoadjuvant treatment to the date of surgery, and operative time was measured from incision to wound closure. Intensive care unit (ICU) stay was defined from the day of into ICU to the day of leaving the ICU. Postoperative hospital stay was defined from the day of operation to the day of leaving Fujian Medical University Union Hospital.

The pathological TNM stage was staged according to the 8th edition of the American Joint Committee on Cancer/Union for International Cancer Control staging system. Major pathological reaction (MPR) was defined as less than 10% residual tumor cells, and pathological complete response (pCR) was defined as evidence of no residual tumor cells.



Statistical Analysis

Patients were classified into two groups based on neoadjuvant therapy patterns. Propensity score matching (PSM) was calculated based on a logistic regression model, with a caliper 0.05, matching ratio = 1:1 to balance potential bias. The minor mirror histogram of propensity scores is listed to show the matching details (13, 14). The continuous variables were expressed as median (quartile difference), and the categorical variables were expressed as numbers (percentage). χ2 test was used for classification data, and Mann–Whitney U test was used for anomaly distribution data comparison. Statistical analysis was performed in R Version 4.0.4 (R Foundation for Statistical Computing, Vienna, Austria). Bilateral p-values <0.05 were considered significant.




Results


Patient Selection and Baseline Characteristics

The patient selection chart and PSM details are shown in Figure 1. A total of 52 patients in the nICT group and 35 patients in the nCRT group were included for further analysis. Then, to balance the potential bias, a 1:1 PSM was conducted based on clinical stage, age, body mass index (BMI), and tumor location. Finally, 32 comparable pairs were matched.




Figure 1 | (A) Patient selection flowchart. (B) Mirror histogram of propensity scores for patients. PSM, propensity score matching; nICT, neoadjuvant chemotherapy and immunotherapy; nCRT, neoadjuvant chemoradiotherapy.



The baseline characteristics after PSM with 32 patients in each group are summarized in Table 1. After PSM, the clinical and demographic characteristics of the two groups were well balanced, including age, gender, BMI, American Society of Anesthesiologists (ASA) status, hypertension history, smoking history, tumor location, preoperative albumin, preoperative hemoglobin, forced expiratory volume in 1 s (FEV1), ejection fractions (EF), lymphadenectomy filed, clinical stage, histologic subtype, anastomotic position, route of gastric conduit, procedure type, clinical stage, and operative approach.


Table 1 | Baseline characteristic before and after propensity score matching.





Comparisons of Short-Term Outcomes

All patients in both the nICT group and nCRT group successfully received MIE without conversion into thoracotomy, although lymph nodes moved number in the nICT group (median 39) was more than that in the nCRT group (median 32). However, compared with the nICT group (319.2 ± 80.2 min), the operation time was significantly longer in the nCRT group (378.8 ± 72.7 min). Both groups were comparable in intraoperative blood loss, thoracic drainage tube stays, thoracic drainage volume, postoperative hospital stay, and hospital cost. Further, 30-day mortality, 30-day readmission, and ICU readmission were also similar in both groups. Compared with the nICT group, the nCRT group had an advantage in pathological response. The pCR was 18.8% (6/32) in the nICT group and 43.8% (14/32) in the nCRT group (p = 0.03). The major pathological response (MPR) was 71.9% (23/32) in the nCRT group and 34.4% (11/32) in the nICT group (p = 0.03). Perioperative outcomes after PSM were summarized in Table 2.


Table 2 | Perioperative outcomes after propensity score matching.



The complications within 30-day after PSM are summarized in Table 3. The incidence of pneumonia, pleural effusion, palsy of recurrent laryngeal nerve, chylothorax, and postoperative blood transfusion were comparable in both groups. Major complications and CCI were comparable in both groups. Comparison details of 30-day major complications and CCI after PSM are listed in Figure 2.


Table 3 | Postoperative complications within 30-day after operation evaluated by Clavien–Dindo classification.






Figure 2 | (A) Comparisons of CCI between nICT group and nCRT group after PSM. (B) Comparisons of major complications between nICT group and nCRT group after PSM. CCI, comprehensive complication index; nICT, neoadjuvant chemotherapy and immunotherapy; nCRT, neoadjuvant chemoradiotherapy; PSM, propensity score matching.





Immune-Related Adverse Events

Immune dermatitis was relatively common, with an incidence of 6.25% (2/32). Only one patient underwent grade 3 pneumonitis on the 10th day after the operation. This patient was admitted into ICU and treated with 40 mg of methylprednisolone for 7 days. Then, the symptoms were relieved, and this patient recovered without intubation. The chest scan changes are summarized in Figure 3.




Figure 3 | (A) Chest CT scan before surgery. (B) Chest scan on 5th day after operation. (C) Chest scan after application of methylprednisolone for 7 days. (D) Chest scan in 3 months after discharge.






Discussion

Compared with the nICT group (median, 300 min), the operation time was significantly longer in the nCRT group (median, 376 min). The 30-day complications measured by CCI and major complications were comparable between the nICT group and nCRT group after PSM. The 30-day mortality, 30-day readmission, and ICU readmission were similar in both groups. The nCRT group had an advantage in both pCR and MPR (p < 0.03).

The postoperative mortality and morbidity were comparable between the nICT group and the nCRT group. Additional neoadjuvant immunotherapy did not increase postoperative mortality and morbidity, and our finding was consistent with the previous report. Sihag et al. compared the major complications between patients receiving neoadjuvant immunotherapy and chemoradiotherapy and nCRT and found that additional neoadjuvant immunotherapy was not associated with a statistically significantly increased risk of developing major complications (including pulmonary complications, anastomotic leakage, and other complications) (15). However, additional neoadjuvant immunotherapy brings additional immune-related AEs. In this study, one patient had grade 3 pneumonitis on the 7th day after the operation and finally recovered by administration of methylprednisolone treatment. A recent meta‐analysis including 12,876 patients from 23 randomized control trials showed that the incidence of pneumonitis associated with PD‐1 inhibitors was 5.17%, with an incidence of grade 3–5 pneumonitis of 4.14% (16). The time to onset pneumonitis had a really wide time window ranging from 9 days to 19.2 months (17). Pneumonia is one of the most common complications after esophagectomy. However, due to the various radiological subtypes of pneumonia, sometimes distinguishing pneumonia from pneumonitis is really a challenge. Thus, it is necessary to be vigilant for the incidence of pneumonitis when patients’ symptoms do not correspond to sputum, serum etiology, and inflammatory markers. Antibiotic treatment is recommended before pneumonitis is diagnosed.

Operation time is an indicator of surgical difficulty, and moved lymph number is an indicator of surgical quality in esophagectomy. Operation time in the nCRT group was longer than that in the nCRT group, and moved lymph nodes in nICT were more than that in the nCRT group (both above 15), although previous studies indicated that surgical resection of non-small cell lung cancer (NSCLC) following neoadjuvant immunotherapy increased surgical difficulty and challenge due to dense fibrosis, especially in mediastinal and hilar dissection (18, 19). Further, there was also a possibility of unexpected conversion into thoracotomy in patients following immunotherapy (20). For patients with NSCLC, there was a reduction of moved lymph nodes in the neoadjuvant immunotherapy group (21). However, there was still no similar report in esophagectomy following nICT. In this study, all patients in the nICT group received McKeown MIE without any transformation thoracotomy. We admitted that after the application of nICT, the primary tumor shrunk, and there was fibrous scarring in the esophageal mesentery, which led to difficulty in distinguishing the boundary between the tumor and surrounding organs or tissues. Clinical practice showed that after nICT, the fibrosis was not dense, and for experienced surgeons, MIE was still applicable. For patients receiving nCRT, the primary tumor site of esophageal cancer often exhibits necrosis, fibrosis, and organizational alterations (Figure 4). Further, in some cases, the normal tissue gap disappears and transforms into dense fibrosis. Adhesive fibrosis is more serious in patients with obvious tumor invasion before radiotherapy (22). Thus, resection in the nCRT group is more difficult and requires more time to separate the esophagus from surrounding tissues and organs. In summary, for resection following nICT or nCRT, the surgical procedures have high technical requirements for surgeons. Such procedures should be conducted by experienced surgeons. Based on the present evidence, it seems that compared with nCRT, esophagectomy following nICT had a lower operation difficulty.




Figure 4 | (A) Fibrosis in esophageal mesentery near primary tumor. (B) Fibrosis in esophageal mesentery near pericardium. (C) Fibrosis in esophageal mesentery near thoracic aorta. (D) Fibrosis in esophageal mesentery near trachea.



The nCRT group had an advantage in pathological response. The pCR rate was 18.8% (6/32) in the nICT group and 43.8% (14/32) in the nCRT group (p = 0.03). pCR was proved to be associated with long-term survival. Kamarajah et al. analyzed the National Cancer Database (2006–2015) including 2,367 with ESCC (nCRT 2,155 and nCT 212) and found that for ESCC, nCRT followed by surgery had advantage in pCR rate (50.9% versus 30.4%; p < 0.001), margin-negative resections (92.8% versus 82.4%, p < 0.001), and a statistically significant overall survival benefit (hazard ratio (HR) 0.78, 0.62 to 0.97) (23). A recent meta-analysis including 4,529 patients (nCT 2,035 and nCRT 2,494) showed that compared with nCT, nCRT could provide a higher 3-year survival benefit, higher R0 resection, and pCR rates, but no increase in 5-year survival (24). Zhang et al. conducted a propensity score-matched study from the National Cancer Center to compare the long-term results between nCRT and nCT and found that significantly higher pCR rates in the nCRT group did not lead to a longer survival (25). Thus, considering the different mechanisms of immunotherapy, it is worth conducting a long-term follow-up to evaluate the effect of nICT. Whether nICT could challenge nCRT or nCT in the first-line treatment of locally advanced ESCC requires the evaluation of long-term results in a cohort with a sufficient sample size.

To our best knowledge, this is the first study that compares the short-term outcomes between nICT and nCRT. We tried to solve the potential selection and detection bias by strict patient selection and PSM. However, this study was still limited by its retrospective nature, and it was also only conducted in a single institution with a relatively limited case number. Due to the lack of patients’ compliance and the quality control of radiotherapy, the application of nCRT was relatively limited, and nCT was a more popular pattern in China. Some patients received nCRT in other hospitals and then received surgery in our institution. Thus, the case number of the nCRT group in our institution was limited with potential bias. We used pCR to evaluate the antitumor effect of neoadjuvant therapy. Although pCR has been proved to be associated with long-term survival, long-term follow-up is necessary for further confirming the effect of nICT. To determine whether nICT could challenge the status of nCRT in the treatment of locally advanced ESCC and to establish a new treatment model based on immunotherapy, there is an urgent need for more phase III clinical trials and more convincing research results.



Conclusion

Compared with nCRT, esophagectomy following nICT had a lower operation difficulty, similar postoperative complications, and similar mortality. Esophagectomy following nICT is safe and feasible for locally advanced ESCC. Long-term follow-up is necessary to evaluate the effect of nICT.
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Background and Purpose: The KEYNOTE-181 study demonstrated that pembrolizumab for advanced or metastatic esophageal cancer in patients with programmed death ligand-1 (PD-L1) combined positive score (CPS) ≥ 10 had a survival advantage and better tolerability than chemotherapy. However, at the same time, pembrolizumab places an economic burden on patients. This study assessed the cost-effectiveness of pembrolizumab based on the KEYNOTE181 study.

Materials and Methods: A three-state Markov model [progression-free survival (PFS), progressive disease (PD), and death] based on data from the KEYNOTE-181 study was used to estimate the incremental cost-effectiveness ratio (ICER) of pembrolizumab versus chemotherapy for advanced or metastatic esophageal cancer. The model evaluates the outcomes from the Chinese society's perspective. Costs, quality-adjusted life-years (QALYs), and the ICER in terms of 2021 US$ per QALY gained, were calculated. one-way and probabilistic sensitivity analyses were performed to evaluate the model robustness.

Results: Compared with chemotherapy, pembrolizumab increased costs by $37,201.68, while gaining 0.23 QALYs, resulting in an ICER of $163,165.26 per QALY in patients with PD-L1 CPS ≥ 10. The ICER is $202,708.62 per QALY and $163,643.19 per QALY in the total population and patients with esophageal squamous cell carcinoma, respectively. The ICER was much higher than the commonly accepted willingness-to-pay threshold ($11,105.8 per QALY). One-way and sensitivity analyses showed that the costs of pembrolizumab and the utility of PD were the crucial factors in determining the ICER, and probabilistic sensitivity analyses demonstrated pembrolizumab is unlikely to be cost-effective at a willingness-to-pay threshold of $11,105.8 per QALY. The result was robust across sensitivity analyses.

Conclusion: Pembrolizumab is not a cost-effective treatment option for the second-line treatment of esophageal cancer from the perspective of Chinese society.

Keywords: cost-effectiveness, esophageal cancer, pembrolizumab, chemotherapy, PD-L1


INTRODUCTION

Esophageal cancer is a highly lethal malignancy, with 604,100 new cases and 544,076 deaths in 2020 (1). The incidence of esophageal cancer in Eastern Asia is higher when compared to the world (1, 2). China was a high-incidence area of esophageal cancer and accounted for about half of the global morbidity and mortality (3). The prognosis of esophageal cancer is improving but remains poor, with an overall 5-year survival rate of about 20% (4, 5). Approximately 39% of esophageal cancer with distant metastases at initial diagnosis and the 5-year relative survival for these esophageal cancers is about 5% (6). Although targeted drugs have demonstrated efficacy in many cancers, no targeted drugs are approved for esophageal squamous cell carcinoma. Until immune checkpoint inhibitors were approved for esophageal cancer, the treatment after first-line was limited. The goal of second-line treatment for metastatic esophageal cancer was to palliate symptoms. Unresectable, locally advanced, or metastatic esophageal cancer are not curable. Esophageal cancer contributed to a massive burden on public health care systems in China (7).

Esophageal squamous cell carcinoma is the predominant histology in China. The superiority of pembrolizumab over chemotherapy for second-line therapy in patients with metastatic esophageal squamous cell carcinoma, as well as with programmed death ligand-1 (PD-L1) combined positive score (CPS) ≥ 10 tumors, was shown in the KEYNOTE-181 study. Based on the KEYNOTE-181 study, National Medical Products Administration and the US Food and Drug Administration approved pembrolizumab for patients with locally advanced or metastatic esophageal squamous cell carcinoma that express PD-L1 (CPS ≥ 10) after one prior line in China and the USA. And the National Comprehensive Cancer Network (NCCN) recommended pembrolizumab for second-line therapy for esophageal squamous cell carcinoma with PD-L1 CPS ≥ 10 (8).

Although the KEYNOTE-181 study demonstrated a survival advantage and better tolerability for pembrolizumab, pembrolizumab is dramatically expensive for patients and insurance payers. As such, we sought to evaluate the cost-effectiveness of pembrolizumab for advanced esophageal cancer from the Chinese society perspective.



MATERIALS AND METHODS


Patients and Regimens

The clinical information was derived from the randomized phase III, open-label KEYNOTE-181 (9). The KEYNOTE-181 study recruited adult patients with histologically confirmed, advanced, or metastatic esophageal cancer. When they progressed after first-line chemotherapy. they were randomly assigned to receive pembrolizumab 200 mg every 3 weeks or investigator's choice of treatment with paclitaxel 80–100 mg/m2 on days 1, 8, and 15 of each 28-day cycle, docetaxel 75 mg/m2 every 3 weeks, or irinotecan 180 mg/m2 every 2 weeks until disease progression or the development of unacceptable toxic effects. Overall survival (OS) and progression-free survival (PFS) were evaluated in patients with PD-L1 CPS ≥ 10, in patients with squamous cell carcinoma, and in the total population.



Markov Model

A Markov model was constructed using Treeage software (Treeage, Williamstown, MA, USA) to evaluate the cost and quality-adjusted life-years (QALYs) of pembrolizumab and chemotherapy. The Markov model had three health states: PFS, progressive disease (PD), and death. The initial state was assumed to be PFS, and the patients could stay in their assigned health state or progress to another health state based on the transition probabilities during each Markov cycle. The model structure is shown in Figure 1. The cycle length was 1-month based on the time span of disease duration and progression. The 5-year survival rate was about 5% for metastatic esophageal cancer (10). Therefore, we used a 5-year time horizon in the Markov model. We calculated the incremental cost-effectiveness ratio (ICER) of pembrolizumab compared with chemotherapy, and the results are described using costs per QALY. The ICER was calculated using the following formula: ICER = (Cost[the pembrolizumab group]-Cost[the chemotherapy group])/(QALY[the pembrolizumab group]-QALY[the chemotherapy group]). A 3% annual discount rate was used for costs and effectiveness according to the WHO guidelines (11).


[image: Figure 1]
FIGURE 1. The Markov model simulated three health states: PFS, PD, and death. PFS, progression-free survival; PD, progressive disease.




Survival Estimates and Utilities

Clinical data on efficacy and safety were obtained from the KEYNOTE-181 study (Table 1). The probability of being in each state was obtained by digitizing the Kaplan-Meier curves of PFS and OS from the KEYNOTE-181 study. We used Microsoft Excel (version 2016) to reconstruct the OS and PFS survival curves. Monthly transition probabilities in the reconstructed model were calibrated to best fit the Kaplan-Meier curves of OS and PFS. The monthly transition probabilities were listed in Table 2 and the calibration curves were shown in Figure 2. In the KEYNOTE-181 study, they used EORTC QLQ -C30 and QLQ-OES18, eEuroQol-5D (EQ-5D) questionnaires to assess Health-related quality of life. However, there is no information about the utility scores of the PFS and PD state in the KEYNOTE-181 study. Thus, health state utility scores were derived from previously published literature. The utility values of PFS state, PD state, and death were 0.75, 0.67, and 0, respectively (12).


Table 1. Basic information and base-case costs.
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Table 2. Transition probabilities in the Markov.
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[image: Figure 2]
FIGURE 2. Kaplan-Meier survival for the pembrolizumab and chemotherapy groups in the KEYNOTE181 and modeled curves. OS, overall survival; PFS, progression-free survival.




Cost Estimates

The direct medical costs were estimated from the perspective of Chinese society. Total costs in our analysis included costs of the drugs, tests, management of grade 3–4 adverse reactions, and follow-up. Only grade 3 or higher AEs from the KEYNOTE-181 study were used to calculate the costs of AEs, grade 1-2 AEs were considered manageable within standard patient monitoring. The cost of drugs and tests was based on the 2021 fee standards of West China Hospital, Sichuan University. We assumed that patients in the current study with a 1.72 m2 body surface area to calculate the dosage of chemotherapy agents (13–15). After the disease progressed, the data of patients who received subsequent treatment was insufficient from the KEYNOTE-181 study. Hence, the costs of subsequent-line therapy were derived from a previously published study (16). The details of the cost information are provided in Table 3. The WHO guidelines recommended 1–3 times the Gross Domestic Product per capita (GDP) as the threshold of willingness to pay (WTP) (17). As a result, $11,105.8/QALY was set according to the per capita GDP of China 2020 released by the National Bureau of Statistics. All costs were converted into US dollars, with an exchange rate of $1 = ¥6.4831 (August 11, 2021).


Table 3. Cost parameters input in the model.
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Sensitivity Analysis

One-way sensitivity analysis was performed by varying key parameters within ± 20% of its baseline value individually to examine the potential influence on the results. Probabilistic sensitivity analysis (PSA) was conducted with 10,000 Monte Carlo simulations. Gamma distribution was selected for the cost parameters, beta distribution was selected for utility. The results of the PSA were represented by cost-acceptance curves. If the ICER was below the threshold of WTP, interventions were defined as cost-effective.




RESULTS


Base-Case Analysis

In the base-case analysis, for the whole population, the total costs of the pembrolizumab group were $34,272.16, and the total costs of the chemotherapy group were $15,217.55. The overall QALYs in the Pembrolizumab group were higher than that in the chemotherapy group (0.57 vs. 0.48 QALYs). The ICER of the pembrolizumab group compared with the chemotherapy group was $202,708.62 per QALY, which was almost 6 times higher than the WTP threshold for cost-effectiveness ($11,105.8 per QALY in China). Subgroup analysis showed that pembrolizumab gained the most QALY in the subgroup with PD-L1 CPS ≥ 10. Pembrolizumab cost $37,201.68 more than chemotherapy and provided additional.23 QALYs, leading to an ICER of $163,165.26 per QALY in patients with PD-L1 CPS ≥ 10. When pembrolizumab was administered in patients with squamous cell carcinoma, the ICERs were $163,643.19 /QALY, in comparison with chemotherapy. The ICERs were beyond the WTP thresholds in all subgroups, demonstrating that pembrolizumab was not a cost-effective strategy for patients with advanced or metastatic esophageal cancer from the Chinese perspective. The details are listed in Table 4.


Table 4. Results of the cost-effectiveness analysis.
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Sensitivity Analyses

In one-way sensitivity analysis, for different subgroups, the most influential factor on the results was different. The price of pembrolizumab had the highest impact on the ICER for patients with PD-L1 CPS ≥ 10 or squamous cell carcinoma of the esophagus. For the total population, the utility of PD had the most influential factor in our model, but the price of pembrolizumab also had a great impact on the robustness of the cost-effectiveness analysis. The one-way sensitivity analyses revealed that the price of pembrolizumab and the utility of PD was the most sensitive model input. Other variables, such as the utility of PFS, the costs of chemotherapy and test had a moderate impact on the results, and the cost of AEs and subsequent-line therapy had a minimal impact on the outcome. Changing individual parameters did not change the results, pembrolizumab had no chance to be cost-effective at the current WTP threshold. More details of one-way sensitivity analyses were depicted in Figure 3. The results of probability sensitivity analyses for different subgroups are shown in Figure 4. With the increasing WTP value, the acceptable proportion of the chemotherapy group was decreased, whereas the pembrolizumab group was increased. However, pembrolizumab had no possibility of being a cost-effective treatment unless the threshold of cost-effectiveness analysis sharply increased to about $175,000 per QALY. And it seems that China's GDP cannot reach this level in the short term.


[image: Figure 3]
FIGURE 3. Tornado diagram of one-way sensitivity analysis. This summarizes the results of one-way sensitivity analysis, listing influential parameters in descending order according to their effect on the ICER over the variation of each parameter value. ICER, Incremental Cost-Effectiveness Ratio; (A) Total population, (B) Squamous Cell Carcinoma, (C) Combined Positive Score ≥10, PFS, progression-free survival; PD, progressive disease; AE, adverse event.



[image: Figure 4]
FIGURE 4. Cost-effectiveness acceptability curves. Cost-effectiveness acceptability curves show the probability of each treatment strategy being cost-effective at different WTP thresholds. (A) Total population, (B) Squamous Cell Carcinoma, (C) Combined Positive Score ≥ 10.





DISCUSSION

In this study, we found that pembrolizumab was not cost-effective for advanced or metastatic esophageal cancer compared with chemotherapy. The price of pembrolizumab had the highest impact on the ICER when pembrolizumab was administered in patients with squamous cell carcinoma or PD-L1 CPS ≥ 10. Because of the assistance programs for esophageal cancer, patients with squamous cell carcinoma and PD-L1 CPS ≥ 10 can buy two cycles of pembrolizumab and obtain two cycles of pembrolizumab free. When we calculated the cost of pembrolizumab according to the donation plan, the ICER dropped to $65,122.91 per QALY and $53,955.88 per QALY in patients with PD-L1 CPS ≥ 10 and squamous cell carcinoma, respectively. Although pembrolizumab provided the greatest clinical benefit in QALYs for patients with PD-L1 CPS ≥ 10, the cost of PFS state was less in the esophageal squamous cell carcinoma due to the shorter PFS compared with the PD-L1 CPS ≥ 10. The KEYNOTE181 study showed that the greatest survival benefit was observed in patients with squamous cell carcinoma and PD-L1 CPS ≥ 10. But the Supplementary Appendix of the KEYNOTE-181 study only provided the OS curve, not the PFS curve in patients with squamous cell carcinoma PD-L1 CPS ≥ 10 tumors, we cannot estimate the probability of being in each state based on the PFS and OS curves. We did not conduct the Markov model to assess the cost-effectiveness of pembrolizumab in patients with squamous cell carcinoma PD-L1 CPS ≥ 10 tumors.

PD-1 and PD-L1 inhibitors have become an effective treatment strategy for advanced esophageal cancer (18–21), and have been increasingly used after first-line therapies in advanced esophageal cancer (22). Pembrolizumab prolonged survival in patients with many solid cancers (23), but due to the high price of pembrolizumab, the economics of pembrolizumab is controversial (24). Factors including clinical effectiveness, safety, and drug price had an impact on the results of the pharmacoeconomic evaluation. Treatment options are limited for metastatic esophageal cancer, especially after first-line treatment. The survival benefit of Chemotherapy is modest and the side effects of chemotherapy reduce the quality of life. Immunotherapy using immune checkpoint inhibitors, such as nivolumab, pembrolizumab, and camrelizumab, has resulted in survival benefits and fewer side effects for patients with metastatic esophageal cancer. The study performed a Markov model to assess the cost-effectiveness of nivolumab vs. chemotherapy in the second-line treatment for advanced esophageal squamous cell carcinoma based on the ATTRACTION-3 trial. The results of the study showed that nivolumab was not a cost-effective treatment option compared with chemotherapy from the Chinese society perspective (25). Because of the sharp price reduction of camrelizumab, the pharmacoeconomic research results of camrelizumab as second-line therapy for advanced or metastatic esophageal squamous cell carcinoma were inconsistent (14, 15, 26), Yang et al. (14) showed camrelizumab was not cost-effective as second-line therapy for advanced or metastatic esophageal squamous cell carcinoma compared with chemotherapy in China. The cost of camrelizumab in Yang et al. was $2,802 per 200 mg. Both Lin et al. (26) and Cai et al. (15) showed camrelizumab was cost-effective compared with chemotherapy for advanced or metastatic esophageal squamous cell carcinoma (15, 26). The price of camrelizumab was only $452.87 per 200 mg and $432 per 200 mg in Lin et al. (26) and Cai et al. (15), respectively. Up to date, there has been no cost-effectiveness analysis of pembrolizumab as second-line therapy for advanced esophageal cancer.

WTP is a critical parameter to determine whether the intervention is cost-effective. If the ICER was lower than the WTP, the intervention is considered to be favorably cost-effective. The WTP was set as 1–3 times GDP per capita according to the WHO guidelines that were widely referenced in the last decade (27). But some studies suggest that three times of GDP per capita as WTP is too high and the WTP threshold is below 1 × GDP per capita (28, 29). The National Institute of Health and Clinical Excellence (NICE) proposed that the cost-effectiveness threshold of life-extending treatments for patients with terminally ill patients could increase to £50,000/QALY (30, 31) The WTP threshold used in Greek cost-effectiveness studies showed that the median WTP threshold used in oncology studies [€51,000 (€50,000–57,000)] was higher than in non-oncology studies [€34,000 (€30,000–€35,000); p-value < 0.001] (32). There is no established standard in China for the WTP. According to the guidelines and literature, 1 × GDP per capita was set as WTP in our study. The research has certain limitations associated with model-based cost-effectiveness analyses. We primarily relied on the data from a phase III trial rather than real-world experience. Occasionally, real-world experience may deviate from that seen in trials. In addition, detailed data on the clinical and economic burden of treatment-related adverse events remain limited. First, the KEYNOTE181 study only reported the OS and PFS in patients with PD-L1 CPS ≥ 10 tumors, squamous cell carcinoma, and in all patients, respectively, but reported the adverse events in all patients. We hypothesized that the incidences of AEs were similar between different subgroups and estimated the cost of AEs according to the safety outcomes in the total population. Second, the cost data in the model were obtained from official or published prices, but the cost of drugs and tests varied across different regions in China. Third, nutrition support plays an important part in the management of esophageal cancer. As this part of the information was not mentioned in the KEYNOTE-048 trial, these costs were not considered. Besides, due to the lack of utility data in China, the utility values were obtained from Western countries. Imprecise estimates and assumptions were necessary and this uncertainty was evaluated using sensitivity analysis. The results of sensitivity analyses with a range of ± 20% of variation showed that the results were stable.

China has launched national reforms on centralizing drug procurement to contain drug costs. A series of Chinese domestic PD-1 inhibitors including camrelizumab, sintilimab, toripalimab, tislelizumab were included in medical insurance with a price reduction of more than 64%. With the development of the drug industry, more and more PD-1 inhibitors will emerge, which might provide an alternative for patients with esophageal squamous cell carcinoma in China and promote the price reduction of pembrolizumab. With the price adjustment of PD-1 inhibitors, the economy of these drugs will be improved.
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Patients with locally advanced colorectal cancer (LACRC) have a high risk of recurrence and metastasis, although neoadjuvant therapy may provide some benefit. However, patients with high microsatellite instability/deficient mismatch repair (MSI-H/dMMR) LACRC receive little benefit from neoadjuvant chemoradiotherapy (nCRT) or neoadjuvant chemotherapy (nCT). The 2015 KEYNOTE-016 trial identified MSI-H/dMMR as a biomarker indicative of immunotherapy efficacy, and pointed to the potential use of immune checkpoint inhibitors (ICIs). In 2017, the FDA approved two ICIs (pembrolizumab and nivolumab) for treatment of MSI-H/dMMR metastatic CRC (mCRC). In 2018, the CheckMate-142 trial demonstrated successful treatment of mCRC based on “double immunity” provided by nivolumab with ipilimumab, a regimen that may become a standard first-line treatment for MSI-H mCRC. In 2018, the FDA approved nivolumab alone or with ipilimumab for patients who progressed to MSI-H/dMMR mCRC after standard chemotherapy. The FDA then approved pembrolizumab alone as a first-line treatment for patients with MSI-H/dMMR CRC that was unresectable or metastatic. There is now interest in using these drugs in neoadjuvant immunotherapy (nIT) for patients with MSI-H/dMMR non-mCRC. In 2020, the NICHE trial marked the start of using nIT for CRC. This novel treatment of MSI-H/dMMR LACRC may change the approaches used for neoadjuvant therapy of other cancers. Our review of immunotherapy for CRC covers diagnosis and treatment, clinical prognostic characteristics, the mechanism of nIT, analysis of completed prospective and retrospective studies, and ongoing clinical trials, and the clinical practice of using nIT for MSI-H/dMMR LACRC. Our team also proposes a new organ-preservation strategy for patients with MSI-H/dMMR low LARC.
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Introduction

Global cancer statistics for 2020 indicated that colorectal cancer (CRC) is the most common malignant tumor of the digestive system, and that CRC ranked third in incidence rate and second in mortality rate among all cancers (1). The increases in industrialization and urbanization and in the number of elderly have contributed to the significantly increasing incidence rate and mortality rate of CRC during recent years. Most CRC patients are in the stage of local progression upon diagnosis, making effective treatment more difficult.

Locally advanced colorectal cancer (LACRC) is defined as CRC stage II (cT3–4, N0)/stage III (any cT, N+). During recent years, advancements in standardized surgery and subsequent improvements in neoadjuvant therapy have improved outcomes. The advantages of neoadjuvant therapy are that it can reduce tumor stage, improve the rate of R0 resection, decrease the rate of local recurrence, and enable some patients to achieve a clinical complete response (cCR) or even a pathological complete response (pCR) (2). However, distant metastases, surgical morbidities, and adverse effects (AEs) caused by neoadjuvant radiotherapy or chemotherapy remain significant problems.

With the advent of the era of precision medicine, researchers have begun to explore the effect of microsatellite status on the characteristics of tumors (3). However, high microsatellite instability/defective mismatch repair (MSI-H/dMMR) LACRC has low sensitivity to current neoadjuvant therapies. Fortunately, the emergence of neoadjuvant immunotherapy (nIT) brings new hope to these patients (4). It is necessary to examine the suitability of nIT for patients with MSI-H/dMMR locally advanced rectal cancer (LARC). Therefore, this review comprehensively summarizes the new strategies and opportunities that nIT may provide for these patients.



Current Dilemmas in Treatment of Locally Advanced Colorectal Cancer

LACRC has a high risk of postoperative local recurrence and distant metastasis. The traditional mode of surgical resection cannot meet the needs of all of these patients, although neoadjuvant therapy can sometimes provide additional efficacy. What is the efficacy of neoadjuvant chemotherapy (nCT) for LACRC patients with MSI-H/dMMR? Subgroup analysis of data in the FOxTROT study, which was reported at the 2019 ASCO Annual Meeting, indicated that the effective rate of nCT for CRC in patients with MSI-H/dMMR was only 4.7% (5). Among all patients, 73.6% had tumor regression based on tumor pathological examination, but only 26.6% who had proficient mismatch repair/microsatellite stability (pMMR/MSS) had no tumor regression (5). A 2020 article in Clinical Cancer Research described the use of FOLFOX as a nCT regimen for rectal cancer in a trial conducted at the Memorial Sloan Kettering Cancer Center. The results indicated that tumor progression occurred in 29% of patients in the MSI-H/dMMR group, but in none of the patients in the pMMR group (6). These two studies thus illustrated that most CRC patients with MSI-H/dMMR do not benefit from the FOLFOX nCT regimen.

For patients with LARC, the National Comprehensive Cancer Network (NCCN) guidelines recommend “neoadjuvant chemoradiotherapy (nCRT) + total mesorectal excision + adjuvant chemotherapy”, and this is generally recognized as a standard treatment scheme worldwide (7). Nevertheless, there are some different views regarding the efficacy of nCRT in these patients. First, although nCRT for rectal cancer reduces the local recurrence rate, it does not improve the long-term survival rate of patients. Second, nCRT for rectal cancer can lead to post-surgical complications, such as anastomotic leakage and poor healing of the perineal wound, as well as long-term toxicities, such as bladder dysfunction, loss of anal sphincter function, and sexual dysfunction. Finally, about 20% of LACRC patients are insensitive to nCRT, and if the tumor progresses after nCRT, these patients may miss the opportunity of radical operation. A retrospective study in the United States National Cancer Data Base indicated that the postoperative pCR rate of LACRC patients after nCRT was 8.9% in an MSS group and 5.9% in an MSI-H group (P = 0.01). These results suggested that LACRC patients with MSI-H were less sensitive to radiotherapy and chemotherapy (8).

Treatments for CRC have continued to improve. Molecular genotyping and determination of microsatellite status were significant contributions to the development of precision therapies (9). In recent years, immune checkpoint inhibitors

(ICIs), antibodies that target PD-1, PD-L1, or CTLA-4, have emerged as effective treatments for a variety of cancers (10). The benefits provided by these ICIs even surpass those provided by targeted therapy in some aspects, and ICIs may also provide an improved treatment for CRC (11). Thus, although CRC patients with MSI-H status may have poor prognoses, they also uniquely benefit from treatment with ICIs.



Significance of MSI-H/dMMR in Tumors

MSI refers to variation of MS sequence length or base composition due to insertion or deletion mutations during DNA replication, an alteration often caused by dMMR. The MS status of a tumor may be classified as stable (MSS), or as having low instability (MSI-L) or high instability (MSI-H) (12). MSI-H has a high incidence in solid tumors, such as endometrial cancer, CRC, and gastric cancer (13). dMMR can be due to a germline mutation of the MMR gene (Lynch syndrome), in which case there is a hereditary pattern of malignant tumors (14). However, dMMR more commonly occurs from sporadic mutations of the MMR gene, a condition usually accompanied by the CpG island methylation phenotype (CIMP). Notably, 50% of the sporadic cases also exhibit a BRAF-activating mutation (V600E). Thus, Lynch syndrome can be usually excluded in patients with CIMP and this BRAF mutation (15, 16). The clinical presentations of patients with dMMR and MSI-H are indistinguishable, and their detection rates are consistently very high. Although these two aberrations are often not distinguished in the clinic, they are not identical (17). Most clinical studies demonstrated that patients with MSI-H/dMMR solid tumors received obvious benefits from ICIs (18–20). Moreover, a key factor determining the benefit of ICI therapy is the MSI-H status of the patient, not the specific kind of cancer (21).

In 2017, the United States FDA approved pembrolizumab (anti-PD-1 antibody) for the treatment of patients with advanced MSI-H/dMMR or metastatic solid tumors. These patients typically experience disease progression following standard treatment, and no other satisfactory alternative treatments are available. This is the first approved anti-tumor therapy that considered specific biomarkers rather than the type of tumor. Since then, MSI status has become an important consideration in clinical oncology. Because of the importance of MSI-H/dMMR status in predicting response to tumor immunotherapy, many guidelines recommend determination of the MSI status of patients with advanced solid tumors before administering immunotherapy (22).



Unique Prognostic Characteristics of MSI-H/dMMR CRC

MSI-H/dMMR CRC is a unique type of CRC defined by biomarker status that is present in 12 to 15% of all CRC patients, and is more likely to occur in those with right-sided cancers (i.e., poorly differentiated and/or mucinous adenocarcinoma). Only 2% of patients with rectal cancer are MSI-H (18). There is also evidence that the MS status of CRC changes during cancer progression. In particular, patients with late-stage cancers are less likely to be MSI-H (23); patients with early-stage MSI-H/dMMR CRC have good prognoses, but this status is considered a poor prognostic factor in patients with metastatic CRC (mCRC) (24).

Patients with MSI-H/dMMR locally advanced colon cancer (LACC) have unique clinicopathological and molecular biological characteristics, and typically experience slow clinical progression. These patients are less likely to experience lymph node metastasis and distant metastasis. Patients with MSI-H/dMMR stage II CRC generally have good prognoses. Following surgery alone, these patients have a 5-year survival rate as high as 80%, and fluorouracil alone provides little additional benefit. Thus, the present consensus is that adjuvant chemotherapy is not needed for patients with low-risk stage II CRC after surgery. However, patients with MSI-H/dMMR stage III CRC who received postoperative adjuvant chemotherapy have better prognoses than MSS patients. Moreover, the efficacy of oxaliplatin adjuvant therapy appeared to be unaffected by MSI/MMR status (25, 26).

Patients with MSI-H/dMMR stage IV CRC account for about 4 to 5% of all CRC patients (18). A summary analysis of four clinical studies on first-line treatment for mCRC indicated that the median overall survival (OS) was 13.6 months for patients with dMMR and 16.8 months for patients with pMMR (HR = 1.35; 95% CI: 1.13~1.61; P = 0.001) (27). The prognosis of patients with MSI-H/dMMR mCRC is poor, especially in those with the BRAF V600E mutation (28).

A 2016 study revealed that the levels of cytotoxic cells, CD8+, Th1, Th2, follicular helper T cells, and T cell markers were significantly higher in patients with MSI-H/dMMR CRC than in those with MSS/pMMR CRC (24). Another 2019 study reported that patients with MSI-H/dMMR CRC had a higher tumor mutation burden (TMB), tumor neoantigen burden (TNB), and greater lymphocyte infiltration of tumor tissues. Notably, these patients also had increased expression of PD-L1 in the tumor microenvironment (TME), suggesting that ICIs have potential for treatment of these individuals (29).



Current Status of Immunotherapy for MSI-H/dMMR CRC

The latest NCCN guidelines (v1.2021) for gastric cancer (30), colon cancer (31) and rectal cancer (32) revised the previous recommendations for detection of MSI/MMR status. These new guidelines recommend that all newly diagnosed patients should be tested for MSI using the polymerase chain reaction and for MMR using immunohistochemistry (IHC). The previous recommendations limited this testing to patients with suspected metastasis. The new guidelines therefore mean that ICIs are not only suitable for rescue treatment of patients with MSI-H/dMMR stage IV CRC, but also as nIT for patients with earlier stages of CRC.

For patients who have unresectable advanced or mCRC and are suitable for high-intensity chemotherapy, the v1.2021 NCCN guidelines recommend nivolumab ± ipilimumab (O ± Y) or pembrolizumab as a first-line treatment for patients with MSI-H/dMMR status (32, 31). These guidelines recommend pembrolizumab as the preferred treatment, indicating that immunotherapy now has priority over traditional chemotherapy ± targeted therapy.

In contrast to the 2020 NCCN guidelines for colon cancer, the newest guidelines added nivolumab ± ipilimumab or pembrolizumab (preferred) as adjuvant treatment for patients with MSI-H/dMMR CRC (31) — a new immune adjuvant treatment scheme for these patients. In addition, the newest guidelines recommend nivolumab ± ipilimumab or pembrolizumab (preferred) as an option for preoperative neoadjuvant therapy for resectable MSI-H/dMMR mCRC (31, 32). This is the first time the NCCN recommended an immunotherapy as a preoperative neoadjuvant therapy for CRC. However, the NCCN has not yet provided guidelines regarding the use of nIT for LACRC.



Anti-Tumor Mechanism of nIT

The most widely studied ICIs are antibodies that target CTLA-4, PD-1, and PD-L1, and several ICIs are approved for different types of cancers. PD-L1 binds to PD-1, and this immune checkpoint pathway has a key role in inhibiting T cell-mediated antitumor immune response due to the interaction of PD-1 and CD80 on T cells in the TME. PD-1 and PD-L1 inhibitors inhibit the activity of this immune checkpoint, effectively “releasing the immune brake” in the TME by inducing T cell activation, reactivating the immune response of T cells on tumors, and increasing immune system function (33, 34). The aim of traditional nCT is to reduce tumor staging, whereas nIT aims to enhance the body’s general immunity to tumor antigens. Patients with early- and middle-stage tumors have relatively sound immune systems, and their tumor burdens are generally not as severe. These patients express many new tumor antigens before operation, and this can increase the activity of anti-tumor immune T cells, followed by dispersal throughout the body and removal of micro-metastases. After a multi-line treatment, the physical and immune state of these patients has various degrees of dysfunction. Therefore, a better response could theoretically be achieved by earlier application of immunotherapy.

The basis of nIT is that it induces the expansion of T cells during the early stage of cancer and leads to less impairment of T cell function by targeting the elevated level of endogenous tumor antigens in the primary tumor. Thereafter, nIT can kill tumor cells, eliminate micro-metastases, promote preoperative down-staging, improve the rates of R0 resection and pathological remission, and reduce the rate of postoperative recurrence (35) (Figure 1).




Figure 1 | Anti-tumor mechanism of nIT in patients with MSI-H/dMMR CRC. nIT, Neoadjuvant immunotherapy; MSI-H, Microsatellite instability-high; dMMR, Deficient mismatch repair; CRC, Colorectal cancer; TMB, Tumor mutation burden; TNB, Tumor neo-antigen; ORR, Objective response rate; pCR, Pathological complete response.



Studies of animal models indicated that nIT produced more tumor-related CD8+ effector T cells in the peripheral blood and organs. The survival time of most mice with high levels of CD8+T cells was more than 100 days. Even after tumor clearance, the number of specific CD8+T cells remained stable. This suggests that nIT may induce the immune system to continue killing tumor cells, thus providing a long-term and robust response (36).



Prospective Clinical Trials of nIT for MSI-H/dMMR Non-mCRC

The discovery of MSI-H/dMMR as a potential biomarker for CRC immunotherapy greatly stimulated research in this area. There has been extensive investigation of the effect of anti-PD-1/anti-PD-L1 therapy on non-mCRC, and there are many encouraging preliminary results (37). Below, we summarize the recent clinical progress in the use of nIT for LACRC to illustrate the potential of nIT for these patients (Table 1).


Table 1 | Prospective clinical trials of nIT for MSI-H/dMMR non-mCRC.




NICHE Study: “Pioneering Research” of nIT

The single-arm NICHE study from the Netherlands was published in Nature Medicine during 2020 (38). This study examined 40 patients (21 patients with dMMR status and 19 with pMMR status) who had stage I~III colon cancer. The double immune neoadjuvant therapy consisted of nivolumab (anti-PD-1 antibody) combined with ipilimumab (anti-CTLA-4 antibody). Remarkably, all patients in the dMMR group survived without disease, with a median follow-up time of 8.1 months. These results indicated that the nivolumab + ipilimumab regimen was a suitable nIT for patients with dMMR non-mCRC, and suggested that immunotherapy could provide a lasting curative effect after the initial benefit. Moreover, the nIT was safe, feasible, and well tolerated (Table 1). Thus, it is likely that nIT would not adversely affect the outcome of the subsequent operation, in that there should be no unexpected or redundant post-surgical complications. The most likely reason for the significant reduction in toxicity was the use of a lower dose of ipilimumab and the shorter duration of the nIT. The NICHE study pioneered the use of nIT for CRC, and therefore provided hope to patients with MSI-H/dMMR LACRC.



NICOLE Study: “First Exploration” of Monoimmunotherapy

The NICOLE study (NCT04123925) is the first study to examine the effect of neoadjuvant nivolumab for treatment of early-stage colon cancer without selection for MMR status. This study enrolled 44 patients with cT3/T4 resectable colon cancer. The experimental cohort (86% with MSS) received 2 cycles of nivolumab, and then surgery, and the control cohort (77% with MSS) received surgery. The primary end points were the feasibility of preoperative nIT, the degree of pathological response, and molecular and immunophenotypic changes in the tumor and peripheral blood. The results showed that more than 70% of the patients in nivolumab group experienced significant tumor regression (Table 1). The nivolumab group also had significantly higher levels of CD8− and CD8+ non-inhibitory T cells.



VOLTAGE-A Study: “Innovative Exploration” of Sequential nIT With nCRT

The sort-term results of the exploratory VOLTAGE-A phase II study from Japan were published in the Journal of Clinical Oncology during 2020 (39). This study, which compared LACRC patients in an MSS group and an MSI-H group, examined the effect of an initial long-term nCRT, followed by nIT, surgical resection, and then adjuvant chemotherapy. Both groups achieved major pathologic response (MPR) (Table 1). As of January 2020, the median follow-up time was 22.5 months for the MSS group and 6.6 months for the MSI-H group. In the MSS group, 2 patients had local recurrence and 2 had distant metastases; however, no patients in the MSI-H group had recurrence.

The FOWARC study (40, 41) found that the pCR rate of mFOLFOX6 combined with preoperative radiotherapy was 28%. However, this improvement of pCR was not accompanied by improvements in final survival. The pCR rate in the VOLTAGE study was 30%, however, whether this treatment can also provide a survival benefit likely depends on whether the nIT after nCRT was able to activate the immune system and remove small residual lesions. A long-term follow-up of patient survival is needed. Although the sample size of the VOLTAGE study was small, it was the first to compare the application of nIT combined with nCRT for patients who had MSI-H and MSS LACRC. Moreover, the results suggested a better combination biomarker for predicting the efficacy of nIT — PD-L1 positivity and a high ratio of CD8+/Treg cells. This combination biomarker has potential for use in subsequent studies.



NRG-GI002 Study: “Future Prospects” of TNT Combined With nIT

NRG-GI002 is an ongoing phase II clinical research platform that is examining the effect of total neoadjuvant therapy (TNT) for LARC (42). One experimental arm received pembrolizumab with TNT, and researchers evaluated the efficacy and safety of this regimen. The most recent data were presented orally at the 2021 ASCO-GI Annual Meeting (Table 1). The results indicated that a TNT consisting of the combination of pembrolizumab with nCRT was safe and led no unexpected short-term toxicities. Nevertheless, it failed to improve the neoadjuvant rectal (NAR) score. In contrast to the previous VOLTAGE-A study of sequential immunotherapy after radiotherapy, this study combined radiotherapy and chemotherapy with immunotherapy. It is not yet known whether this combined therapy will further enhance the sensitivity to radiotherapy or activate the immune response in combination with ICIs while releasing new antigens during radiotherapy. We look forward to seeing the upcoming reports of survival data.



NCT04231552 Study: “Perfect Combination” of Short-Course Radiotherapy, Chemotherapy, and nIT

Professor Zhang Tao reported a phase II study of delayed surgical treatment of LARC after short-range radiotherapy combined with CAPOX and camrelizumab (anti-PD-1 antibody) at the 2021 ASCO-GI Annual Meeting (43). The results showed that all patients exhibited a very high pCR rate regardless of MMR status (Table 1). This study was the first to put forward a new neoadjuvant treatment mode of short-range large-fractionated radiotherapy combined with chemotherapy and a PD-1 inhibitor for patients with LARC. This regimen greatly reduced the preoperative treatment time and cost and ensured a good quality-of-life, and therefore provides a foundation for the formulation of novel neoadjuvant treatment strategies for LARC. These results provide hope to patients with low or very low LARC to achieve organ retention and adopt a “Watch & Wait” (W&W) strategy in the future.



AVANA Study: “Continuous Exploration” of nCRT Combined With nIT

The AVANA study is a multicenter phase II study that is examining the efficacy of nCRT combined with avelumab (anti-PD-L1 antibody) for treatment of LARC (44). The results suggest that nCRT can induce the antigen release of low neoantigen burden tumors (such as mismatched CRC) and activate dendritic cells, leading to a CD8+ T lymphocyte-mediated anticancer immune response. nCRT combined with avelumab further increased the expression of PD-L1 in tumor cells, so the researchers strongly recommended using the combination of nCRT and ICIs. Among the 96 patients for whom a pathological response was evaluable, 22 (23%) achieved pCR and 59 (61.5%) achieved MRP (Table 1).

These six studies illustrate that MSI-H/dMMR LACRC is inseparable from anti-PD-(L)1 neoadjuvant therapy. The exploration of different and novel combinations and targets, such as chemoimmunotherapy, immunoradiotherapy, combinational checkpoint immunotherapy, and even chemoimmunoradiotherapy, can provide new directions for examining the most suitable population of CRC patients, and even patients with other cancers. In addition, we summarized the ongoing clinical trials of nIT for LACRC (Table 2).


Table 2 | Ongoing clinical trials of nIT for LACRC.






Retrospective Studies of nIT for MSI-H/dMMR LACRC

In recent years, several retrospective studies performed in diverse countries have examined the effect of nIT for MSI-H/dMMR CRC (Table 3).


Table 3 | Retrospective studies of nIT for MSI-H/dMMR LACRC.




In September 2019, Chinese researchers first reported that two patients with MSI-H/dMMR LARC received nIT treatment with nivolumab (6 cycles). One patient with low rectal cancer adopted a W&W anus-preserving strategy after achieving cCR, and experienced no recurrence after 1 year of follow-up. The other patient received TME surgery and was confirmed as pCR (45). This study was the first to examine the efficacy of nIT as a treatment for MSI-H LARC. In April 2020, Belgian researchers reported that a patient with MSI-H/dMMR low LARC received nIT consisting of nivolumab + ipilimumab. After 3 cycles, TME surgery was performed and it was pathologically confirmed as pCR (46). In June 2020, Chinese researchers reported that two patients with MSI-H LACRC received nIT alone or in combination with targeted therapy. Both patients had confirmed pCR after the operation (47). In July 2020, researchers from the U.S. reported that three patients with MSI-H/dMMR LACRC received nIT: one with monoimmunotherapy, one with monoimmunotherapy combined chemotherapy, and one with double immunotherapy. Their outcomes were pCR, pCR, and W&W with cCR, respectively (48). In December 2020, a retrospective study examined eight patients with MSI-H locally advanced/recurrent metastatic CRC who received monoimmunization or double immunization. The remission rate was 100%. Among the four LACRC patients, one with cCR adopted a W&W approach, and two had confirmed pCR based on postoperative pathology (49).



nIT for MSI-H/dMMR LACRC at Our Center

Our center also conducted a trial to examine the efficacy and safety of neoadjuvant anti-PD-1 monoimmunotherapy for patients with MSI-H/dMMR LACRC. At present, 18 patients with MSI-H/dMMR LACRC (including ascending colon cancer, descending colon cancer, sigmoid colon cancer, and rectal cancer) have received nIT with Tislelizumab, and the tumors of all patients (100%) have achieved significant regression. Two patients with LARC and 5 patients with LACC underwent surgery, and all had confirmed pCR (Figure 2). Two patients with low LARC adopted a W&W approach after achieving cCR (Figure 3). The remaining patients will also undergo surgery. We look forward to reporting the final outcomes, including rates of tumor regression grade (TRG), MPR (TRG 0~1), and pCR (TRG 0).




Figure 2 | Radiologic and pathological response to nIT with Tislelizumab, and surgical specimens in two patients with MSI-H/dMMR LACRC (pCR). (A, D) Imaging: Pretreatment (R) VS After 6 cycles of nIT (L); (B, E) Surgical specimens: After 6 cycles of nIT (R/L); (C, F) Pathology: Pretreatment (R) VS After 6 cycles of nIT (L).






Figure 3 | Radiologic, colonoscopic and pathological response to nIT with Tislelizumab in two patients with MSI-H/dMMR LARC (cCR). (A, D) Imaging: Pretreatment (R) VS After 6 cycles of nIT (L); (B, E) Colonoscopy: Pretreatment (R) VS After 6 cycles of nIT with (L); (C, F) Pathology: Pretreatment tumor biospy (R) VS Re-biospy after 6 cycles of nIT (L).





New Organ Preservation Strategy for MSI-H/dMMR Low LARC

The W&W non-surgical organ preservation strategy was first reported by Harba-Gamal et al. in 2004 (50). This approach was applied to patients with rectal cancer who had cCR after nCRT. Instead of receiving traditional surgery, these patients entered a period of close follow-up and observation in an effort to preserve organ function without affecting tumor survival rate. There is increasing use of neoadjuvant therapy for rectal cancer, but it must be confirmed whether other patients who achieve cCR after neoadjuvant therapy are suitable for a W&W strategy. However, based on the results of previous studies and the known lasting benefits of immunotherapy that has been effective, patients with cCR after nIT for LARC seem especially well-suited for the W&W strategy.

The breakthrough efficacy of nIT for many patients with MSI-H/dMMR LACRC provides colorectal oncologists with great hope, especially for patients with MSI-H/dMMR low LARC. Patients with low rectal cancer face potential risks from surgery that include anal dysfunction, abnormal fecal control, and sexual dysfunction. The prospective and retrospective studies described above indicate that nIT was associated with less risk of sphincter dysfunction, sexual dysfunction, and bladder dysfunction than traditional nCT and nCRT. Furthermore, nIT can provide lasting benefits to the patient. By adopting a W&W strategy after a patient with MSI-H/dMMR low LARC achieves cCR due to nIT, surgery and its concomitant complications can be avoided, thus providing organ preservation and improving the long-term prognosis. It remains very important to develop additional biomarkers for complete remission as future developments of nIT continue.



Conclusions and Perspectives

In summary, we suggest that careful selection of neoadjuvant therapy for patients with LACRC should be guided by risk degree classification and molecular typing. Thus, patients with MSI-H/dMMR LACRC typically have poor sensitivity to traditional nCRT and nCT. A nIT that uses a single ICI, or two ICIs, or an ICI combined with nCRT/nCT can be considered as a reasonable choice and promising strategy for these patients.

The use of molecular screening to identify patients most suitable for specific nITs will allow clinicians to formulate more reasonable individualized layered diagnoses and treatment strategies for patients with LACRC. This approach may help prevent poor long-term prognosis caused by treatment deviation or deficiency, and may prevent the decline in quality-of-life caused by over-treatment. For patients with low MSI-H/dMMR LARC, a W&W strategy after achieving cCR following nIT could provide opportunities for organ preservation without adversely affecting prognostic survival. Further studies of nIT for LACRC should consider relevant biomarkers in combination with TMB, TNB, liquid biopsy assays, TME immune scores, and other methods to develop a predictive system or model that improves prognosis and clinical efficacy from multiple dimensions.
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The SIRPαFc fusion protein can block the immunosuppressive CD47-SIRPα signal between macrophages and tumor cells as a decoy receptor and has demonstrated its immunotherapeutic efficacy in various tumors. However, its clinical application was limited because of the potential hematologic toxicity. The heptapeptide “TKKTLRT” is a collagen-binding domain (CBD) which can bind collagen specifically. Herein, we aim to improve the tumor targeting of SIRPαFc and therefore avoid its unnecessary exposure to normal cells through synthesizing a TKKTLRT–SIRPαFc conjugate. Experiments at molecular and cellular levels indicate that the TKKTLRT–SIRPαFc conjugate-derived collagen-binding affinity and the introduction of CBD did not impact the CD47-binding affinity as well as its phagocytosis-promoting effect on NSCLC cells. In vivo distribution experiments showed that CBD–SIRPαFc accumulated in tumor tissue more effectively compared to unmodified SIRPαFc, probably due to the exposed collagen in the tumor vascular endothelium and stroma resulting from the abnormal vessel structure. On an A549 NSCLC nude mouse xenograft model, CBD–SIRPαFc presented more stable and effective antitumor efficacy than SIRPαFc, along with significantly increased CD11b+F4/80+ macrophages especially MHC II+ M1 macrophages within tumors. All of these results revealed that CBD brought a tumor-targeting ability to the SIRPαFc fusion protein, which contributed to the enhanced antitumor immune response. Altogether, the CBD–SIRPαFc conjugate may have the potential to be an effective tumor immunotherapy with improved antitumor efficacy but less non-tumor-targeted side effect.
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Introduction

The incidence and mortality of cancer have increased rapidly in recent years, of which solid tumors account for the majority (1). According to the data from the Global Cancer Observatory, lung cancer accounts for 23.8% of all cancer deaths (2), of which non-small cell lung cancer (NSCLC) accounts for 85% of the diagnoses (3). Studies on antitumor treatments have greatly developed, but an effective therapy is still important and urgent (4). Traditional surgery, chemotherapy, and radiotherapy are initially used to fight against cancer, but the poor survival and high recurrence still remain problems (5). Over the past decade, cancer immunotherapy has grown rapidly. However, cancer cells could always manage themselves to escape from immune surveillance via several mechanisms such as upregulation of ligands for immune checkpoints, secreting immunosuppressive cytokines (VEGF, TGF-b1, IL-10, etc.), and epigenetic silencing (4, 6).

T-cell immune checkpoint inhibitors are most common and successful agents used in cancer immunotherapy (6), which would activate the immune system through targeting cancer immune checkpoints such as PD-1/PD-L1, CTLA-4, and block immunosuppression signals (7). Many checkpoint inhibitors (CPIs) such as nivolumab, pembrolizumab, atezolizumab, and ipilimumab have proved their validity in the clinical treatment of NSCLC (8, 9), which mainly target the adaptive immune system and activate T-cell responses (10, 11). However, those CPIs generally only work in the part of patients. Recently, in order to further improve immunotherapy, many studies are focusing on another branch of immune system—innate immune system, which is also crucial to antitumor immunity (12, 13).

Macrophages, known as major immune cells in innate immunity, have also played an important role in cancer immunotherapy (5). The CD47-SIRPα axis is the most thoroughly studied signal pathway regulating phagocytosis by macrophages and other phagocytes, which could be an ideal target (14). CD47 binding to its natural ligand SIRPα (signal regulatory protein alpha) will deliver a “don’t eat me” signal to phagocytes through activating the SHP-1 and SHP-2 signal pathway, inducing phagocytosis inhibition (15). Tumor cells could escape from the innate immunity by expressing high-level CD47 on its surface. Previous studies have shown that blocking the CD47-SIRPα signal could not only restart phagocytosis but also enhance tumor antigen presentation and activate specific antitumor immune response, reacting in both innate and adaptive immunity (16–18).

CD47 is widely expressed in solid tumors (19), promoting multiple agents targeting CD47 or SIRPα, such as anti-CD47 or anti-SIRPα antibodies and fusion proteins (20). SIRPαFc is a fusion protein combining the human SIRPα extracellular domain with the human IgG1 Fc fragment. It could not only effectively block immunosuppressive CD47-SIRPα signals but also induce Fcγ receptor reaction by its Fc fragment. While blocking endogenic CD47-SIRPα signals between tumor cells and phagocytes, SIRPαFc would promote antitumor innate immunity and tumor antigen presenting to activate adaptive immunity (14, 17). Through binding to the Fcγ receptor, SIRPαFc could also mediate antibody-dependent cell-mediated cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) to suppress tumor (5, 20). In previous studies, we have confirmed its antitumor efficacy on non-small cell lung cancer and glioblastoma (21–23).

Erythrocytes and platelets also contain high-level CD47, which help to eliminate senescent cells and maintain the balance (24–27). Thus, agents targeting CD47 may bind to erythrocytes or platelets and the subsequent phagocytosis could induce hematologic toxicity such as hemolytic anemia and thrombocytopenia (28, 29). Although SIRPαFc binds less to CD47 on human erythrocytes than the anti-CD47 antibody, the SIRPαFc-related anemia, thrombocytopenia, and neutropenia still happened in clinically enrolled subjects, thus raising a safety concern (30). Therefore, reducing binding to normal cells including healthy erythrocytes is critical to anti-CD47 immunotherapies.

Collagen is the most common protein in mammals, which appears in almost all the tissues (31), especially the vascular endothelium and tumor stroma. In tumors, vessels were recognized as unhealed wound to be repaired (32), inducing an abnormal and incomplete structure in the vascular wall. Due to the fragmentary vessels, macromolecules in circulation derived from enhanced permeability would keep retention in tumor, which was summarized as EPR (enhanced permeability and retention) effect, while collagen was also exposed around tumor vessels more than in normal tissues (32, 33).

There is a plethora of studies using protein engineering to introduce the collagen-binding domain or protein-binding molecules, which introduces retention or homing of therapeutic proteins in tumors (34, 35) or in other diseases (36, 37). The collagen-binding domain (CBD) is a series of polypeptides which are able to bind collagen. They have a variety of sources such as von Willebrand factor (vWF), fibronectin, or collagenase, containing both natural and artificial sequences (38). “TKKTLRT” is the smallest CBD peptide designed based on the collagenase cleavage site in the collagen-type I α2 chain. This heptapeptide was found to have good tissue penetration and could continuously release a small size of antibody molecules or fusion proteins when binding to the exposed collagen in tumor tissues as conjugates such as CBD–scFv or CBD–Fab fusion protein (39, 40).

Here, we designed and synthesized a TKKTLRT-SIRPαFc conjugate. We propose that the conjugation would confer SIRPαFc collagen affinity. Due to the fragmentary vessels and exposed stroma collagen of solid tumor, our conjugate would specifically accumulate in tumor rather than normal tissues, which represents tumor targeting and leads to better antitumor efficacy by effective and sustainable immune activation and improved safety results from less non-tumor binding (35).



Materials and Methods


Synthesis of the CBD–SIRPαFc Conjugate

The construction, expression, and purification of human SIRPαFc fusion protein was performed as previously described (21). Polypeptide “TKKTLRTC” was synthesized by Yuan Peptide (Nanjing) with a purity above 95% detected by HPLC. SIRPαFc was incubated with 15 equivalents of 4-(N-maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxysuccinimide ester sodium salt (Sulfo-SMCC, Sigma-Aldrich, St. Louis, MO, USA) in pH 7.4 PBS for 40 min at room temperature. Dissociative Sulfo-SMCC was removed through 3 × 4 h dialysis in pH 7.4 PBS. The intermediate was then incubated with 10 equivalents of polypeptide “TKKTLRTC” for 1 h at room temperature in the absence of oxygen. A 3 × 4 h dialysis in pure water was performed to eliminate excess polypeptides and desalt. The reaction mixture was frozen at -80°C for 48 h. Freeze-drying was performed to derive CBD–SIRPαFc conjugate powder.



Identification of CBD–SIRPαFc

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was first performed to examine whether there was impurity in CBD–SIRPαFc freeze-dried powder. The purified product was dissolved in PBS and then reduced by SDS-PAGE Loading Buffer (Beyotime, P0015, Shanghai, China) according to the manufacturer’s instruction. SDS-PAGE was performed on 12% separating gel. Gel images were acquired with the ChemiDoc™ XRS+ System with Image Lab™ Software (Bio-Rad, Hercules, CA, USA).

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) was then performed to determine the exact molecular weight and the ratio of the polypeptide conjugated to SIRPαFc. SIRPαFc and CBD–SIRPαFc were dissolved in pure water and diluted to 1 μg/μl. Proteins were ionized in the matrix of 3,5-dimethoxy-4-hydroxycinnamic acid (sinapic acid, SA), and MALDI-TOF-MS was performed. All spectrograms were collected and analyzed with analysis software Data Explorer™ Software.



Affinity of CBD–SIRPαFc to CD47 and Collagen

Binding between SIRPαFc/CBD–SIRPαFc and CD47 was detected with Biacore. Sensor S Sensor Chip CM5 (GE Healthcare, Chicago, IL, USA) was activated by EDC-NHS and then caught SIRPαFc/CBD–SIRPαFc proteins on its surface. Human CD47 solution was attenuated into six gradients and flew through the chip in order. A signal–time curve was recorded and analyzed with Biacore T200 (GE Healthcare).

ELISA was performed to measure the affinity between CBD–SIRPαFc and collagen type I. A 96-well ELISA plate was coated with 100 μg/ml collagen type I (Corning, Tewksbury, MA, USA) or 2% BSA at 4°C overnight, then blocked by 2% BSA in PBS-T for 2 h at 37°C. Wells were washed with PBS-T for 5 times and incubated with SIRPαFc or CBD–SIRPαFc in five concentration gradients at 37°C for 2 h. After being washed, wells were incubated with HRP-conjugated anti-human IgG1 Fc fragment antibody at 37°C for 2 h. After a final wash, wells were incubated with TMB substrate at 37°C for 30 min. Absorbance at 450 nm was measured, and an absorbance–concentration curve was drawn in GraphPad Prism 8 software. The KD value was calculated through non-linear regression (assuming one-site specific binding).



Binding of CBD–SIRPαFc to Cancer Cells and Collagen

Flow cytometry was performed to detect the binding of SIRPαFc/CBD–SIRPαFc to cancer cells. 1 × 105 A549 cells were resuspended in PBS (control group), 10 μg/ml SIRPαFc, or CBD–SIRPαFc respectively and incubated at 37°C for 2 h. After being washed with PBS, cells were incubated with DyLight 680-labeled anti-human IgG Fc fragment antibody at 37°C for 1 h. After being washed, cells were resuspended in 200 μl PBS in 96-well plates and detected with Beckman CytoFlex S Flow Cytometer using the APC A700 channel. CytExpert Software was used to analyze the flow cytometry data.

We also performed modified ELISA to test whether CBD–SIRPαFc could bind tumor cells and collagen simultaneously. The 96-well ELISA plate was coated with 100 μg/ml collagen type I (Corning) at 4°C overnight, then blocked with 2% BSA in PBS-T for 2 h at 37°C. Wells were washed with PBS-T for 5 times and incubated with PBS (control group), 100 μg/ml SIRPαFc, or CBD–SIRPαFc at 37°C for 2 h. After washing, 5 × 104 CFDA SE-labeled A549 cells were inoculated and incubated at 37°C for 2 h. After being washed with PBS for 3 times, wells were observed and cells were counted under a laser confocal fluorescence microscope. One-way-ANOVA was performed to analyze the significance in GraphPad Prism 8 software.



Phagocytosis Test

A phagocytosis test was performed to detect whether CBD conjugation would influence the enhancement of phagocytosis induced by SIRPαFc. 1 × 105 macrophage Ana-1 cells were first inoculated in confocal dishes. After being incubated for 8 to 12 h till the cells had tightly adhered, they were cultivated in serum-free medium for 2 h. After inoculating 2 × 105 CFDA SE-labeled A549, NCI-H1975, or PC-9 cells, cells were respectively incubated in complete medium with no drugs (control group), 10 μg/ml SIRPαFc, or CBD–SIRPαFc in every group for 2 h. Dissociative tumor cells were washed away with PBS, then cells were observed and counted under the laser confocal fluorescence microscope. A phagocytic index (number of phagocytized cancer cells in every 100 ana-1 cells) was calculated to measure the phagocytosis.



Mice and Cell Lines

Male BALB/c nude mice aged 6 to 8 weeks were obtained from the Shanghai SLAC Laboratory. All procedures involving animals were conducted in accordance with the standards approved by the Animal Ethical Committee of School of Pharmacy at Fudan University. A549 cells, NCI-H1975 cells, PC-9 cells, and Ana-1 cells were kindly provided by Stem Cell Bank, Chinese Academy of Sciences, and cultured according to the instructions in RPMI 1640 medium (BI) containing 10% of fetal bovine serum (Gibco, Grand Island, NY, USA) at 37°C in an incubator with 5% CO2.



Collagen and CBD–SIRPαFc Distribution In Vivo

A total of 1 × 107 A549 cells were resuspended in 200 μl PBS then inoculated subcutaneously at the right flank of male BALB/c nude mice aged 6 to 8 weeks. Tumors and paired normal tissues were harvested when reaching 200 mm3 and fixed in 4% paraformaldehyde. After embedding in paraffin, tissues were cut into 5-μm-thick sections. Masson-trichrome staining and immunofluorescent staining were performed to label blood vessels and collagen in tumors and normal tissues. In immunofluorescent staining, DAPI (Servicebio, Wuhan, China, G1012) was used to label the cell nucleus. Goat anti-mouse CD31 antibody (Servicebio, GB13063) and Cy3-conjugated donkey anti-goat IgG (H+L) antibody (Servicebio, GB21404) were used to label CD31, which indicated vessels. Rabbit anti-mouse/human collagen I antibody (Servicebio, GB11022-3) and FITC-conjugated donkey anti-rabbit IgG (H+L) antibody (Servicebio, GB22403) were used to label collagen type I.

SIRPαFc and CBD–SIRPαFc were first labeled by FITC and then quantified. Mice bearing tumors reaching 200 mm3 were injected with 10 mg/kg FITC-labeled SIRPαFc or CBD–SIRPαFc intraperitoneally. Mice were euthanized with CO2 inhalation at 2 or 4 h later after the injection, respectively. Tumors, hearts, livers, spleens, lungs, and kidneys were harvested, and fluorescence signals at 2 h were acquired and measured with Living Image software and counted with GraphPad Prism 8 software. Immunofluorescent staining was performed on tumors and main organs at 4 h to label blood vessels and collagen in tumor tissues. Cell nucleus, CD31, and collagen type I were labeled respectively as described above. Immunofluorescent staining images were acquired with CaseViewer Software.



In Vivo Antitumor Efficacy

An A549 BALB/c nude mouse xenograft model was established as described above. When tumors reached 200 mm3 at about 14 days later, mice were injected with 200 μl PBS, SIRPαFc (10 mg/kg), or CBD–SIRPαFc (10 mg/kg) intraperitoneally twice a week. Tumor volume and mouse weight were measured every time before administration. At the 29th day after the first dose, blood was derived from anesthetized mice. Then mice were euthanized with CO2 inhalation and tumors, hearts, livers, spleens, lungs, and kidneys were harvested. Part of tumors and organs were fixed in 4% paraformaldehyde then embedded in paraffin for histology and immunology analysis. Tumor volume curves were analyzed with two-way ANOVA in GraphPad Prism 8 software.



Flow Cytometry

Fresh tumors and spleens were ground and filtered through a 70-μm cell strainer (Falcon, 352350) to prepare single-cell suspension. Antibodies against the following molecules were used according to the manufacturer’s instructions: anti-mouse CD45 (violetFluor 450-labeled, clone: 30-F11, MULTI SCIENCES, Hangzhou, China), anti-human/mouse CD11b (PerCP-Cy5.5-labeled, clone: M1/70, MULTI SCIENCES), anti-mouse F4/80 (PE-Cy7-labeled, clone: BM8.1, MULTI SCIENCES), anti-mouse MHC II (PE-labeled, clone: M5/114.15.2, MULTI SCIENCES), and anti-mouse CD206 (MMR, APC-labeled, clone: C068C2, MULTI SCIENCES). Intracellular staining was performed using FIX & PERM Kit (MULTI SCIENCES) according to the manufacturer’s instructions. Flow cytometry was performed with Beckman CytoFlex S Flow Cytometer. CytExpert Software was used to analyze the flow cytometry data.



Immunohistochemistry Staining Analysis

Tumors embedded in paraffin were cut into 5-μm-thick sections. Ki67 and F4/80 immunohistochemistry staining was respectively performed to study the proliferation and macrophage infiltration in tumor. Rabbit anti-mouse Ki67 antibody (Servicebio, GB111141) and rabbit anti-mouse F4/80 antibody (Servicebio, GB11027) were used for Ki67 staining and F4/80 staining as primary antibodies, respectively. HRP-conjugated goat anti-rabbit IgG (H+L) antibody (Servicebio, GB23303) was used in both staining as secondary antibody. Images were captured by Inverted Phase Contrast Fluorescence Microscope (Olympus, Tokyo, Japan). Proportions of the positive area were counted by ImageJ software and analyzed by one-way ANOVA in GraphPad Prism 8 software.



Histology Staining Analysis

Tumors embedded in paraffin were cut into 5-μm-thick sections. Hematoxylin–eosin (H-E) staining was performed to study the necrosis in tumors, which may result from SIRPαFc or CBD–SIRPαFc injection. Images were captured by Inverted Phase Contrast Fluorescence Microscope (Olympus). Focal necrosis in all samples was counted and analyzed by one-way ANOVA in GraphPad Prism 8 software.



Statistical Analysis

The data were analyzed by GraphPad Prism 8 (GraphPad Software Inc., La Jolla, CA, USA) as described above, and the results were presented as mean ± SD. p value < 0.05 was considered statistically significant.




Results


CBD Conjugates to SIRPαFc Through Sulfo-SMCC

CBD polypeptide “TKKTLRT” was conjugated to human SIRPαFc fusion protein through a two-step reaction (Figure 1A). In the first step, SIRPαFc linked to the N-succinimide group in Sulfo-SMCC with its dissociative amidogen at room temperature. After dialysis for removing excess linkers, polypeptide “TKKTLRT” with a designed cysteine at the C-terminal was added to the maleimide group of Sulfo-SMCC in the intermediate with its sulfhydryl in the absence of oxygen at room temperature. MALDI-TOF-MS analysis indicated that the CBD conjugation was easier to be ionized than the unmodified protein since its mass-to-charge ratio remained only one-sixth (Figures 1B, C). The main peak (m-z ratio about 14,000) in the CBD–SIRPαFc spectrogram was divided into three sub-peaks with a difference of about one-sixth of the total weight of one molecule of Sulfo-SMCC (436 D) and one molecule of polypeptide “TKKTLRTC” (1,452 D; one-sixth of the total weight was about 300 D) between adjacent sub-peaks, indicating that up to two CBD polypeptides were bound to one SIRPαFc protein (Figure 1D). SDS-PAGE analysis verified the completeness of CBD–SIRPαFc conjugation that no structural damage happened to SIRPαFc in the reaction, and CBD–SIRPαFc represented a little higher molecular weight than SIRPαFc (Figure 1E).




Figure 1 | CBD–SIRPαFc conjugate was synthesized and identified. (A) Polypeptide “TKKTLRT” conjugates to human SIRPαFc fusion protein with its designed cysteine terminal and a linker Sulfo-SMCC through a two-step reaction. (B) The exact molecular weight of SIRPαFc was detected in MALDI-TOF-MS. SIRPαFc weighted 84,373 D and tended to be ionized with two charges, which represented a half mass-to-charge ratio weighting about 42,234 D (data representative of 2 replicates). (C) CBD–SIRPαFc was ionized into multiple-charged ions with three (m-z ratio about 28,000), six (m-z ratio about 14,000), or twelve (m-z ratio about 7,000) charges, while some molecules may share charges and represented a non-integral mass-to-charge ratio such as two-thirds (about 56,000) and five-sixths (about 70,000) of the single charge ion (data representative of 2 replicates). (D) The main peak (m-z ratio about 14,000) in the CBD–SIRPαFc spectrogram was divided into three sub-peaks. There was a difference of about one-sixth of the total weight of one molecule of Sulfo-SMCC and one molecule of polypeptide “TKKTLRTC” (about 300 D) between each sub-peaks, indicating that one or two molecules of the CBD polypeptide had conjugated to one molecule of SIRPαFc. (E) Protein bands were shown in reductive SDS-PAGE (two replicates). SIRPαFc was just below 40 kD. CBD–SIRPαFc showed a simple band at 40 kD above the SIRPαFc band.





CBD–SIRPαFc Binds to CD47 and Collagen

After the conjugate was successfully synthesized, its impact on the target affinity of SIRPαFc was first characterized. The binding affinity of SIRPαFc and CBD–SIRPαFc to CD47 was detected by Biacore. SIRPαFc and CBD–SIRPαFc were first caught on the activated sensor chip, respectively, then the gradient concentration of human CD47 flew to combine and dissociate (Figures 2A, B). CBD–SIRPαFc bound to CD47 with a similar dissociation constant value (KD value) to the unmodified protein, which both represented high binding affinities (KD = 1.437 × 10-9 M for CBD–SIRPαFc and KD = 3.298 × 10-9 M for SIRPαFc) (Figure 2C).




Figure 2 | CBD–SIRPαFc showed effective CD47 and collagen affinity at the molecular and cellular levels. Binding of CBD–SIRPαFc to CD47 and to collagen was detected respectively. (A–C) The affinity of SIRPαFc (A) and CBD–SIRPαFc (B) to human CD47 was examined, fitted, and analyzed with Biacore. CBD–SIRPαFc represented a similar CD47-binding affinity to unmodified SIRPαFc (C). (D, E) A collagen affinity of CBD–SIRPαFc was detected with ELISA. The binding curve was fitted and analyzed through a non-linear curve fit (n = 5, mean ± SD) (D). CBD–SIRPαFc showed a coincident collagen type I affinity as reported, while SIRPαFc did not represent a specific affinity to collagen type I (E). Both SIRPαFc and CBD–SIRPαFc showed limited binding to BSA (D, E). (F–H) Binding of SIRPαFc or CBD–SIRPαFc to tumor cells was detected with flow cytometry. Both SIRPαFc (F) and CBD–SIRPαFc (G) showed significant binding to A549 cells compared to the control group, while their signals were almost at the same level (H).



It was reported that CBD peptide “TKKTLRTC” could bind to collagen cross species such as rat, mouse, and human (35, 39, 40). Due to the uncertain molecular weight of collagen and its strong non-specific adsorption to the sensor chip, we performed ELISA to detect the binding of CBD to collagen type I. Five concentrations of SIRPαFc and CBD–SIRPαFc were assayed for collagen binding, and the KD value was calculated by non-linear curve fit (Figure 2D). The CBD polypeptide conjugated to SIRPαFc showed effective collagen binding ability to collagen type I (KD = 180 nM) as previously reported (38), while unconjugated SIRPαFc had no detected binding signals (Figure 2E). Both SIRPαFc and CBD–SIRPαFc showed limited binding to BSA as comparison, claiming the specific binding between CBD and collagen type I (Figures 2D, E).



CBD–SIRPαFc Binds to Tumor Cells and Collagen

The abovementioned experiments confirmed the binding affinity of CBD–SIRPαFc to CD47 and collagen at a molecular level. In order to verify the binding at the cellular level, we performed flow cytometry to detect the CD47-binding activity of SIRPαFc and CBD–SIRPαFc on tumor cells. Our previous study proved that A549 NSCLC cells express a high level of CD47 (23). Fluorescence signals revealed that SIRPαFc and CBD–SIRPαFc significantly bound to A549 cells compared to the control group which only incubated with anti-human IgG Fc antibody (Figures 2F, G), and they bound to A549 cells with almost the same efficiency (Figure 2H).

Another ELISA was performed to detect SIRPαFc and CBD–SIRPαFc binding to tumor cells and collagen simultaneously. CBD–SIRPαFc first bound to collagen coated on the 96-well ELISA plate, then incubated with CFDA SE-labeled A549 cells and counted under the laser confocal fluorescence microscope (Figure 3A). Bindings in wells of each group were counted and analyzed. A549 cells in the CBD–SIRPαFc group were obviously bound and remained in the wells, while no binding was detected in the control group (incubated with no drugs) and very few bindings in the SIRPαFc group, which may be attributed to the adhesion-promoting function of collagen (Figure 3B).




Figure 3 | CBD–SIRPαFc retained the coincident in vitro effect as SIRPαFc. (A, B) CBD conjugation made SIRPαFc derive the ability of binding collagen and tumor cells simultaneously. Significantly more CFDA SE-labeled A549 cells were binding to the CBD–SIRPαFc-incubated group in collagen-coated wells than to the SIRPαFc group (n = 3, mean ± SD ns, no significant, **p < 0.0021). (C–H) Phagocytosis of Ana-1 macrophages to A549, NCI-H1975, and PC-9 was detected using the laser confocal fluorescence microscope while tumor cells were labeled with CFDA SE (C, E, F). Macrophages that swallowed tumor cells or not were counted respectively, and the phagocytic index was calculated, in which SIRPαFc and CBD–SIRPαFc showed a similar promoting effect on phagocytosis (n = 8, mean ± SD, ****p < 0.0001) (D, G, H).



All of these results clarified the dual specificity of the designed conjugate, and the introduction of CBD would not influence the affinity of SIRPαFc to its target on tumor cells.



CBD–SIRPαFc Promotes Phagocytosis In Vitro

The function of SIRPαFc in promoting phagocytosis was previously reported, but whether the CBD–SIRPαFc conjugate retained this function still needs to be tested. The effect on macrophage-mediated phagocytosis was detected using the laser confocal fluorescence microscope. We chose three tumor cell lines to test the enhanced phagocytosis induced by CBD–SIRPαFc. After incubation with no drug (control group), SIRPαFc, or CBD–SIRPαFc for 2 h, CFDA SE-labeled A549 cells, NCI-H1975 cells, and PC-9 cells were significantly phagocytosed by Ana-1 macrophages (Figures 3C, E, F). The phagocytic index was calculated as described in Materials and Methods, in which the SIRPαFc-treated group increased from 35.49 to 63.44 in A549 cells, from 36.39 to 72.71 in NCI-H1975 cells, and from 37.57 to 74.84 in PC-9 cells when compared with the control group. Improved phagocytosis also appeared in the CBD–SIRPαFc group with average phagocytic index values of 72.07, 79.21, and 69.25 in A549, NCI-H1975, and PC-9 cells, respectively, which had no significant difference to the SIRPαFc group (Figures 3D, G, H). Therefore, CBD–SIRPαFc retained a similar ability in promoting phagocytosis as SIRPαFc.



CBD–SIRPαFc Accumulates in Tumor More Quickly Where Collagen Is Abundant

We hypothesized that CBD conjugation would help SIRPαFc to target tumor tissues based on the abundant collagen in tumor stroma. Therefore, we performed Masson-trichrome staining and immunofluorescent staining to determine the content and distribution of collagen in tumor. In both staining experiments, we could find collagen, stained blue in Masson-trichrome staining (Figure 4A) and pink in immunofluorescent staining (Figure 4D), respectively, which largely existed in tumor tissues compared to paired normal tissues. It is worth noting that in immunofluorescent staining, collagen tended to distribute around the vessels (indicated by CD31 red staining, Figure 4D). We then labeled SIRPαFc and CBD–SIRPαFc with FITC and injected it into mice bearing about 200 mm3 A549 subcutaneous xenograft. Two hours after administration, CBD–SIRPαFc accumulated more in tumor than SIRPαFc (Figures 4B, C) did, as reflected by the stronger fluorescent signal observed in CBD–SIRPαFc-treated tumors. No such signal was detected in other main organs. In the immunofluorescent staining of tumor at 4 h after administration, it was noted that more CBD–SIRPαFc could be detected than SIRPαFc in tumor, which mainly distribute around vessels and collagen (Figures 4E, F).




Figure 4 | Collagen was abundant in tumors where CBD–SIRPαFc would accumulate. (A) Masson-trichrome staining showed collagenous fiber (blue) and muscle fiber (red) in tumors and paired normal tissues. Collagen was largely distributed in tumors compared to normal tissues. (B, C) FITC-labeled SIRPαFc and CBD–SIRPαFc distributed in tumor, and main organs at 2 h after intraperitoneal injection were detected, when more CBD–SIRPαFc accumulated in tumor than SIRPαFc (n = 3) (B). Total radiant efficiency in tumor was measured with Living Image software and counted with GraphPad Prism 8 software (C). (D) Immunofluorescent staining showed cell nucleus (blue), blood vessels (indicated by CD31, red), and collagen type I (pink) in tumor. Collagen was abundant and tended to be around vessels. (E, F) Immunofluorescent staining on tumors at 4 h after injection showed FITC-labeled SIRPαFc (E) or CBD–SIRPαFc (F) in tumor. Blood vessels indicated by CD31 were stained red and collagen type I was stained pink, while SIRPαFc and CBD–SIRPαFc were green. More CBD–SIRPαFc accumulated in tumor than SIRPαFc and distributed mainly around collagen.





CBD Conjugation to SIRPαFc Improves Antitumor Efficacy In Vivo

In order to examine the in vivo antitumor efficacy, we established an A549 subcutaneous xenograft model in nude mice. After administration for 4 weeks, both SIRPαFc and CBD–SIRPαFc exhibited obvious antitumor effects, while CBD–SIRPαFc performed better than SIRPαFc (Figure 5A). In a more thorough analysis, suppression on tumor growth varied more widely on each mouse in the SIRPαFc group as compared to the control group (Figures 5B, C), while most of the mice in CBD–SIRPαFc derived stable antitumor efficacy (Figure 5D). In Ki67 immunohistochemistry staining (Figure 5E) and H-E staining (Figure 5F), tumors proliferated a little faster in the control group than in the SIRPαFc and CBD–SIRPαFc group (Figure 5E), while more focal necrosis appeared in CBD–SIRPαFc and SIRPαFc than in the control group (Figure 5F).




Figure 5 | CBD conjugation improved the antitumor efficacy of SIRPαFc in vivo. (A–D) A total of 1 × 107 A549 cells were resuspended in 200 μl PBS then inoculated subcutaneously at the right flank of each BALB/c nude mouse to establish the xenograft model. Mice were administrated intraperitoneally with PBS, 10 mg/kg SIRPαFc, or CBD–SIRPαFc for 28 days. Tumor volumes were measured and analyzed with two-way ANOVA in GraphPad Prism 8 software between groups (n = 5 for the CBD–SIRPαFc group and n = 4 for the control group and SIRPαFc group, mean ± SD, *p < 0.0332, ***p < 0.0002) (A) or in a single group (B–D). One mouse in the control group and one in the SIRPαFc group died before the terminal. (E) Ki67 immunohistochemistry staining was performed to study the proliferation in tumor. Tumors in the control group showed a more severe trend of proliferation than the SIRPαFc and CBD–SIRPαFc group. Proportions of the positive area were counted by ImageJ software and analyzed by one-way ANOVA in GraphPad Prism 8 software (n = 5 for the CBD–SIRPαFc group and n = 4 for the control group and SIRPαFc group, mean + SD). (F) Hematoxylin–eosin (H-E) staining was performed to study the necrosis in tumors. Focal necrosis indicated by red arrows were more and larger in the SIRPαFc and CBD–SIRPαFc group than in the control group. Focal necrosis in all samples was counted and analyzed by one-way ANOVA in GraphPad Prism 8 software (n = 5 for the CBD–SIRPαFc group and n = 4 for the control group and SIRPαFc group, mean + SD, *p < 0.0332).





CBD Conjugation to SIRPαFc Enhances Antitumor Immunity

To determine if the antitumor immunity happened in the in vivo study, we performed flow cytometry to investigate macrophage responses in tumors and spleens. Macrophages in tumors were determined by CD45+CD11b+F4/80+ signals (Figure 6A), and percentages of F4/80+ cells in CD45+ cells were calculated and analyzed (Figure 6B). CBD–SIRPαFc treatment increased the higher frequency of F4/80+ macrophages in total CD45+ cells within tumor than SIRPαFc compared to the control group (Figure 6B). For further study, M1 and M2 macrophages were indicated by MHC II and CD206 respectively (Figures 6C, E). CBD–SIRPαFc significantly increased the frequency of MHC II+ M1 macrophages in CD45+F4/80+ macrophages within the tumor (Figure 6D), but the frequency of CD206+ M2 macrophages was maintained in all groups (Figure 6F). The increase of MHC II+ M1 macrophages may indicate better tumor antigen presentation, leading to its effect on adaptive immunity.




Figure 6 | CBD conjugation enhanced antitumor immunity. (A–L) Flow cytometry was performed to study the immune cell infiltration in tumors and spleens. (A–F) Macrophages in tumors were recognized by CD45+CD11b+F4/80+ signals (A). The percentage of F4/80+ cells in total CD45+ cells was analyzed, showing more macrophage infiltration in tumor in the CBD–SIRPαFc group than the SIRPαFc and control group (B). M1 and M2 macrophages were also analyzed, in which MHC II+ M1 macrophages (C) and CD206+ M2 macrophages (E) were labeled. MHC II+ M1 macrophages were more in the CBD–SIRPαFc group (D), supporting better tumor antigen presentation. M2 macrophages were maintained in all groups (F) (n = 5 for the CBD–SIRPαFc group and n = 4 for the control group and SIRPαFc group, mean + SD, *p < 0.3332). (G–L) Macrophages in spleen were also selected as described above (G), and the percentage of CD11b+F4/80+ macrophages in total CD45+ cells represented the same but weaker trend as in tumor (H). MHC II+ M1 macrophages and CD206+ M2 macrophages in spleens were labeled as in tumors (I, K). High frequency of MHC II+ M1 macrophages appeared in the CBD–SIRPαFc group (J) while CD206+ M2 macrophages still represented no significant differences (L) (n = 5 for the CBD–SIRPαFc group and n = 4 for the control group and SIRPαFc group, mean + SD, *p < 0.3332). (M) F4/80 immunohistochemistry staining was performed to help with studying the macrophage infiltration in tumors. F4/80+ signals appeared with a higher frequency in tumors of the CBD–SIRPαFc group, which was coincident to the result of flow cytometry. Proportions of positive area were counted by ImageJ software and analyzed by one-way ANOVA in GraphPad Prism 8 software (n = 5 for CBD–SIRPαFc and n = 4 for the control group and SIRPαFc group, mean + SD, ***p < 0.0002).



Macrophages in spleen were also analyzed (Figure 6G). The frequency of CD11b+F4/80+ macrophages in total CD45+ cells within spleen represented a similar but weaker trend as in the tumor (Figure 6H), which suggested that CBD–SIRPαFc mainly improved antitumor immunity within the tumor. Analogously, M1 macrophages in spleen indicated by MHC II (Figure 6I) increased in the CBD–SIRPαFc group (Figure 6J) while M2 macrophages indicated by CD206 (Figure 6K) still remained with no significant differences (Figure 6L).

We also performed F4/80 immunohistochemistry staining for tumors. The proportion of the F4/80+ area was higher in the CBD–SIRPαFc group than in the SIRPαFc group and control group (Figure 6M), which revealed the same conclusion.




Discussion

In recent years, multiple reagents targeting the CD47-SIRPα axis raised and showed a remarkable antitumor efficacy in multiple solid tumors, some of which were already at the phase I study, supporting the essential effect of regulating the CD47-SIRPα signal in cancer immunotherapy (28, 41, 42). Previously, we determined the antitumor efficacy of SIRPαFc fusion protein and found that SIRPαFc elicited potent macrophage-mediated antitumor efficacy in NSCLC via blocking endogenous CD47-SIRPα phagocytosis-suppressive signals and inducing antitumor phagocytosis (21). SIRPαFc also represented significant efficacy in refractory NSCLC with resistance caused by anti-angiogenic therapy (23). However, beyond the effective efficacy, adverse reactions induced by blocking CD47 in non-human primates still remained a potential problem (30). Although it is a common barrier in cancer immunotherapy, adverse reactions in anti-CD47 immunotherapy are still worth the attention because anemia or other side effects being induced by antibodies or fusion proteins’ binding to erythrocytes or other hemocytes also means less antibodies accumulating in the tumor (43). Therefore, tumor targeting seems to be an idea killing two birds with one stone, which would improve SIRPαFc in both antitumor efficacy and less adverse reaction.

The collagen-binding domain brought an effective tumor-targeting strategy, which has already been examined in other antitumor antibodies and fusion proteins (35, 39, 40). Collagen is widely distributed in multiple organs and tissues but is especially abundant in the tumor (31, 33). The abnormal and fragmentary blood vessels in the tumor bring the critical chance for CBD to carrier macromolecules to the exposed tumor (32). Compared with some tumor-specific targets such as CD20 and Her2, the common but pivotal elements for tumor targeting of CBD in solid tumors support it to become a general tumor-targeting method crossing different types of tumors (38).

Through MALDI-TOF-MS, we determined the polypeptide–fusion protein ratio showing that one or two molecules of CBD polypeptides bound to one molecule of the SIRPαFc fusion protein. CBD–SIRPαFc retained the same affinity to CD47 as SIRPαFc, which was detected by Biacore, while it also derived collagen type I affinity due to the addition of CBD, which was confirmed by ELISA. In an in vitro study, CBD–SIRPαFc would promote phagocytosis of macrophages toward tumor cells, which was satisfactorily not influenced by CBD conjugation. Further, when injected intraperitoneally, CBD–SIRPαFc accumulated in the tumor more quickly compared to SIRPαFc, while almost no conjugate was detected in other main organs. On the A549 NSCLC nude mouse xenograft model, CBD–SIRPαFc represented better antitumor efficacy than SIRPαFc with significantly increased MHC II+ M1 macrophages in tumor and spleen tissues, while M2 macrophages were maintained.

The notable increase of MHC II+ M1 macrophages revealed a regulating function of CBD–SIRPαFc in macrophage polarization and antigen presentation. M1 macrophages were regarded as proinflammatory phenotype, which could secrete inflammatory cytokines such as TNF-α and IL-1β (44). In antitumor immunity, M1 macrophages not only promote Th1 response to enhance inflammatory reaction but also improve antigen processing and presentation, as well as costimulatory activation of T cells through upregulating related genes (45). Actually, M1 macrophages combine innate immunity and adaptive immunity. Conversely, tumor-associated macrophages (TAM) suppress antitumor immunity through an anti-inflammatory reaction, which have a similar phenotype or consist of M2 macrophages in different theories (46). In a previous study, anti-CD47 was reported to promote M1 macrophage polarization (47). CBD–SIRPαFc increased the proportion of MHC II+ M1 macrophages, supporting its function in promoting antigen presentation and following T-cell activation. CBD–SIRPαFc may elicit M1 macrophages through a lasting Fcγ receptor reaction (48), revealing the essential effect of CBD conjugation. Moreover, the proportion of macrophages increased less in spleens than in tumors, revealing that its immunity induction effect focused on tumors, which also suggested that its less non-tumor binding benefited from tumor targeting.

However, as we could see from the in vivo experiments, both SIRPαFc and CBD–SIRPαFc did not gain very significant antitumor efficacy in an A549 NSCLC nude mouse xenograft model, which was probably caused by the absence of T cells. As mentioned above, SIRPαFc and other CD47 blocking therapy perform their functions through both innate immunity and adaptive immunity; thus, the lack of T cells would diminish the antitumor efficacy of SIRPαFc to a certain extent (16, 18). Our present study reported a novel CBD–SIRPαFc conjugate, mainly focusing on the synthesis, identification, and affinity examination, with a preliminary in vivo efficacy trial. The detailed mechanism of immunological effects such as promoting antigen presentation and T-cell activation and potentially erythrocyte-sparing properties remained to be further investigated. Further in vivo antitumor efficacy study should be performed on the human immune system-reconstructed mouse model to involve the T-cell-activating effect of CBD–SIRPαFc. In addition, we are attempting to derive the CBD–SIRPαFc conjugate with a stable CBD–fusion protein ratio through optimizing reaction conditions, as well as designing integrated CBD–SIRPαFc fusion proteins with a stable combination and ratio in order to solve the potential doubts resulted from the multiple-conjugating ratio in the current conjugate.

In conclusion, we make an artificially designed CBD polypeptide “TKKTLRT” conjugate to the SIRPαFc fusion protein through a simple reaction for the first time. We observed that CBD–SIRPαFc gained collagen affinity while its original CD47 affinity and phagocytosis-promoting effect remained the same, which were examined at both molecular and cellular levels. For the in vivo study, CBD–SIRPαFc accumulated more and faster in tumor, which also brought an enhanced antitumor innate immunity and efficacy on nude mouse models. There are still mists in conjugate synthesis, but also the predictable effect on adaptive immunity remained to be explored, which is also the way ahead for our study. Taken together, the present study provides a potential strategy to improve the tumor targeting of the phagocytosis checkpoint inhibitor SIRPαFc fusion protein, therefore avoiding unnecessary exposure to normal cells.
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An increasing number of studies have shown that immunotherapy serves a significant role in treating colorectal cancer (CRC) and has become a hotspot. However, few studies used the bibliometric method to analyze this field comprehensively. This study collected 1,899 records of CRC immunotherapy from 2012 to October 31, 2021, and used CiteSpace to analyze regions, institutions, journals, authors, and keywords to predict the latest trends in CRC immunotherapy research. The United States and China, contributing more than 60% of publications, were the main drivers in this field. Sun Yat-sen University was the most active institution, while the National Cancer Institute had the highest frequency of citations. Most publications were published in the Journal for Immunotherapy of Cancer. Adam E Snook was the most prolific writer, while Dung T. Le was the most commonly co-cited author. “T cell”, “MMI” and “PD-1blocked” were the most widely studied aspects of CRC immunotherapy. “Immune checkpoint inhibitor”, “combination therapy”, “drug therapy” and “liver metastases” were current research hotspots. “Tumor microenvironment”, “neutrophils”, “tumor-associated macrophages”, and “suppressor cell” have emerged as research hotspots in recent years. “Gut microbiota”, “nanoparticle” and “tumor mutational burden” as recently emerged frontiers of research that should be closely monitored.
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Introduction

CRC is one of the most common cancers in the world. According to statistics, there have 1.9 million new cases of CRC in 2020, and it is expected to reach 2.5 million in 2035 (1). Although the availability of screening has improved the 5-year survival rate for CRC, approximately 30% of patients present with metastatic disease at diagnosis and approximately 50% of non-metastatic patients eventually progress to metastatic disease (2). Over the past decade, increased understanding of CRC pathogenesis has led to the recognising that almost all CRCs displayed activation of the RAS/RAF/MEK signaling cascade. Targeting EGFR, HER2, KRAS, NRAS, or BRAF, which were linked to their activation, has resulted in a reduction in the proportion of CRC patients. However, due to the highly mutagenic and adaptable nature of tumor cells, drug-resistant clones will arise in the vast majority of cases (3, 4).

Ioannides and Whiteside first introduced the tumor microenvironment (TME), which refers to the local biological environment during tumor development, providing a scaffold and barrier for tumor cell growth and generating immune-exempt areas to provide a ‘breeding ground’ for tumors. TME helps tumor cells evade immune surveillance by providing an environment for tumor growth and suppressing local immune responses (5, 6). A balance is established between the tumor and the adaptive immune system, shaping each other (7). Immunotherapy, which aims to use the immune system to fight tumors, has shown a promising future in treating CRC.

On May 23, 2017, the FDA approved Pembrolizumab for use in adult or pediatric patients with unresectable or metastatic, MSI-H/dMMR solid tumors, including colorectal cancer. On July 31 of the same year, the FDA approved Nivolumab to treat patients aged 12 years or older with MSI-H/dMMR colorectal cancer (2). on July 10, 2018, the FDA approved the combination of Ipilimumab and Nivolumab to treat patients aged 12 years or older with MSI-H/dMMR colorectal cancer. on June 29, 2020, the FDA again approved Pembrolizumab for intravenous infusion for the first-line treatment of patients with unresectable or metastatic MSI-H/dMMR colorectal cancer and does not require concomitant use with chemotherapy. Pembrolizumab and Nivolumab are PD-1 inhibitors, and Ipilimumab is a CTLA-4 inhibitor. T cells express PD-1 receptors that bind to their ligands PD-L1 and PD-L2, inhibiting T cell proliferation and cytokine production. PD-1 ligands are upregulated in some tumor cells, and signaling through this pathway can inhibit immune surveillance of tumors by activated T cells. PD-1 inhibitors are monoclonal antibodies that bind to the PD-1 receptor, blocking the interaction of PD-1 with PDL1 and PD-L2 and relieving PD-1 pathway-mediated suppression of immune responses, including antitumor immune responses. In a homologous mouse tumor model, blockade of PD-1 activity inhibited tumor growth (8, 9). Ipilimumab is an anti-CTLA-4 antibody. CTLA-4 is expressed on the surface of T cells. CTLA-4 exerts its inhibitory effect during the T cell activation phase: early in the immune response, CTLA-4 competes with CD28 to bind to B7 on antigen-presenting cells, and when CTLA-4 signaling is stronger, T cells are inhibited, while when CD28 signaling is stronger, T cells are activated and continue to replicate and produce greater killing capacity. Ipilimumab inhibits the competitive binding of CTLA-4 to CD28, thus allowing T cells to multiply and increasing the ability to kill tumors (10, 11).

Immune checkpoint inhibitors (ICIs), modulating the interaction of T cells, antigens-presenting cells (APCs) and tumor cells to help unleash suppressed immune responses, emerged as a very effective therapy for patients with mCRC that is mismatch-repair-deficient (dMMR) or microsatellite instability-high (MSI-H) (termed dMMR/MSI-H mCRC). Due to the efficacious, stable and durable responses, pembrolizumab and nivolumab (with or without Ipilimumab) were approved by US Food and Drug Administration (FDA) to treat these patients. However, mCRC is characterized by insufficient mutated tumor antigen (12), thus the main challenge is to provide the benefit of immunotherapy for the vast majority of mCRC patients that are mismatch-repair-proficient (pMMR) or microsatellite-stable (MSS) or low microsatellite instability (MSI-L) (termed pMMR/MSS/MSI-L mCRC) (13).

Bibliometric analysis adopts the number of citations as a proxy measure of research quality, which is a useful tool for assessing the trend of research efforts statistically and qualitatively. It provides an objective assessment of the contributions of academic groups and individual researchers through a comprehensive analysis of the authors, countries, journals, citations and publication dates of selected articles, thus providing a method for understanding trends in specific fields and ranking academic groups and individuals (14). In addition, keywords that appear more frequently in the included articles and hot words that have emerged in recent years were analyzed to provide supporting evidence for future trends (15).

There was currently no similar analysis in CRC. This paper utilized bibliometric analysis to describe the literature related to CRC immunotherapy over the last decade to understand its features and forecast future research trends and hotspots. Therefore, to better capture the current status and trends in CRC immunotherapy research, the purposes of this study were to reveal present study trends, explore into possible research hotspots and guide researchers in their future work by using bibliometric methods to visualize references.



Materials and Method

The Web of Science (WOS) core database from Clarivate Analytics was deemed the best for bibliometric analysis (16, 17), so we selected it to perform the search. The WOS core database was searched on November 1, 2021, for all articles related to CRC immunotherapy from 2012 to October 31, 2021, using the following search formula: TS=(Rectal Neoplasm* OR Rectal Tumor* OR Rectal Cancer* OR Rectum Neoplasm* OR Rectum Cancer* OR Cancer of the Rectum OR Cancer of Rectum OR Colorectal Neoplasm* OR Colorectal Tumor* OR Colorectal Cancer* OR Colorectal Carcinoma* OR Colonic Neoplasm* OR Colon Neoplasm* OR Cancer of Colon OR Colon Cancer* OR Cancer of the Colon OR Colonic Cancer*) AND TS=(Immunotherapy OR Immunotherapies OR immunotherapeutic). The literature inclusion criteria were as follows: (1) The manuscript was based on the theme of immunotherapy for CRC and the whole content was accessible; (2) Document types included Article and Review;(3) Written in English. The exclusion criteria were as follows:(1) The major themes were not related to immunotherapy for CRC or could not be evaluated. (2) Articles were meeting abstracts, news, briefings, etc. The complete text was evaluated by two reviewers separately against the inclusion and exclusion criteria. Any disagreements between the two reviewers (L M and JX M) were resolved by negotiation and the document was exported in plain text format (Figure 1).




Figure 1 | Flowchart depicting the article selection process.



The annual publication was analyzed and plotted using GraphPad prism v8.0.2. Furthermore, bibliometric methods were used to gather the research foundation, frontier knowledge, and trends. In this study, the acquired bases were imported into the CiteSpace (5.6.R3) software (18), a literature Visibility App Tool created by Prof. Chaomei Chen for analyzing indicators such as country, journal, institution, author, reference. In addition, CiteSpace was also used to analyze outbreak keywords and visualize them to predict trends in the field. The centrality of a node is a graph-theoretical property that quantifies the importance of the node’s position in a network. A commonly used metric is betweenness centrality (In this study, all centrality refers to betweenness centrality).Betweenness centrality is a concept introduced by the American sociologist Freeman (19),it measures the percentage of shortest paths in the network to which a given node belongs (20). Formula:

	

g(v) represents the centrality value of the vertex v. σst (v) represents the number of shortest paths passing through v between vertex s and vertex t. σst represents the number of all shortest paths from vertex s to vertex t. Burst detection is used to detect significant changes in the number of references at a given time. It is used to discover the decline or rise of a certain subject term or keyword. The algorithm invented by Kleinberg, J was used in cite space to predict the change of keywords at a certain stage and thus to predict the field’s future development (21). The higher the burst strength indicates the higher the frequency of this keyword in the observed time period.

The CiteSpace parameters were set as follows: Time-slicing was chosen from 2012 to 2021, year per slice(1), and all options in the term source were selected, node types were selected one at a time, selection criteria (g-index, g2 ≤ k Si≤gci,k ∈ Z+,k = 25). Each node in the figure indicated an observation including country, institution, author, co-cited literature and keywords. If the publication is issued in cooperation with several countries, institutions and authors, then each country, institution and author is taken into account, which is the basis for the network of institutional, national and author cooperation.

The node size represented the frequency of occurrence; the larger the node, the higher the frequency of occurrence. Connections between nodes represented collaborative, co-occurring or co-referential relationships. The different colors of nodes represented different years; the different colors of circles from inside to outside indicated the years from 2012 to 2021. The outermost purple ring indicated that the node has very high centeredness and was often regarded as a critical point in a specific domain (22). The impact factor (IF) and the 2020 edition of Journal Citation Reports (JCR) were both included in the analysis as crucial indications of the research’s scientific worth (23).



Results

A total of 1899 publications on CRC immunotherapy were published on the web of science from 2012 to October 31, 2021, including 1454 (76.57%) ARTICLES and 445 REVIEWS (23.43%). The literature covered 66 countries or regions and 367 institutions.

The annual number of publications for immunotherapy on CRC from 2012 to 2021 as shown in Figure 2A, and we divided it into three periods, slow growth period (2012-2015), acceleration period (2016-2017) and rapid growth period (2018-2021). The number of publications increased relatively slowly before 2016 and rapidly after 2016, with more than 150 publications per year and a second acceleration period in 2018. The number of publications on CRC immunotherapy in 2021 was the highest in the last decade, reaching 445 as of October 31, 2021, and the number of publications continued to rise by a large margin.




Figure 2 | (A) Annual publications of immunotherapy in colorectal cancer from 2012 to 2021. (B) The country’s annual trend publications related to colorectal cancer immunotherapy from 2012 to 2021.




Countries and Institutions

The annual trend publications associated with immunotherapy for CRC by country from 2012 to 2021 were presented in Figure 2B. The United States of America (USA) was the most frequent publisher in this field with 601 publications (31.65 of 1899 publications), followed by China (31.17, with 592 publications), Germany (5.90, with 112 publications), Japan (5.90%, with 112 publications) and Italy (5.69%, with 108 publications) (Table 1). The top 5 countries with the highest centrality were: USA, UK, Spain, Canada and Germany (Figure 3A). The United States and China contributed 62.82% of the total publications, far more than any other country. China initially had trailed the US in the number of annual publications, but after 2018 its publications in this field have increased rapidly and surpassed the US in 2020, maintaining a high-speed growth rate in 2021. In addition, the annual increase of publications in China was the fastest since 2012, to be followed by the United States, while Japan and the Netherlands grew slowly.


Table 1 | The top 10 productive countries/regions related to colorectal cancer immunotherapy.






Figure 3 | A visual map for CiteSpace network of countries/regions and institutions associated with colorectal cancer immunotherapy. (A) Country/regional collaboration analysis; (B) Institutional collaboration analysis. The nodes represent countries/regions or institutions, and the lines connect them. Nodes represent countries/regions or institutions. The number of publications grows proportionally to the size of the nodes. The lines between the nodes represent the cooperation relationship, and the thickness of the connecting lines represents the strength of their cooperation, the closer the cooperation, the thicker the connecting lines. the nodes with the outermost purple circles have higher centrality. From 2012 to 2021, the color changes from brown to green.



Among the top 10 countries/regions regarding publications, the U.S. had 19,051 citations, far more than all other countries, while it had a high citation/publication ratio (31.65). Although China had many citations (9285), its citation/publication rate (15.68) was lower than other countries. It is to be noted that France had the highest citation/publication ratio (52.32) among the ten countries, despite the relatively low number of publications, which also indicated the high quality of its published papers.

The analysis of the international collaboration network (Figure 3A) showed that the United States, which had the highest volume of output, and China worked closely together. China mainly cooperated closely with Singapore and Greece, while the United States largely cooperated with England, France, South Korea, Italy and Spain. China already leads the world in publication output, but its centrality was 0.05, compared to 0.20 in the US.

The top ten activist institutions were listed in Table 2. Sun Yat-sen University published 41 papers with 431 citations, followed by the University of Texas M. D. Anderson Cancer Center (33 papers, 1,437 citations) and Fudan University (30 papers, 300 citations). The ten most prolific institutions were from China and the United States, excluding the German Cancer Research Center. Among the top ten productive institutions, the National Cancer Institute (NCI) had the highest citation/publication rate (53.7). Institutional cooperation analysis was produced to reveal the cooperation between institutions (Figure 3B).


Table 2 | Top 10 institutions published literature related to colorectal cancer immunotherapy from 2010 to 2021.





Analysis of Journals and Co-Cited Journals

The top ten most prolific and co-cited journals were listed in Tables 3, 4. Journal for Immunotherapy of Cancer (66 articles, 3.48%) published the most documents in this field, followed by Oncoimmunology (63 articles, 3.32%), Cancer (57 articles, 3.00%), Frontiers in Immunology (57 articles. 3.00%) and Cancer Immunology Immunotherapy (53 articles, 2.79%). Among the top ten most prolific journals, the Journal for Immunotherapy of Cancer had the highest IF of 13.751 and Cancer Research had the highest citation/publication rate (52.33). Of the top 10 journals, 80% were classified as Q1 (top 25% of IF distribution), remaining two journals were Q2 (between 25th and 50th quartiles) and Q4 (between 50th and 100th quartiles). The most frequently co-cited journal was the Journal of Clinical Oncology (4270 citations), followed most frequently by Clinical Cancer Research (3841 citations) and Cancer Research (3807 citations). Among the top 10 co-cited journals, New England Journal of Medicine was cited 3640 times with the highest IF of 91.253. Except for Journal of Immunology, the rest of the journals were in Q1.


Table 3 | The top 10 productive journals related to colorectal cancer immunotherapy.




Table 4 | The top 10 co-cited journals associated with colorectal cancer immunotherapy.



The subject distribution of academic journals was depicted by a dual-map overlay of the journals (24) (Figure 4). The citing journal is on the left, and the cited journal is on the right, with the citation relationship indicated by the colored path. The mapping identifies 2 colored primary citation pathways, meaning that researches published to journals in the field of molecular/biology/genetics were primarily cited by researches published in molecular/biology/immunology and medical/medical/clinical journals.




Figure 4 | The dual-map overlay of journals related to colorectal cancer immunotherapy. Notes: On the left were the citing journals, on the right were the cited journals, and the colored path represented the citation relationship.





Analysis of Authors and Co-Cited Authors

Of all authors who published literature related to colorectal cancer immunotherapy in the last decade, the 10 most productive authors were listed in Table 5. Adam E Snook (17 publications) has published the most papers, followed by Scott A Waldman (14 publications) and Michael A Morse (14 publications). Further analysis revealed that six of the top ten authors were from the United States, two were from China, and two were from Germany and France. The co-cited author network was visualized by Figure 5A. The most prominent nodes were linked to the most co-cited authors, which including Le DT (567Citation), Topalian SL (314Citation), Galon J (313Citation), Overman MJ (301Citation), and Siegel RL (278Citation) (Table 5).


Table 5 | Top 10 most prolific and co-cited authors in the field of colorectal cancer immunotherapy.






Figure 5 | A CiteSpace network visualization of co-cited authors and references regarding colorectal cancer immunotherapy. (A) Network visualization diagram of the co-cited authors of the Publications. (B) Network visualization diagram of cited references. Co-cited authors or cited references are indicated by the node. The co-citation relationship is indicated by the line connecting the nodes. The node area grows as the number of co-citations increases. The colors represent different years, in A, the color changes from yellow to red from 2012 to 2021, and in B, the color changes from brown to green from 2012 to 2021.





Analysis of Cited References

The co-cited literature network diagram was composed of 850 nodes and 4135 links, with a time slice set to 1 year and a period set to 2012-2021 (Figure 5B). According to the five most frequently co-cited articles (Tables 6, 7), PD-1 Blockade in Tumors with Mismatch-Repair Deficiency (with 343 co-citations) published in the New England Journal of Medicine (IF=91.253) was the most cited article by Dung T. Le. In addition, 2 of the top 5 co-cited papers were written by Dung T. Le and published in different journals.


Table 6 | The top five co-cited references related to colorectal cancer immunotherapy.




Table 7 | The top five centralities of co-cited references related to colorectal cancer immunotherapy.



Moreover, we performed a temporal co-citation analysis and mapped the timeline view of co-cited references (Figure 6). We found that “CEA” (Cluster4) was a relatively early hotspot, “cytokine-induced killer cells” (Cluster3) was a mid-term (2008-2016) research hotspot, and “prognosis” (Cluster0) had the darkest color representing the most publications and was a consistent research hotspot for CRC immunotherapy. “Microsatellite instability” (Cluster1), “programmed cell death protein ligand1” (Cluster2), “hormone replacement” (Cluster5), “braf” (Cluster6) and “gut microbiota” (Cluster7) demonstrated that the issues of these clusters are the current new hotspots in the field.




Figure 6 | A timeline view for co-cited references associated with colorectal cancer immunotherapy. The node’s position on the horizontal axis represents the time when the reference first appeared, and the node’s size is positively correlated with the number of citations of the reference. The lines between the nodes represent co-cited relationships. The redder the color means closer to 2021, and the more yellow the color means closer to 2012.The clusters with redder colors and larger nodes included more publications, demonstrating that the issue of this cluster was a hot topic in the field.





Analysis of Keyword Co-Occurrence Clustering and Time Zone

Based on the number of citations and centrality analysis of keywords through CiteSpace (Table 8), we found that the most popular keywords were Expression, T cell, Dendritic Cell, cell, survival, activation, regulatory t cell, and chemotherapy after removing meaningless keywords (Table 8). We also built a network map to visualize keyword clusters (Figure 7), and we found that “immune checkpoint inhibitor” (Cluster0), “microsatellite instability” (Cluster1), “suppressor” (Cluster4), “probiotics” (Cluster5), “nf kappa b” (Cluster6) and “cd55” (Cluster7) were the hot spots of research since 2012.


Table 8 | The top 10 most frequent and centralized keywords related to colorectal cancer immunotherapy.






Figure 7 | The cluster of keywords related to colorectal cancer immunotherapy. The different colors represented different clusters. Each point represents a keyword, and the number on the node represents the cluster to which the keyword belongs. The lines between the points represent two keywords with co-occurrence relationship. The color of the line segment represents the year, from 2012 to 2021, the color changes from purple to yellow. The blue blocks represent the extent of each cluster in the network space.



CiteSpace designed the keyword time zone view to show high-frequency keywords’ evolution clearly. The keywords were situated in the years in which they first appeared together, and colors of the links represented the years when the two keywords first appeared together. High-frequency keywords (T > 80) were displayed in Figure 8, as threshold was a cumulative number, resulting in some of the most recent keywords not reaching 80 cumulatively. Therefore, the top five annual high-frequency keywords from 2013 to 2021 were added to complement the time zone view (Figure 8).




Figure 8 | Time zone view of keywords for colorectal cancer immunotherapy. In 2012-2016, keywords with co-occurrence rate ≥80 were shown; from 2013-2021, we manually added annual top5 keywords and their co-occurrence frequency. The position of the cross on the horizontal axis represents the year in which the keyword first appeared. The size of the cross reflects the frequency of co-occurrence, and the larger the cross represents the higher frequency of co-occurrence. The lines between the crosses represent the co-occurrence of two keywords. The lines are colored to indicate the different years. From 2012 to 2021, the color changes from yellow to red.





Keyword Burst Analysis

We use CiteSpace to detect emergent keywords to identify the frontiers of research in this field. Among the 103 keywords with high citation outbreaks, we focused on those with bursts starting in 2020 (Figure 9), including “immune checkpoint inhibitors” (burst intensity of 7.71), “gut microbiota” (burst intensity of 3. 92), “tumor microenvironment” (burst intensity of 3.49) “liver metastasis” (burst intensity of 3.35), “nanoparticles” (burst intensity of 3.31), “combination therapy” (burst intensity of 2.87).




Figure 9 | Keywords with burst periods from 2020 onward among the top 103 burst keywords in articles related to colorectal cancer immunotherapy. A blue line indicates the timeline, and the intervals in which bursts were found are indicated by red sections on the blue timeline, indicating the start year, the end year, and the burst duration.






Discussion

In this study, we obtained 1899 publications on colorectal cancer immunotherapy from 2012 to 2021 by searching the web of science core database and manual screening. In terms of annual publications, publications increased rapidly after 2015. In terms of national and regional distribution, the United States has been the driving force behind the highest academic contribution to colorectal cancer immunotherapy in the last decade, as reflected by the number of publications, centrality, citation frequency and citation publication ratio. China’s annual publications proliferated after 2016, and since 2020 China has surpassed the United States. Although the average citation was relatively low, the higher total number of citations showed the high contribution of China to the development of the field. France, Spain, Italy and South Korea have lower publication numbers, but their publications have multiplied in recent years, related to the cooperation with the United States.



Institutions and Institutional Cooperation

90% of the 10 most productive institutions were from China and the United States, indicating that China and the United States played significant roles in the academic development of the field. Interestingly, Sun Yat-sen University, the most productive institution globally, had the lowest average citation among the top ten institutions. The National Cancer Institute (NCI) had the highest total citations (1556) and average citations (53.7) among the top 10 institutions, indicating that NCI published higher quality articles in the field and played a crucial role in promoting the development of the field.



Journals and Cited Journals

Among the ten most active journals, Journal for Immunotherapy of Cancer (66 articles), Oncoimmunology (63 articles), Cancer (57 articles), Frontiers in Immunology (57 articles) and Cancer Immunology Immunotherapy (53 articles) published more than 50 papers. The Journal of Clinical Oncology received the highest citations. Notably, both Clinical Cancer Research (66.11) and Cancer Research (52.33) had more than 50 citations per article and ranked 2nd and 3rd, respectively, among co-cited journals. thus, they are recognized as research resources for CRC immunotherapy.

Most of the top 10 productive journals were related to immunology and clinical, while most of the 10 highly co-cited journals were related to biology, which was consistent with the dual-map overlay analysis. The dual-map overlay represented the subject distribution of academic journals. Figure 4 showed that studies from molecular/biology/genetics co-cited journals were mainly cited by journals published in molecular/biology/immunology and medicine/medical/clinical, which implied that there were two broad main directions of research related to CRC immunotherapy, one direction was focused on basic. The other direction was focused on translational research from basic to clinical. Meanwhile, journals with high IF in the JCR division accounted for the vast majority of the top 10 journals (80%) and co-cited journals (90%) in the first quarter, indicating that these journals were interested in and played an essential role in research related to CRC immunotherapy.



Authors and Cited Authors

Dung T. Le from Johns Hopkins University was ranked first among all co-cited authors, and his publications in the field of CRC immunotherapy were placed 8th among all authors, indicating his outstanding contribution to the development of the field. Two of his highly cited articles, “PD-1 Blockade in Tumors with Mismatch-Repair Deficiency” and “Mismatch-repair deficiency predicts response of solid tumors to PD-1 blockade”, were published in New England Journal of Medicine (IF=91.253) and Science (IF=47.728), respectively. Researchers first evaluated the clinical activity of PD-1 inhibitors in patients for progressive CRC with/without mismatch repair (MMR) and found that microsatellite instable (MSI) CRC (MSI-CRC) were more sensitive to PD-1 blockade responses compared to microsatellite stable (MSS) tumors (25). The researchers then expanded the study to evaluate the effects of PD-1 inhibitors in 12 different types of advanced MMR tumors. They found that in mismatch repair deficient(dMMR) tumors, most mutant neoantigens made them sensitive to immune checkpoint blockade, regardless of the origin of the cancer tissue (26). Therefore, these articles were considered reliable resources for future studies on mismatch repair and PD-1.



Co-cited References

We found that most 5 co-cited articles with the highest frequency and centrality were related to immune checkpoint inhibitors (ICIs) and MSI, which indicated the importance of ICIs and MSI in the field. Among the top five co-cited references, the article titled “Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries” was focused on a global review of cancer prevalence and treatment measures (27). Based on the top 5 cited articles by centrality, there was 1 article analyzed the immunophenotypic and antigenic genomic characterization of CRC, revealing different targets of immune escape and tumor immunity (28). It is well known that immune escape, a process by which tumor cells escape killing by the immune system, was a critical factor affecting the effectiveness of tumor therapy. Therefore, this highly cited paper demonstrated that revealing the mechanism of immune escape may help to discover potential targets for immunotherapy of colon cancer. Another article with a high centrality revealed the mechanism of cancer immunotherapy resistance (29), which indicated that immunotherapy resistance had received much attention in CRC immunotherapy.

The timeline view of the co-cited literature showed that most of the studies were published after 2007. The prognosis (Cluster0) has the darkest color and the most published literature and has been a consistent focus of CRC immunotherapy. Microsatellite instability (Cluster1), programmed cell death protein ligand1 (Cluster2) have appeared in recent years and have larger nodes and warmer colors, indicating that the problems under these clusters were hot research topics in recent research years. Microsatellite instability (Cluster1), programmed cell death protein ligand1 (Cluster2) have emerged in recent years and have larger nodes and warmer colors, indicating that the problems under these clusters were hot spots of research in recent years, which was consistent with the above highly co-cited literature focusing on PD-1/PD-L1 and mismatch repair.In addition, in recent years, cytokine-induced killer cells (Cluster3) and t cell exhaustion (Cluster9) may be new research hotspots in CRC immunotherapy. It has been shown that gut microbes can promote colorectal carcinogenesis by stimulating specific immune responses (30). Gut microbiota (Cluster7) may be a research hotspot in recent years to understand the mechanisms of colorectal carcinogenesis and identify relevant immunotherapeutic strategies. Moreover, hormone replacement (Cluster5) may be one of the hot spots in reducing the risk of colon cancer in MSI type of high-aged menopausal women.



Keywords

In bibliometric analysis, keyword bursts can reflect research hotspots in academic fields (31), and time zone maps can show the evolution of new hotspots (32). Based on the change in the number of publications, we divided the evolution of keywords into three phases: slow growth period (2012-2014), acceleration period (2015-2017) and rapid development period (2018-2021). During the slow growth period (2012-2014) rising terms mainly covered: “expression”, “t cell”, “dendritic cell”, “regulatory t cell”, “tumor microenvironment”, “blockade”, “antibody”, “microsatellite instability”, “inhibitor”, and “target”, mainly associated with treatments and mechanisms. In the acceleration period (2015-2017), most new terms focus on clinical and mechanistic studies of ICIs, MSI, and drug resistance. These keywords include: “pd 1 blockade”, “ifn gamma”, “open label”, “nivolumab”, “microenvironment”, “checkpoint blockade”, “mismatch repair deficiency”, “immune checkpoint inhibitor”, “resistance”, and “pembrolizumab”. During the rapid development period (2018-2021), emerging topics included “tumor-associated macrophages”, “gut microbiota”, “immunogenic cell death”, “stem cells”, “nanoparticles”, “tumor mutation burden”, “liver metastasis”, “drug therapy”, “immune escape”, and “circulating tumor dna”. These themes inherited the characteristics of the accelerated phase and used novel technologies such as nanomaterials, and gave rise to many research directions such as gut microbes, stem cells, tumor-associated macrophages, and immune escape.

According to the citation count and keyword centrality analysis, which mainly included keywords related to immunotherapy mechanism of CRC included “Microsatellite instability”, “T cell”, “PD-1blockade”. It was similar to Nicolas J. Llosa et al. (33), who reported that in dMMR or microsatellite instability-high (MSI-H) (dMMR/MSI-H) tumors. The major histocompatibility presented on the surface of the tumor cell complex (MHC) class I peptide complex induces the migration of CD8 tumor-infiltrating lymphocytes, helper T cells 1, CD4 T cells and macrophages into the tumor microenvironment to induce IFN-γ secretion for antitumor effects and to balance this active microenvironment, dMMR/MSI-H tumors selected for sustained upregulation of the T cell suppressor ligands PD-L1, CTLA-4, fostering immune escape.

Several studies have confirmed the significant anti-tumor effects of PD-1blockade in dMMR/MSI-H CRC immunotherapy (25, 34), further confirming that these keywords were the current hot topic of research in the field of CRC immunotherapy. A review of CRC immunotherapy by Ahui Fan et al. (35) also focused on the treatment of microsatellite unstable and microsatellite stable CRC, mainly surrounding various therapeutic approaches with ICIs. In addition, most CRC immunotherapies were associated with keywords such as PD-1blockade, MSI, and T cell (2), indicating that these aspects were the hot topics in recent years.

A comprehensive analysis of keyword emergence and timezone view can reveal the hot spots and future research trends in the field of CRC immunotherapy. The keywords that emerged since 2020 include “Immune checkpoint inhibitor”, “pd-1blockade”, “nivolumab plus ipilimumab”, “combination therapy”, and “drug therapy” with burst strength of:7.71, 3.04, 2.94 and 2.43, respectively. These keywords imply that research in these aspects has been prevalent in this field over the past year. Monotherapy of dMMR/MSI-H CRC showed a significant increase in the durable response rate of the drug with a manageable safety profile, but more than 50% of patients were ineffective to treatment (36). Therefore, discovering new strategies to overcome primary ICI resistance was essential to improve its antitumor effect. Combination with other ICIs such as the CTLA-4 inhibitor ipilimumab may enhance the durable clinical benefit of treating dMMR/MSI-H CRC (37). Recent studies have shown that PD-1 inhibitors combined with CTLA-4 prolong OS in advanced refractory CRC (38), which confirmed that combining multiple ICIs may be a hot topic for future research in this field. Unlike dMMR/MSI-H CRC, mismatch repair proficiency(pMMR) or microsatellite instability-low (MSI-L) (pMMR/MSI-L) tumors, which account for 95% of all metastatic colorectal cancer (mCRC) cases, had a lower mutational burden and poorer immune cell recruitment, resulting in a sub-optimal response to ICIs (13). Researchers found that nivolumab combined with ipilimumab observed pathologic responses in 27% of patients with early-stage pMMR tumors (39). Furthermore, since KRAS/NRSA/BRAF wild-type mCRC was associated with increased CTLA-4 and PD-L1 expression for EGFR monoclonal resistance, ICIs combined with EGFR monoclonal antibodies showed good safety and efficacy in the treatment of MSS mCRC (40). Anti-angiogenic drugs can enhance the anti-tumor activity of CD8 T cells by upregulating PD-L1 expression and reducing immunosuppressive cells such as TAM and Treg. Several studies have shown encouraging ICIs in combination with the anti-angiogenic agent regorafenib in pMMR-MSS (41). Radiation-induced cell injury may increase response to immunotherapy through in vitro effects. In a study by Aparna Raj Parikh et al. (42), CTLA-4 and PD-1 dual blockade combined with radiotherapy showed encouraging efficacy in treating patients with pMMR/MSI-L mCRC. In addition, several trials of ICIs in combination with bispecific antibody and MEK were in progress (NCT03428126, NCT03271047, NCT04137289). These studies suggested that combining other therapeutic modalities such as chemotherapy, antigenic combinations, MEK, bispecific antibody, and radiotherapy may increase the immunotherapy response. It was similar to the results reported by Wang et al. (35)and further confirmed that ICIs in combination with other therapeutic modalities were the most popular direction of research in this field. Keyword burst and clustering showed that “immune checkpoint inhibitors”, “combination therapy”, and “drug therapy” were hot topics in this field and promised to be studied more deeply in the future.

The liver was the most common location of distant metastases from mCRC and the central organ of immune tolerance (43, 44). In a preclinical model of liver metastasis from CRC, liver metastases gathered activated CD8 T cells from the body circulation and liver myeloid cells induced T cell apoptosis via the Fas-FasL signaling pathway, resulting in the systemic immune desert (45). The results of another study showed that liver metastasis induced tumor-specific immunosuppression in distant tumors by activating Tregs and regulating CD11b monocytes in a preclinical model of CRC (46). Fujiyoshi et al. found that MSS-mCRC patients were more likely to present with liver metastases than MSI-H mCRC patients (71.0% vs 26.7%, p=0.001) (47). Thus, liver metastases may be one of the reasons for the ineffectiveness of ICI therapy in patients with MSS mCRC, which was supported by a recent study by Want et al. (48). Therefore, an in-depth investigation into the mechanisms of drug resistance development in CRC liver metastasis models may focus on future research.

The tumor microenvironment was the internal environment for tumor cell growth and metastasis, mainly composed of endothelial cells, immune cells, and fibroblasts (49). There was accumulating evidence that many suppressor cells in the tumor microenvironment hindered tumor killing by immune cells and caused the immune escape of tumor cells. Tumor-associated macrophages (TAM) were innate immune cells, accounting for 50% of the human tumor cell mass, and were divided into tumor suppressor M1 and tumor promoter M2. It has been shown that M2 was strongly associated with epithelial-mesenchymal transition and chemoresistance in CRC (50). In addition, TAM suppressed T-cell responses and thus diminished the effectiveness of ICIs (51). Targeting TAM seemed to be a promising treatment modality. Neutrophil extracellular traps (NETs) were reticulated structures consisting of chromatin DNA, dispersed cytoplasm and granular proteins squeezed by activated neutrophils to capture and kill bacteria (52). Zhang et al. (53) reported that inhibition of NETs in a mouse model increased CD8+ T cell infiltration and toxicity, thereby overcoming PD-1 resistance. Comito et al. (54, 55) showed that tumor cells modified the microenvironment by reducing tumor-specific T cells and converting some killer T cells into regulatory T cells (Tregs),which expressed high levels of inhibitory receptors (e.g. PD-1), thus generating an immunosuppressive microenvironment hindering immune killing. In addition, suppressor cells in the tumor microenvironment, such as myeloid-derived suppressor cells and tumor-associated stromal cells, are also resistant to anti-tumor T-cell responses to sustain tumor immune tolerance (56, 57). Therefore, it is critical to explore the CRC tumor microenvironment and reshape the immune microenvironment to improve tumor-infiltrating T cells in CRC immunotherapy. Keyword clustering and bursting showed that topics such as “tumor microenvironment”, “neutrophil”, “tumor-associated macrophage”, “suppressor cell”, and “immune evasion” were considered as new research hotspots.

As technology advanced, many technologies drove the development of immunotherapy for CRC. Nanotechnology-based antioxidants and therapeutics were considered the next generation of cancer treatment tools (22). Duan et al. (58) synthesized OxPt/DHA nanoparticles, which significantly enhanced the efficacy of ICIs by increasing the uptake of DHA and OxPt precursors by CRC cells and enhancing the infiltration of CD8+ T cells within the tumor. In addition, Xu et al. (59) used converted nanoparticles containing the photosensitizer chlorine e6 and Toll-like-receptor-7 agonist combined with an immune checkpoint inhibitor that generated potent anti-tumor immunity in CRC cells and exhibited long-term immune memory capacity. The review by Oliveira et al. showed that nanomaterials have emerged as a new direction for CRC immunotherapy. With the development of sequencing technology, researchers have found that tumor mutational burden was an independent predictor of the treatment efficacy with ICIs. In clinical trials of CRC treated by PD-L1 combined with CTLA-4, higher TMB was associated with better OS (38). Therefore, researches related to nanomaterials and tumor mutation burden were expected to be further explored in the future.

An increasing number of studies have shown that gut microbes play essential roles in cancer development. Tanoue et (60) showed that anti-PD-1 treatment was significantly improved after inoculation of a consortium of 11 bacteria in a mouse model of MC38 colon adenocarcinoma. In addition, Marge et al. (61) used a Bifidobacterium pseudolongum combined with an ICIs treatment regimen in germ-free mice bearing colon cancer cells, which increased T-cell activation and reduced tumor volume in the animals. These studies showed a promising future of gut microbes in CRC immunotherapy. Recently, significant leaps have been made to study gut microbes in overcoming ICB acquired drug resistance. Baruch et al. (62) showed that FMT from CR donors combined with anti-PD-1 therapy-induced clinical responses in patients with anti- PD-1 refractory metastatic melanoma. Davar et al. (63) found that 40% of melanoma patients could overcome acquired resistance to anti-PD-1 therapy with FMT treatment. All of these data indicated the critical role of gut microbes in immunotherapy. Keyword bursts indicated that “gut microbiota” would be a new research hotspot in the field of CRC immunotherapy, and in the future, more and more attention would be focused on gut microbiota.

Taking our research and discussions together, we believe there are some aspects of clinical work that should be noted. Defective DNA mismatch repair (MMR) can be detected either by the lack of immunohistochemical staining of the MMR proteins MLH1, MSH2, MSH6 or PMS2 or by PCR-identified alterations in the lengths of microsatellites between a patient’s tumour and a sample of normal tissue or blood. The use of immunotherapy for dMMR/MSI-H CRC may lead to better outcomes, and the combination of multiple immune checkpoint inhibitors may achieve satisfactory results compared to single agents. Patients should be observed for immune-related side effects during treatment, such as immune-related nephritis, immune-related endocrine disorders and toxicity. However, there are still some challenges in the clinical treatment of this population, such as the keyword “resistance” that appeared in Figure 8 2018, suggesting that some colorectal cancer patients in the clinic become resistant to immunotherapy drugs. There is still no good way to overcome drug resistance and recover the effectiveness of immunotherapy. For patients with pMMR-MSI-L colorectal cancer, combination therapy with PD1 inhibitors and other immune checkpoint molecular modulators (e.g., CTLA4) may benefit a small subset of patients with pMMR-MSI-L tumors, but for most patients with this CRC subtype, an alternative approach to immunomodulation is necessary. For example, the combination of Bispecific antibody therapy, radiation therapy, anti-angiogenic drugs. Overall, finding ways to increase the immune cells infiltrating the tumor environment is critical to their immunotherapy for this category of patients. In addition, tumor mutational burden is an independent factor in predicting the efficacy of ICI treatment. In clinical trials of treating CRC with PD-L1 in combination with CTLA-4, higher TMB was associated with better OS, so stratification of patients by immune mutational load prior to treatment may help determine patient treatment efficacy and thus contribute to the selection of therapeutic agents.



Limitations

We should explain the limitations of the study. On the one hand, these data are collected from a single source, the web of science core, only, leading to the omission of articles from other sources. In addition, the manual removal of papers unrelated to the study by the investigator may lead to selection bias. Last, only English articles were entered in this study, which may lead to source bias.



Conclusion

To our knowledge, our study was the first comprehensive metrological and statistical analysis of CRC immunotherapy over the past 10 years. In this study, we found that the United States has contributed significantly to the advancement of the field by publishing the most significant number of articles in the field and keeping the quality of articles high. China’s publications in this field snowballed after 2018, surpassing the U.S. since 2020, and maintaining a rapid growth trend that may be related to government financial support. The rapid growth of publications also indicated that CRC immunotherapy was becoming of increasing interest worldwide.

Our research showed a trend for cooperation between various countries and institutions. However, there was a still lack of intensive cooperation between different institutions/countries. Notably, the National Cancer Institute (NCI) and Sun Yat-sen University have made significant contributions to the progress of the field. Therefore, institutions can strengthen their cooperation with them to promote the future development of the field better.

Journal of Clinical Oncology and Journal for Immunotherapy of Cancer were the most cited and most published journals. In addition, the most prolific and co-cited authors were Adam E Snook and Dung T. Le, respectively. Thus, researchers can better grasp the research progress in this field through articles published in these journals or authors who will be potential collaborators in the field.

Our research indicated that nanomaterials might be the most advanced and popular technology in recent research. In addition, CRC immunotherapy is associated with microsatellite status. Research on immunotherapy for MSI-CRC has focused on PD-1blockade, T cell and combination with other ICIs. Research on immunotherapy for microsatellite stabilized CRC has focused on immune checkpoint inhibitors, combination therapy, and drug therapy. These aspects will remain significant research hotspots in the future. Colorectal cancer liver metastasis has received increasing attention from researchers due to its characteristics. In addition, research on the immune microenvironment has drawn attention to its vital role in immunotherapy, and improving the effectiveness of immunotherapy by modulating the immune microcircuit has become increasingly important in the treatment of CRC. We can predict that the research on tumor microenvironment will become more enthusiastic in the future. The role of gut microbes in CRC immunotherapy may soon become a research hotspot and should be closely monitored.
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Immune checkpoint inhibitors (ICIs) have transformed the treatment in malignancies because of the impact on reactivating the immune cells to kill tumor cells. Because anti-CTLA-4 antibody and anti-PD-1 antibody (or anti-PD-L1 antibody) work in different ways, they have synergistic effects when used in combination in many cancers. However, it has been found that a strong immune response may lead to more serious and multi-system immune-related adverse events (irAE). We describe an advanced esophageal squamous cell carcinoma patient who received nivolumab combined with ipilimumab resulting in hypophysitis and immune-mediated liver injury. He was enrolled into a CheckMate 648 global, multicenter, randomized phase 3 Clinical Trial (CTR20171227) investigating the combined potency of nivolumab and ipilimumab in the treatment of patients with advanced esophageal squamous cell carcinoma and admitted to our center (site 0200). The patient developed hypophysitis and immune-related hepatitis rapidly after ICIs therapy, leading to the interruption of anti-tumor therapy. Then the patient developed Herpes zoster and recurrence of tuberculosis after treatment of irAEs with glucocorticoids. We report this case in the hope that doctors need to have sufficient knowledge and attention to the occurrence of irAE during the anti-immune combination therapy and actively intervene as soon as possible to obtain better anti-tumor effects and less harm to patients.
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Introduction

Cytotoxic T lymphocyte associated antigen-4 (CTLA-4) and programmed death-1 (PD-1) pathways are commonly involved in suppressing antitumor immune responses (1). In the tumor microenvironment, the expression of immunosuppressive molecules such as CTLA-4, PD-1 and its ligand PD-L1 (programmed death ligand 1), is significantly increased, resulting in apoptosis or inactivation of cytotoxic T lymphocytes, which allows tumor cells to escape the immune surveillance and clearance (2). Immune checkpoint inhibitors (ICIs) become a major development in cancer treatment because of the impact on reactivating immune cells. Ipilimumab (anti-CTLA-4 antibody), nivolumab (anti-PD-1 antibody), pembrolizumab (anti-PD-1 antibody), atezolizumab (anti-PD-L1 antibody), devaluzumab (anti-PD-L1 antibody), etc., are the ICIs approved for clinical cancer treatment. They certainly have a strong potency in many tumors. However, they also destroy the homeostasis of immune system and increase the risk of immune-related adverse events (irAEs). irAEs can affect all tissues and organs with different severity, mainly in the intestines, skin, endocrine glands, liver, lungs, etc. (1, 3). Khoja et al. summarized the irAE caused by different ICI treatments from 48 trials (6,938 patients), namely, 26 CTLA-4, 17 PD-1, 2 PD-L1 trials, and 3 studies tested by both CTLA-4 and PD-1. They found that different ICIs have distinct irAE profiles. Anti-CTLA-4 treatment has more possibility to induce grade 3/4 irAE (3). Appropriate treatment for irAE, therefore, is very important to avoid subsequent adverse events. Here, we describe an advanced esophageal squamous cell carcinoma patient who received nivolumab combined with ipilimumab resulting in hypophysitis and immune-mediated liver injury. He was enrolled onto a CheckMate 648 global, multicenter, randomized phase 3 Clinical Trial (CTR20171227) investigating the combined potency of nivolumab and ipilimumab in the treatment of patients with advanced esophageal squamous cell carcinoma and admitted to our center (site 0200). The patient developed herpes zoster and recurrence of tuberculosis after treatment of irAEs with glucocorticoids. We report this case to discuss the identification and intervention in the early stages of irAEs caused by cancer immunotherapy. We hope it will be helpful in diagnosis and the subsequent treatment of irAEs.



Case


Patient

A 55-year-old male patient was diagnosed with esophageal squamous cell carcinoma (cTxNxM1 stage IV lymph node) in March 2019. On 3 April 2019, he entered “an unresectable late-stage recurrent or metastatic esophageal squamous cell carcinoma that has not been treated before a randomized phase 3 study of nivolumab + ipilimumab or nivolumab combined with fluorouracil + cisplatin versus fluorouracil + cisplatin”. The patient was randomly assigned to group A (nivolumab + ipilimumab regimen). The first cycle of treatment started from 16 April 2019 with nivolumab (3 mg/kg) 204 mg dl, 15, 30 and ipilimumab (1 mg/kg) 68 mg dl, q6w. The first-week treatment was successfully completed. Previously the patient denied the history of hypertension, diabetes, coronary heart disease, liver disease or autoimmune diseases. Hepatitis B and hepatitis C antibodies were negative before being enrolled in the study. Tuberculosis was diagnosed in 2004, and he was cured after 8 months of anti-tuberculosis. T-SPOT (T-SPOT.TB, one type of interferon-gamma-release assay) and chest CT (computed tomography) were all negative before enrollment in the study. Skin itching (neck, face, back) began on 22 April 2019, with swelling on the face, ears to the lower neck on 4 May 2019, accompanied by dry mouth. On 20 May 2019, swelling occurred on the scalp, following by aggravating and spreading to the entire face and neck, which has affected the daily life of the patient. There was no swelling of the lower limbs and decrease in urine output. Physical examination revealed a small number of scattered rashes on the neck, face and back, obvious swelling on the face without depression, and restricted neck movement (Figure 1).




Figure 1 | Patient pictures. Left picture: Before treatment; Right picture: One month after treatment.





Laboratory and Imaging Examinations

30 April 2019 Liver function indicators: ALT/AST 63/55 U/L, 10 May 2019 Normal thyroid function indicators: TSH, fT4, fT3, liver function indicators: ALT/AST/γ-GT 74/43/119U/L, 28 May 2019 Blood endocrine indicators: TSH: 0.080 Uiu/ml, fT4, fT3, ACTH: 2.8 pg/ml, Cortisol: 33.2 nmol/L, anti-SS-A antibody (+), 28 May 2019 tumor evaluation is based on the RECIST 1.1 (Response Evaluation Criteria in Solid Tumors 1.1) standard, and the evaluation effect is SD (stable disease). 31 May 2019 Enhanced MRI of the pituitary gland showed no abnormalities and mild sphenoid sinusitis (Figure S1). 4 June 2019 Liver function indicators are ALT/γ-GT 61/70 U/L, TT3 1.1 nM, TSH 0.120 uIU/ml, ACTH <1.5 pg/ml, cortisol: 19.5 nmol/L and FT3, TT4, FT4, Testosterone and growth hormone are in the normal range. 18 June 2019 Liver function indicators are ALT/γ-GT 67/133 U/L, TT3 1.0 nM, TSH 0.220 uIU/ml and FT3, TT4, FT4 are all within the normal range. 9 July 2019 ALT/AST 212/100 U/L, 16 July 2019 ACTH: 2.0 pg/ml, cortisol: 10.0 nmol/L, thyroid function indicators: in the normal range. Antibodies to hepatitis A, hepatitis C, and hepatitis E were all negative. 23 July 2019 ALT/AST/γ-GT 170/63/163 U/L, 31 July 2019 liver puncture guided by B-ultrasound, pathology: (liver puncture) morphology features suggested immune-related hepatitis (Figure 2 and Table 1).




Figure 2 | Hematoxylin–eosin staining of liver biopsy. It showed that the structure of liver lobules was intact. Part of liver cells was turbid and swollen. Mild congestion and lymphocytes were seen in the liver sinusoids. Neutrophil aggregation was seen in small foci.




Table 1 | The hormone levels of this patient in various stages.






Diagnosis

Combined with the clinical manifestations, physical examination and laboratory examinations of the patient, he was clinically diagnosed as grade 2 hypophysitis on 28 May 2019 with head, face and neck swelling, lower cortisol and ACTH value than normal, which is considered as an irAE. Meanwhile, his clinical treatment was suspended. On 31 July 2019, it was proved to be a manifestation of immune-related hepatitis pathologically by liver puncture. Considering the too long toxic and side effects, the patient got out of this clinical trial.



Follow-Up Treatment

He started oral prednisolone acetate 20 mg tid on 28 May 2019. Facial swelling was significantly alleviated after 3 days of oral administration, and then the dose of glucocorticoid was gradually reduced. From 6 July 2019, the dose of prednisolone acetate was reduced to 10 mg qd PO. On 9 July 2019, ALT/AST is 212/100 U/L. On 16 July 2019, ACTH is 2.0 pg/ml and cortisol is 10.0 nmol/L. Thyroid function indicators are in normal range. Liver puncture on 31 July 2019 confirmed the manifestation of immune-related hepatitis pathologically (Figure 2).



The Treatment of Complications Caused by Long-Term Oral Administration of Glucocorticoids

The prednisolone acetate dose of the patient was reduced to 10 mg qd P-O on 30 August 2019. On 13 August 2019, he felt abdominal distension and the skin on the right lower abdomen showed a band-like tingling sensation accompanied by itching and also decreased appetite, constipation and fatigue. Physical examination: ECOG (Eastern Cooperative Oncology Group) score 1, abdominal swelling, percussion drum sounds, pinpoint papules in the right lower abdomen, slightly higher local skin temperature and the lower limbs without swollen. On 16 August 2019, the dermatologist diagnosed this illness as “herpes zoster”. The patient was treated with antiviral, analgesic, and vitamin supplementation. At the same time, glucocorticoids were suspended. Liver function is under close follow-up. The herpes subsided a week later, but the pain persisted and was treated with analgesics. With follow-up CT on 30 September 2019, the tumor assessment is still SD. Chest CT showed that there were new nodules on the lateral edge of the right lung, possibly inflammatory (Figure 3). The blood T-SPOT was positive, and CT-guided puncture of the right lung nodule was performed on 8 October 8 2019. Postoperative pathology showed granulomatous lesions with coagulative necrosis. Acid-fast staining showed 2 positive bacteria, so mycobacteria could not be excluded. But the PCR test result was negative. Considering that the patient still has grade 2 immune liver damage (ALT/γ-GT 156/323 U/L, AST in normal range), amikacin 0.6 g qd vgtt + levofloxacin 0.4 g qd PO + ethamidine alcohol 0.75 g qd PO will be given from 11 October 2019.




Figure 3 | Chest computed tomography scan. The chest computed tomography lung window (left picture 20 August 2019; right picture 30 September 2019) shows new nodules on the lateral edge of the right lung, which may suggest inflammatory.



We plotted the patient timeline to summary the entire treatment (Figure 4).




Figure 4 | Timeline of interventions and outcomes.





Discussion

The binding of CTLA-4, PD-1 ligand and its receptor plays an important role in the suppression of the immune system. Ipilimumab is a monoclonal antibody that targets the CTLA-4 receptor and prevents its interaction with CD80/CD86 (4). Inhibition of CTLA-4 receptors has been proven to enhance the activation and proliferation of T cells, while also reducing the function of T-reg cells so that the immune system can better dominate the tumor (4). Otherwise, nivolumab is a monoclonal antibody directed at blocking the PD-1 receptor. The mechanism is to combine competitively with PD-1 ligands such as PD-L1 and PD-L2 to liberate the immune response suppressed by the PD-1 pathway (5). Nivolumab has been proven to enhance the anti-tumor effect of the immune system and reduce the tumor growth (5). Nivolumab combined with ipilimumab could cause stronger T cell activation and anti-tumor effects in certain cancer types than single therapy. However, the risk of adverse reactions of combination therapy is also greater than that of single-agent therapy (6).

Immune-related hepatitis and hypophysitis are two common adverse reactions caused by immune checkpoint inhibitors. The case discussed in this article was diagnosed by doing specific work-up to investigate the cause of liver injury including autoantibodies, serum gammaglobulin levels as same as these reporters described (7, 8). However, its occurrence is particularity due to the simultaneous onset of two immune-related adverse reactions and the recurrence of viral infection after hormone therapy. Similar cases have not been reported according to the results of the literature search. The 2019 National Cancer Comprehensive Network (NCCN) guidelines on immunotherapy-related toxicity management still proposed that glucocorticoids are the preference for the treatment of immune-related adverse reactions. In the treatment of pituitary inflammation caused by immune checkpoint inhibitors, if the patient has related symptoms, hormonal replacement therapy should be used. However, when neurological symptoms such as visual disturbances are present, high doses of glucocorticoids should be used and immunotherapy should be suspended until the acute symptoms of the patient are eliminated (1, 9). Also, another report described that the early treatment of high-dose glucocorticoid for irAE is associated with poorer prognosis in advanced melanoma (10). So, it is important to measure the state of disease and give the correct treatment strategy.

Correspondingly, in the treatment of hepatitis caused by immune checkpoint inhibitors, the NCCN guidelines also pointed out that glucocorticoids are the most common treatment option, but the specific dosage is not mentioned in the guidelines. A recent study showed that in the treatment of hepatitis caused by immune checkpoint inhibitors, customized therapy based on the own condition of the patient may be more effective than systemic treatment with glucocorticoids (10). When diagnosing hepatitis caused by immune checkpoint inhibitors, it is usually difficult to distinguish it from immune hepatitis based on the symptoms and signs of the patient, but histological and imaging results could help to do it (11, 12). A recent study summarized the histological characteristics of hepatitis caused by CTLA-4 inhibitors and PD-1 inhibitors. This information is helpful for doctors to find out the specific drugs that cause adverse reactions when immune checkpoint inhibitors combination, so that the treatment becomes more specific (13).

The results of the CheckMate 648 clinical study have been published in the New England Journal of Medicine since February 2022. Although the study was not designed to compare the efficacy between nivolumab plus ipilimumab and nivolumab plus chemotherapy, we could also find that the treatment with nivolumab plus ipilimumab provided better survival benefits for patients and the rate of adverse events did not increase significantly. In addition, treatment with nivolumab plus ipilimumab resulted in a longer median duration of response (11.8 months) than treatment with nivolumab plus chemotherapy (8.2 months) or chemotherapy alone (5.7 months). Nivolumab plus ipilimumab therapy may offer a new option for advanced esophageal squamous-cell carcinoma patients (14). Therefore, it is particularly important to carry out reasonable management and treatment for the possible side effects of immunotherapy combination.

In the case discussed in this article, the resurgence of tuberculosis and the onset of herpes zoster occurred three months after the patient received prednisolone treatment. Based on the past medical history of tuberculosis of the patient, the recurrence of tuberculosis after receiving long-term glucocorticoid therapy is expected. However, the patient has not previously reported any history of varicella infection or close contact with varicella-infected patients, so we did not expect the resurgence of herpes zoster virus during the treatment. This case emphasizes the importance of comprehensive collection of the past medical history upon admission of the patient. In addition, multiple case reports mentioned that patients treated with PD-1 inhibitors are at risk of developing tuberculosis infection (15–17). Therefore, physicians should be vigilant about possible opportunistic infections when using immunotherapy, regardless of whether the patient has a history of previous infections.

Furthermore, it is important to study the mechanism of irAE. T cells, B cells and antigen presenting cells (APCs) are all enrolled in the occurrence of irAE (18). Otherwise, Tregs are also the important subgroup for the balance of immune function. The inhibition of Tregs may contribute to the irAE (18, 19). The discussion of the mechanism could help researchers find a new way to avoid the occurrence of irAE.



Conclusion

Combination therapy with CTLA-4 and PD-1 immune checkpoint inhibitors has a higher risk of adverse reactions than monotherapy. Patients who develop multiple adverse reactions to immunotherapy at the same time usually receive higher doses and longer courses of glucocorticoid therapy, which greatly increases the risk of complications such as the resurgence of the virus in this case. The current guidelines lack information on the adverse reactions of multiple immune treatment and complications caused by the treatment of their adverse reactions. This case emphasizes the importance of early diagnosis and intervention in patients with multiple immune-related adverse reactions. It opens a window for subsequent studies on immune-related adverse reactions and complications. Follow-up research is essential for the systematic management of multiple immune-related adverse reactions.
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Background

Immune checkpoint inhibitors (ICIs) have significantly improved survival for advanced wild-type non-small cell lung cancer, but there is no direct comparison to confirm which first-line treatment may lead to the longest overall survival. What qualifies as long-term survival (LS) is even unclear.



Methods

By searching PubMed, Embase, and the Cochrane Central Register of Controlled Trials from January 2005 to December 2020, we included randomized controlled trials (RCTs) of first-line ICI-containing treatments to perform an integrated analysis (IA) to determine the criterion of LS and then screened regimens with LS for network meta-analysis (NMA). The main outcomes for NMA were median overall survival (mOS), 1-year survival rate (1ySR), and 2-year survival rate (2ySR); those for IA were the pooled mOS (POS), 1ySR (P1SR), and 2ySR (P2SR).



Results

By IA of 16 first-line ICIs from 20 RCTs, the POS was 16.20 (95% CI 14.79–17.60) months, with P1SR of 63% (95% CI 59–66%) and P2SR of 37% (33–41%). Thus, we defined LS as mOS ≥ POS (16.20 m) for regimens and screened for RCTs with outcomes meeting this criterion. Eleven ICI-based regimens can bring LS for the overall population, among which ICI with bevacizumab and chemotherapy achieved the longest POS of 19.50 m (16.90–22.10 m) and the highest P1SR (74%, 61%–87%) and P2SR (49%, 38%–61%). Pembrolizumab with chemotherapy ranked first in mOS and 1ySR, while atezolizumab plus bevacizumab and chemotherapy ranked first in 2ySR.



Conclusions

Through the IA of first-line treatment regimens, a POS of 16.20 m can be determined as the LS standard. Further considering 1ySR and 2ySR, atezolizumab combined with bevacizumab and chemotherapy or pembrolizumab plus chemotherapy are likely to bring the longest LS in the overall population, while single ICI may be adequate for patients with a high PD-L1 expression. ICIs with bevacizumab and chemotherapy may be the best combination for LS for its further advantage over time.





Keywords: long-term survival, first-line, immunotherapy, non-small cell lung cancer, network meta-analysis, integrated analysis



Introduction

In recent years, the development and application of immune checkpoint inhibitors (ICIs), including programmed cell death protein 1 (PD-1) antibody, programmed death ligand 1 (PD-L1) antibody, and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) antibody, have provided significant survival benefits for patients with wild-type advanced NSCLC. In the successful randomized controlled trials (RCTs), such as KEYNOTE189 (1), KEYNOTE407 (2), IMpower110 (3), IMpower130 (4), IMpower132 (5), and CheckMate227 (6, 7), immuno-related therapy can prolong the mOS of advanced wild-type NSCLC to 17~22 months. The 5-year survival rate in the KEYNOTE024 study with PD-L1 ≥50% NSCLC increased to 31.9% in the PEM monotherapy group (8). The unprecedented long-term survivals of patients with immunotherapy are determined by the characteristics of the immune response process. Tumor cells recognized and killed by activated T lymphocytes will further release antigens to activate more T lymphocytes, thus forming a positive cycle of the self-activation process, during which immune memory cells are also generated (9). The positive feedback promotes the immune-active T cells to function for a long time, thus bringing a longer survival to these patients.

At present, it is widely accepted that immunotherapy can bring long-term survival to patients with advanced wild-type NSCLC. In fact, large differences existed in OS among different ICIs [11.2 (10) ~26.3 months (8)]. Therefore, we can hardly judge how long in general the first-line immuno-related treatment can bring to advanced NSCLC patients. Neither do we know whether there is a difference in efficacy among the treatments that have achieved significant OS benefits and are recommended by kinds of guidelines, or in other words, which regimen can lead to the longest survival. In fact, for immunotherapy, how to define long-term survival (LS) is an open question.

In order to answer these questions, we conducted an integrated analysis of the survival outcomes of RCTs on first-line immuno-related therapies. Pooled median OS (POS) was taken as the cutoff value for LS to screen the treatment regimens that can bring LS. Then, a network meta-analysis (NMA) based on the Bayesian model was performed to compare and rank these treatment regimens with LS according to mOS, 1-year survival rate (1ySR), 2-year survival rate (2ySR), and other efficacy and adverse effects (AEs) in the general population and special population. Our goal was to provide valuable information for clinicians looking for the best first-line treatment for patients with advanced driver gene-negative NSCLC.



Materials and Methods

This NMA was performed in accordance with the PRISMA extension statement for NMA (Supplementary Table 1) (11). The research was registered with PROSPERO (CRD42020184534).


Data Sources and Searches

PubMed, Embase, the Cochrane Central Register of Controlled Trials, and ClinicalTrials.gov databases were searched to find relevant articles from January 2005 to December 2020. Abstracts on NSCLC from several important international conferences (American Society of Clinical Oncology, ESMO, and World Conference on Lung Cancer) from 2015 to 2020 were inspected to identify potentially relevant studies. For an outcome in the same trial, only the most recent data were kept. The detailed search strategy is shown in Supplementary Table 2.



Eligibility Criteria

We included published phase II/III RCTs reported in English. The mOS integrated analysis enrolled previously untreated patients with advanced (stage III/IV or recurrent) histologically confirmed wild-type NSCLC, treated with ICI-containing regimens, and the mOS or 1- or 2-year survival rate with a 95% confidence interval (CI) was available. According to the POS criteria, RCTs meeting the needs of LS were screened for NMA analysis. mOS of subgroups such as high PD-L1 expression or tumor mutation burden (TMB) that met the LS criteria was included in subgroup analysis. Large RCTs with chemotherapy (CT) combined with anti-angiogenesis therapy (AA) were included in the network as controls. Exclusion criteria included targeted therapy for advanced NSCLC with positive driver genes, trials including radiotherapy, cell therapy, vaccine, heat shock protein, and other non-ICI-related therapy.



Data Extraction and Risk-of-Bias Assessment

The bias risk of included trials was assessed using the Cochrane risk-of-bias tool, consisting of random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective outcome reporting, and other sources of bias (12) (Supplementary Figure 1). We extracted detailed clinical trial data (e.g., study ID, first author, year of publication, number of patients, patient characteristics), treatments, and outcomes into a spreadsheet. Data extraction and quality assessment were conducted independently by the two authors (ZX and XQ), and any differences were resolved through discussion and negotiation.



Data Synthesis and Analysis

First, the mOS of first-line immuno-related therapy in advanced wild-type NSCLC was analyzed using STATA 16.0 to determine LS criteria. We also pooled the 1ySR and 2ySR using STATA 16.0 (13). For PFS and OS in NMA, the hazard ratio (HR) and its 95% creditable intervals (CrIs) were calculated, while for binary variables, such as 1ySR and 2ySR, 1-year progression-free survival rate (1yPR), overall response rate (ORR), ≥3 AEs, odds ratio (OR) and 95% CrIs were calculated. For some indexes, some of the studies (5 (14–18) of 15 for the 1-year OS rate, 5 (3, 7, 14–16) of 13 for the 2-year OS rate, 6 (3, 14–17, 19) of 14 for the 1-year PFS rate) did not provide ORs for which we got them from the Kaplan–Meier curve and calculated them by STATA 16.0. All network evidence maps were obtained by STATA16.0 (20). The NMA was performed in a Bayesian framework using a Markov chain Monte Carlo simulation technique within the GEMTC package in the R-Statistics and the J.A.G.S. program. We used non-informative uniform and normal prior distributions to fit the model, with four different sets of initial values. For each outcome, 150,000 sample iterations were generated with 100,000 burn-ins and a thinning interval of 1 except for ORR and ≥3 AEs, for which we increased the thinning interval to 10 to minimize auto-correlation. The convergence of the model is evaluated by a diagnostic convergence graph and a trace density graph (21). Fixed- and random-effect models were considered and compared using deviance information criteria (DIC). If the DIC difference between the random model and the fixed model was less than 5, the fixed model was selected. A direct and indirect comparison of inconsistency analysis was verified by DIC and node analysis (22). Preferred probability ranking was obtained from the surface under the cumulative ranking curve (SUCRA). The line charts for the rankings were produced using GraphPad Prism 8.




Results


Qualified Studies for Integrated Analysis

In the integrated analysis of the available mOS and survival rates of first-line immuno-related treatments in patients with advanced driver gene-negative NSCLC, a total of 20 qualified RCTs were included (Figure 1), involving 7,462 patients and 16 treatment regimens, including single ICIs such as pembrolizumab (PEM) (8, 18), atezolizumab (ATE) (3), nivolumab (NIV) (23), durvalumab (DUR) (10), and cemiplimab (CEM) (24); dual ICIs such as ipilimumab (IPI) combined with NIV (NIV+IPI) (6) and tremelimumab (TRE) combined with DUR (DUR+TRE) (10); ICIs combined with CT such as PEM+CT (1, 2, 19), ATE+CT (4, 5, 25, 26), NIV+CT (7), IPI+CT (27, 28), camrelizumab (CAM) combined with CT (CAM+CT) (17), NIV+IPI+CT (29), and DUR+TRE+CT (16); and ICIs combined with AA and CT, such as ATE combined with bevacizumab (BEV) and CT (ATE+BEV+CT) (26), and NIV+BEV+CT (30) (Supplementary Table 3).




Figure 1 | Study selection.





Integrated Analysis

First, we integrated the available mOS of 13 first-line immuno-related treatments in wild-type patients (Figure 2A) and found that POS was 16.20 (95% CI 14.79~17.60) months. Therefore, we set mOS over 16.20 months as the standard for LS for immunotherapy. In the ITT population, there were 11 treatments that met the criteria for long-term survival (Figure 3), most of which were ICIs combined with CT and/or AA, including PEM+CT, NIV+CT, ATE+CT, CAM+CT, DUR+TRE+CT, ATE+BEV+CT, and NIV+BEV+CT, and single ICI (PEM, ATE) and dual ICIs (NIV+IPI, DUR+ TRE) (Supplementary Table 4). In subgroups with PD-L1 ≥50%, treatments leading to LS included single ICIs (CEM, PEM, ATE, DUR, NIV), ICIs combined with CT (PEM+CT, ATE+CT), and dual ICIs (NIV+IPI) or in combination of CT (NIV+IPI+CT) (Supplementary Table 5). Among the TMB-high subgroups, single ICIs (PEM, NIV, ATE, DUR) or immune combination regimens (PEM+CT, NIV+IPI, TRE+DUR, DUR+TRE+CT) can bring LS.




Figure 2 | Pooled survival outcomes from integrated analysis of median overall survival (A), 1-year survival rate (B), and 2-year survival rate (C) of different therapy strategies containing immune checkpoint inhibitors in patients with advanced wild-type non-small cell lung cancer.






Figure 3 | Network diagrams of comparisons on different outcomes of treatments with long-term survival time in patients with advanced wild-type non-small cell lung cancer. (A) Comparisons on overall survival (OS) and progression-free survival (PFS) and 1-year survival rate and 1-year PFS rate. (B) Comparisons on 2-year survival rate. (C) Comparisons on objective response rate (ORR). (D) Comparisons on adverse events of grade 3 or higher (≥3 AEs). Each circular node represents a type of treatment. Each line represents a type of head-to-head comparison. The size of the nodes and the thickness of the lines are weighted according to the number of studies evaluating each treatment and direct comparison, respectively. The total number of patients receiving a treatment is shown in brackets. PEM, pembrolizumab; ATE, atezolizumab; NIV, nivolumab; CAM, camrelizumab; BEV, bevacizumab; CEM, cemiplimab; CT, chemotherapy.



Among the various treatment strategies, ICIs+BEV+CT led to the longest POS (19.50, 16.90~22.10 months), followed by single ICIs+CT (16.82, 14.71~18.93 months) and dual ICIs+CT (16.07 months, 13.84~18.29). Single ICIs (15.41 months, 12.73~18.09) and dual ICIs (14.08 months, 10.00~18.15) had the shortest POS (Figure 2A). Comparing the different ICI targets, the anti-PD-1-containing regimens had a maximum POS of 18.00 (15.52~20.48) months, followed by the anti-PD-L1 regimens of 17.23 (15.17~19.30) months. Comparing different ICIs, the regimens containing PEM had the longest POS of 19.09 (15.69~22.48) months, while the IPI-containing regimens had the shortest POS of 13.10 (11.80~14.39) months (Supplementary Table 6).

In the integrated analysis of 1ySR, a total of 20 RCTs were included, involving 16 regimens, including single ICIs [PEM (8, 18), ATE (3), CEM (24), NIV (23), DUR (10)], dual ICIs [NIV+IPI (6), DUR+TRE (10)], ICIs+CT [PEM+CT (1, 2, 19), ATE+CT (4, 5, 25, 26), NIV+CT (7), CAM+CT (17), IPI+CT (27, 28), NIV+IPI+CT (29), DUR+TRE+CT (16)], and ICIs+BEV+CT [NIV+BEV+CT (30), ATE+BEV+CT (26)]. The P1SR was 0.63 (0.59~0.66). Among them, the P1SR of single ICIs, dual ICIs, single ICIs+CT, dual ICIs+CT, and ICIs+BEV+CT were 0.60 (0.54~0.67), 0.55 (0.45~0.65), 0.64 (0.60~0.68), 0.62 (0.58~0.66), and 0.74 (0.67~0.87), respectively (Figure 2B). In the integrated analysis of 19 RCTs with LS (1–8, 10, 16, 18, 19, 23–30), we found the P2SR to be 0.37 (0.33~0.41). ICIs+BEV+CT brought the highest P2SR (0.49, 0.38~0.61), and single ICIs, dual ICIs, single ICIs+CT, and dual ICIs+CT got 0.38 (0.30~0.46), 0.35 (0.25~0.45), 0.36 (0.30~0.42), and 0.33 (0.17~0.49), respectively (Figure 2C).

In terms of pathological types, non-squamous cell lung carcinoma had a POS of 19.32 (18.12~20.51) months in first-line ICIs regimens, longer than that of 15.13 (13.39~16.88) months in squamous cell lung carcinoma patients. The P1SR and P2SR were 0.69 (0.64~0.73) and 0.44 (0.37~0.50) in the non-squamous group, and 0.60 (0.55~0.66) and 0.33 (0.27~0.38) in the squamous subgroup, respectively (Supplementary Figures 2A, B).

In the population with PD-L1 ≥50%, the P1SR and P2SR induced by the first-line immunotherapy were 0.67 (0.65~0.69) and 0.46 (0.44~0.48), respectively (Supplementary Figure 2C). When comparing regimens, similar to the ITT population, the combination of single ICIs with AA and CT seemed to bring the highest P1SR (0.75,0.65~0.85) and P2SR (0.56, 0.45~0.67). The P2SR was similar between the single ICIs (0.47, 0.44~0.50) and the dual ICIs (0.48, 0.41~0.55). Moreover, the addition of CT to single ICIs or dual ICIs failed to improve the P2SR over ICIs alone (Supplementary Table 6).



NMA for the ITT Population

An assessment of the risk bias in the included studies is shown in Supplementary Figure S2. It should be noted that some treatment options that only met the LS criteria in the corresponding subgroup were included in the subgroup analysis. For example, NIV+IPI+CT of CheckMate 9LA was only included in the subgroup analysis for PD-L1 ≥50% (29), while BEV+CT and CT alone were included as controls in NMA (14, 15).

Among the treatments that resulted in an LS of 16.20 months or more for the all-comer population (Figure 3), PEM+CT (relative to CT: 0.62, 0.54~0.72) ranked first in mOS, followed by ATE+BEV+CT (0.71, 0.56~0.90), and the third is the NIV+IPI (0.73, 0.64~0.84) (Figures 4A, 5, and Supplementary Figure 3). Almost all immuno-related therapies significantly prolonged OS compared with CT, and the OS of PEM+CT was prolonged significantly compared to NIV+CT (0.77, 0.61~0.97) and ATE+CT (0.79, 0.65~0.96) (Figure 6A). In terms of median progression-free survival (mPFS), the top three rankings of SUCRA cumulative probability were NIV+BEV+CT, ATE+BEV+CT, and PEM+CT(Figure 5 and Supplementary Figure 3). Both ATE+BEV+CT and NIV+BEV+CT regimens were significantly superior to any other regimens in mPFS, and all regimens yielded greater benefits than CT alone. However, there was no significant difference between ATE+BEV+CT and NIV+BEV+CT in both OS and PFS (Figure 6A).




Figure 4 | Bayesian ranking profiles of comparable treatments with long-term survival on efficacy and safety for patients with advanced NSCLC. (A) Profiles indicate the probability of each comparable treatment being ranked from first to last on overall survival (OS), progression-free survival (PFS), objective response rate (ORR), and grade 3 or higher adverse events (≥3 AEs). (B) Profiles indicate the probability of each comparable treatment being ranked from first to last on 1-year survival rate and 1-year PFS rate and 2-year survival rate in the overall population, and 1-year survival rate and 1-year PFS rate and 2-year survival rate in patients with high PD-L1 subgroups. PEM, pembrolizumab; ATE, atezolizumab; NIV, nivolumab; DUR, durvalumab; TRE, tremelimumab; IPI, ipilimumab; CAM, camrelizumab; CEM, cemiplimab; BEV, bevacizumab; CT, chemotherapy.






Figure 5 | Changing tendency in efficacy ranking of main immuno-related therapies for advanced wild-type NSCLC as time goes on. The vertical axis represents the SUCRA value of ranking probability, and the horizontal axis represents survival indicators arranged in chronological order. PEM, pembrolizumab; ATE, atezolizumab; NIV, nivolumab; IPI, ipilimumab; BEV, bevacizumab; CT, chemotherapy; ORR, objective response rate; mPFS, median progression-free survival time; 1yPR, 1-year PFS rate, mOS, median overall survival time; 1ySR, 1-year survival rate; 2ySR, 2-year survival rate.






Figure 6 | Network meta-analysis of specific immuno-related regimens with long-term survival in overall population. (A) Pooled HR (95% CrIs) for overall survival (OS) and progression-free survival (PFS) in comparisons of all treatment strategies. (B) Pooled OR (95% CrIs) for 1-year survival rate and 2-year survival rate in comparisons of all treatment strategies. Data in each cell are HR or (95% CrIs) for the comparison of row-defining treatment versus column-defining treatment. HR less than 1 and OR more than 1 favor upper-row treatment. Significant results are highlighted in red and bold. (C) Pooled OR (95% CrIs) for ORR and ≥3 AEs in comparisons of all treatment strategies. PEM, pembrolizumab; ATE, atezolizumab; NIV, nivolumab; CAM, camrelizumab; CEM, cemiplimab; BEV, bevacizumab; IPI, ipilimumab, CT, chemotherapy.



In terms of 1ySR, PEM+CT ranked first, followed by NIV+CT and ATE+BEV+CT according to SUCRA cumulative probability (Figures 4B, 5, and Supplementary Figure 3). The 1ySR of PEM+CT was improved significantly compared to ATE+CT (OR 1.57, 1.15~2.15) and NIV+IPI (1.53, 1.10~2.12). Except for ATE, CAM+CT, and NIV+BEV+CT, almost all immuno-related treatments have significantly improved 1ySR compared to CT alone (Figure 6B). For 1yPR, PEM+CT, ATE+CT, ATE+BEV+CT, NIV+BEV+CT, and BEV+CT were significantly higher than that of CT (Supplementary Figure 4).

In terms of 2ySR, the top three cumulative probabilities of SUCRA were ATE+BEV+CT (versus CT: 1.80, 1.29~2.52), PEM+CT (1.79, 1.41~2.27), and PEM (1.67, 1.32~2.11). Moreover, 2ySR of NIV+IPI (1.55, 1.22~1.98) and ATE+CT (1.46, 1.17~1.81) also increased significantly in contrast to CT (Figures 5, 6B and Supplementary Figure 3). It is worth noting that the 2ySR (1.45, 1.08~1.95) of ATE+BEV+CT was significantly higher compared with BEV+CT, although the 1ySR (1.29, 0.96~1.75) of ATE+BEV+CT was improved without significance (Figure 6B).

In terms of ORR, all regimens demonstrated significant benefits compared to CT. Of these, ATE+BEV+CT, NIV+BEV+CT, and PEM+CT ranked top three according to SUCRA (Figure 5 and Supplementary Figure 3). ATE showed the lowest rates of ≥3 AEs among all regimens, and ≥3 AEs in ATE+BEV+CT were higher than those in any other treatments except CAM+CT and NIV+BEV+CT (Figure 6C).



NMA for Subgroups

Different from the LS treatments in the ITT population, dual ICIs combined with CT (NIV+IPI+CT) were also included in the subgroup with PD-L1 ≥50%, in addition to single ICIs and ICIs combined with CT (PEM+CT, ATE+CT; Supplementary Figures 5A–C). All ICI-related regimens except DUR significantly improved OS compared to CT alone but showed no significant difference between them (Supplementary Figure 6A). In terms of SUCRA ranking and line chart ranking of mOS, CEM, PEM+CT, and ATE ranked top three (Supplementary Figures 3, 7). In terms of 1ySR, almost all ICI-related treatments were significantly better than CT, the best of which was PEM+CT (versus CT: HR 2.95, 1.62~5.44), followed by CEM (2.25, 1.59~3.21) and NIV+IPI+CT (2.23, 1.21~4.18). For 2ySR, CEM (relative to CT: OR 2.75, 1.94~3.93), ATE (2.54, 1.40~4.71), and PEM (1.96, 1.49~2.57) ranked top three, and almost all ICI-related measures were significantly improved compared to CT (Supplementary Figures 3 and 6B).

In patients with high bTMB or tTMB (Supplementary Figures 5D, E), the treatment options that led to LS were PEM, NIV+IPI, PEM+CT, DUR+TRE, and DUR+TRE+CT. PEM (0.62, 0.48~0.80), NIV+IPI (0.68, 0.51~0.91), and PEM+CT (0.70, 0.52~0.96) ranked the top three in SUCRA cumulative probability rankings and line chart (Supplementary Figures 3 and 6D).

In the non-squamous subgroup, the regimens meeting the LS criteria included ICIs+CT (PEM+CT, ATE+CT, CAM+CT), dual ICIs (NIV+IPI), and ICIs combined with AA and CT (ATE+BEV+CT; Supplementary Figures 5F, G). For mOS, the SUCRA value of PEM+CT ranked the first, whose mOS was significantly improved compared to ATE+CT (0.71, 0.56~0.89), NIV+IPI (0.71, 0.55~0.91), and NIV+CT (0.65, 0.49~0.87), but without significant difference with ATE+BEV+CT (0.79, 0.58~1.08). ATE+BEV+CT and NIV+BEV+CT were superior to any other regimens in PFS, but no significant difference was found in OS and PFS between the two regimens (Supplementary Figures 3 and 6E).

Due to the limited data available of the non-highly selected population in the squamous subgroup, only PEM+CT and NIV+CT from KEYNOTE 407 (2) and CheckMate227-Part2 (7) studies were included. Both NIV+CT and PEM+CT significantly improved OS and PFS compared to CT in patients with squamous cell carcinoma (Supplementary Figure 6F).



Consistency and Inconsistency Assessment

The density and trace diagram prove that our NMA results are stable and reliable (Supplementary Figure 8). According to DIC analysis, after choosing a random or fixed model, the difference between the DIC of the consistency and inconsistency models is within 5, and the consistency model is selected (Supplementary Table 7). Combining the direct comparison results of traditional frequency methods (Supplementary Figure 9) and the direct comparison between Bayesian models with NMA results (Supplementary Figure 10) and node analysis (Supplementary Table 8), there was no statistical difference between the direct and indirect comparisons in terms of the mOS and 1ySR and 2ySR.



Sensitivity Analysis

In the integrated analysis, we excluded Lynch (28), Govindan (27), and MYSTIC (10) studies with the largest deviation in survival time to perform the sensitivity analysis. In the sensitivity analysis, the mOS of first-line immuno-related treatments was 17.32 (16.16, 18.47) months, and the 1ySR and 2ySR were 0.65 (0.62, 0.68) and 0.40 (0.35, 0.44), respectively (Supplementary Table 6). Furthermore, in order to ensure the reliability and robustness of the results, we conducted one sensitivity analysis by excluding phase II studies [KEYNOTE021 (19), Niho (15)] for NMA, and the treatments that ranked the best in the overall results remained unchanged (Supplementary Figures 11, 12). The equations should be inserted in editable format from the equation editor.




Discussion

As mentioned above, the integrated analysis showed that POS for advanced NSCLC with immuno-related therapy was 16.20 months, with P1SR and P2SR of 63% and 37%. With 16.20 months as the standard of LS, the combination of ICIs and CT was more effective than either single or dual ICIs, and the addition of AA to ICI+CT resulted in the longest OS benefit and higher 1ySR and 2ySR. Considering the slow onset but longer duration of efficacy of immunotherapy, we are more inclined to regard the survival rate rather than median survival as the standard for evaluating the ICI-containing treatments, to reflect the efficacy character of immunotherapy more accurately. According to our pooled results, the POS was about 16~17 months, which was less than 1.5 years, while the P2SR was close to 40%, consistent with the recently published trend of the 5-year survival rate of 23.2% for first-line pembrolizumab treatment in advanced NSCLC (31). In this research, we focused on the 1ySR and 2ySR by integrated analysis, NMA, and ranking probability of various first-line ICI-containing treatments, to provide strong evidence for comprehensive comparison and assessment of the ability of each treatment to bring LS for advanced NSCLC in a relative longer observation time.

Immunotherapy combined with CT plays an important role in achieving LS in ITT patients with advanced wild-type NSCLC compared to either single or dual ICIs. The combination of ICIs and CT was superior to CT or ICIs alone (32), while there was no difference in mOS or survival rates between single ICI or dual ICIs without CT. The addition of CT helps not only overcome the shortcoming of the slow onset and the possible early ICI-related hyper-progression to improve the short-term response rate but also produce in situ vaccines to promote tumor antigen presentation to increase the efficacy of immunotherapy. Once activated, the immune response works continuously, making up for the short-effect duration of CT. Therefore, the synergism of immunotherapy and CT makes their combination the most reliable treatment strategy for LS of patients.

Among the top regimens, PEM+CT ranked the 1st, 1st, and 2nd in 1ySR, mOS, and 2ySR in the ITT population, respectively, while the corresponding rankings of ATE+BEV+CT were 4th, 2nd, and 1st. Notably, the pooled outcome of the ICIs+CT+AA strategy based on ATE+BEV+CT and NIV+BEV+CT has resulted in a P1SR of 74%, POS 19.5 months, and P2SR 49%, much better than other strategies. Therefore, adding AA on the basis of immuno-CT can not only yield a higher short-term effective rate and PFS but also translate them into a longer-term survival benefit. When considering the longest survival indicator 2ySR, the combination of ICIs+CT+AA was the strongest. As shown in Figure 5, if we arranged the SUCRA ranking values of efficacy indicators in a chronological order, only the immuno-AA-CT mode, instead of immuno-CT, dual immunotherapy, or AA-CT, showed a continuously rising tendency in the time span from 1 to 2 years of survival. The tendency may continue beyond 2 years. Consistently, another triplet similar to IMpower 150, NIV+BEV+CT failed to improve mOS and 1ySR compared to BEV+CT but significantly surpassed BEV+CT in 2ySR. It may be related to the synergistic role of ICIs and AA to target and transform the tumor microenvironment from immunosuppression into immune response, which takes a long time and functions for a long time. Obviously, further research is needed to determine which combination of immuno-AA-CT will lead to optimal survival. At the same time, we should pay full attention to the monitoring and handling of the side effects of the triplet therapy.

Another hot topic in clinical discussions is whether to apply single-ICI or ICI-combination therapy for patients with high PD-L1 expression. We found that among the regimens that resulted in LS in NSCLC with PD-L1 ≥50%, PEM+CT ranked first in 1ySR, while CEM monotherapy ranked first in mOS and 2ySR. Although immunotherapy shows a lasting and significant survival benefit over CT in the highly selected population, it is worth noting that dual ICIs or ICIs+CT failed to bring further benefits than single ICIs in terms of mOS, 1ySR, and 2ySR. Furthermore, the addition of CT to NIV+IPI also did not yield further benefits according to the survival indicators mOS, 1ySR, and 2ySR. It seems that the dominant position of PD-L1 inhibitors in patients with a high PD-L1 expression is unbreakable, possibly leaving limited space for CTLA-4 inhibitors or CT to further extend survival. Interestingly, the addition of AA improved 1ySR and final 2ySR in this population (although only IMpower150 data are available). However, we still need to identify and consider the small group of people with a high PD-L1 expression who fail to benefit from mono-ICI, especially those with hyper-progression, to give them individualized combination therapy such as a short course of CT at the beginning, to avoid rapid disease progression and poor prognosis.

To our knowledge, this is the first quantitative study to identify the optimal regimens for LS in patients with advanced wild-type NSCLC. By focusing on LS, we conducted NMA and SUCRA ranking of multidimensional survival indicators, such as mOS, 1ySR, and 2ySR, to comprehensively evaluate and identify the optimal treatments bringing LS for different populations with specific characteristics. Nevertheless, our study also has several limitations. First, several studies with moderate or high risk of bias are inevitably included, although most of them are phase 3 clinical trials. Second, the 1- or 2-year overall survival rate for which studies not directly presented were extracted through survival curve by software, especially the 2-year overall survival rate, might lead to some bias. Third, our idea for the definition of long-term survival is to simply define survival beyond the average overall OS level which is the result of the first integrated OS. Considering this method defining LS lacks the reference of statistical evidence, and we only use the integrated result as the standard to measure the pros and cons of various related treatment strategies, rather than promoting this definition as a rigorous statistical concept. In addition, the biomarkers associated with LS are only limited to high PD-L1 expression (33) or TMB (34) at present, so there are relatively few subgroup analyses. We found that the combination of immunotherapy with CT and AA is an effective mode to result in LS. The combined intervention targeting VEGF/VEGFR and immune checkpoints upon the immunosuppressive tumor microenvironment may robustly lead to superior effect than either of them, which may represent the future direction of treatments. Therefore, it is necessary to carry out research on the combination of various ICIs and AA therapies, with or without CT, in the treatment of advanced NSCLC, and strive to explore solutions to bring longer LS to these patients.



Conclusions

In conclusion, the quantitative analysis of LS brought by immuno-related therapies to advanced wild-type NSCLC by integrated analysis and NMA will help expand the survival advantages of immunotherapy to the extreme and provide sufficient evidence for patients with different characteristics to choose individualized treatment regimens to obtain the maximum LS.
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Immune checkpointty inhibitors (ICIs), particularly those targeting programmed death 1 (PD-1) and anti-programmed death ligand 1 (PD-L1), enhance the antitumor effect by restoring the function of the inhibited effector T cells and produce durable responses in a large variety of metastatic and late patients with non-small-cell lung cancer. Although often well tolerated, the activation of the immune system results in side effects known as immune-related adverse events (irAEs), which can affect multiple organ systems, including the lungs. The occurrence of severe pulmonary irAEs, especially checkpoint inhibitor pneumonitis (CIP), is rare but has extremely high mortality and often overlaps with the respiratory symptoms and imaging of primary tumors. The development of CIP may be accompanied by radiation pneumonia and infectious pneumonia, leading to the simultaneous occurrence of a mixture of several types of inflammation in the lungs. However, there is a lack of authoritative diagnosis, grading criteria and clarified mechanisms of CIP. In this article, we review the incidence and median time to onset of CIP in patients with non-small-cell lung cancer treated with PD-1/PD-L1 blockade in clinical studies. We also summarize the clinical features, potential mechanisms, management and predictive biomarkers of CIP caused by PD-1/PD-L1 blockade in non-small-cell lung cancer treatment.
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1 Introduction

Although the incidence and mortality of lung cancer has shown a significant decline according to recent studies, it still exceeds the vast majority of cancer types (1). According to the International Agency for Research on Cancer, lung cancer is the most common malignant tumor with the highest mortality. Non-small-cell lung cancer (NSCLC) is the major histological subtype of lung cancer, accounting for approximately 85% of all lung cancers (2). Anti-programmed death 1 (PD-1) and anti- programmed death ligand 1 (PD-L1) monoclonal antibodies (mAbs) have profoundly produced durable anticancer responses in patients with a variety of solid tumors, including NSCLC. The U.S. Food and Drug Administration has approved three PD-1 inhibitors (nivolumab, pembrolizumab and cemiplimab) and two PD-L1 inhibitors (atezolizumab and durvalumab) for the treatment of NSCLC with different stages (3–6).

However, accompanied by a promising survival advantage, PD-1/PD-L1 inhibitors are related to a broad spectrum of toxic effects known as immune-related adverse events (irAEs), including skin rash, colitis, hepatitis, endocrinopathies, and pneumonitis (7). In clinical trials, adverse events are reported and graded according to the Common Terminology Criteria for Adverse Events (CTCAE) from the U.S. National Cancer Institute, and immune-related pulmonary adverse events are graded from grade 1 to grade 5 depending on the symptoms from mild to serious (8). Most irAEs are mild and tolerable, while some of them can be fatal. In recent years, pulmonary adverse events caused by PD-1/PD-L1 inhibitors have been gradually reported, and some rare severe events even lead to death (9). It is worth noting that checkpoint inhibitor pneumonitis (CIP) accounts for 35% of PD-1 and PD-L1 inhibitor-related deaths (9). In addition, the incidence of CIP induced by anti-PD-1/PD-L1 is higher in patients with NSCLC than in patients with other cancers (3, 10). Pneumonitis can be mediated by various factors, such as radiotherapy, chemotherapy, targeted therapy, infection, and nonanticancer drugs (3). Thus, the diagnosis of CIP needs to be distinguished from hyperprogression, pseudoprogression, and other types of pneumonia (11). Further characterization of the unique clinical and radiographic features is needed to aid in the diagnosis of CIP. The incidence, risk, clinical characteristics and mechanism of CIP for anti-PD-1/PD-L1 monotherapy or a combination with other therapies (radiotherapy, chemotherapy or targeted therapy) may differ, which might influence the subsequent treatment options and prognosis of CIP (12). The clinical features and mechanisms of CIP induced by anti-PD-1/PD-L1 therapy in non-small-cell lung cancer have not been fully elaborated. In this review, we summarize recent discoveries on CIP introduced by anti-PD-1/PD-L1 treatment, especially in patients with NSCLC, and aim to provide a reference for clinical diagnosis and preclinical mechanistic research. We will also elucidate the incidence, time to onset and characteristic manifestations of CIP, as well as discuss the management and predictive biomarkers of CIP.



2 Occurrence of CIP During PD-1/PD-L1 Blockade


2.1 Incidence and Timeline

Pulmonary irAEs are more common in patients with NSCLC than in patients with other cancers, with an incidence of 3% to 5% according to clinical trial data (3, 10, 13). Without the exclusion criteria of clinical trials, the incidence of CIP can be much higher in the real world. In a retrospective study of 205 patients with NSCLC, 19% of them encountered CIP during PD-1/PD-L1 blockade. PD-1/PD-L1 inhibitors show a higher incidence of CIP than other ICIs, including cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) inhibitors, and are responsible for 35% of CIP-related deaths (9, 14). The incidence of CIP can vary when different PD-1/PD-L1 inhibitors are used (4, 10, 15–27) (Table 1). However, in general, PD-1 inhibitors account for a higher incidence of all-grade (3.6% vs. 1.3%) and high-grade (1.1% vs. 0.4%) CIP than PD-L1 inhibitors based on a clinical trial of NSCLC (28). A multicenter, open-label, global, phase 3 trial compared the effect and safety of cemiplimab single-agent therapy with platinum-doublet chemotherapy in the first-line treatment of advanced NSCLC patients with a PD-L1 expression level of 50% or higher. The results showed that the incidence of immune-related pneumonitis in NSCLC patients receiving cemiplimab therapy was 2.3% (22).


Table 1 | Important clinical trials that reported checkpoint inhibitor pneumonitis (CIP) in NSCLC patients with PD-1/PD-L1 blockade.



There is a lower incidence of pneumonitis in PD-1/PD-L1 inhibitor monotherapy than in concurrent or sequential chemotherapy (29), radiotherapy (30) or immunotherapy (3, 17, 27, 31). In a randomized phase III clinical trial, the incidences of any-grade and high-grade CIP in NSCLC patients receiving durvalumab plus tremelimumab, a CTLA-4 inhibitor, were higher than those with durvalumab monotherapy (6.7% vs. 2.2% for any-grade CIP and 2.2% vs. 1.1% for high-grade CIP) (27). This may be attributed to the overlapping pulmonary toxicity of different treatments. In addition, there are no reliable criteria to distinguish CIP from radiation pneumonitis and radiation recall pneumonitis, which may affect the diagnosis of CIP (32, 33). Concurrent or sequential combination therapy is common in the clinic and may account for the higher incidence of treatment-related pneumonitis in the real world (34–36).

The median time to onset of pulmonary adverse events can vary. A report showed that the median time to onset of pneumonitis was 2.8 months, with a wide range from 9 days to 19.2 months (3). The onset time may be affected by the selection of the ICI agent (15, 16, 18, 34–37) (Table 2). In a randomized, open-label, international phase 3 study, the median onset time to pneumonitis was 15.1 (2.6-85.1) weeks and 31.1 (11.7-56.9) weeks in patients with advanced squamous and nonsquamous NSCLC who received nivolumab, respectively (15, 16). In another randomized controlled trial, the median onset time was 8.1 (0.6-56.1) weeks in advanced NSCLC patients treated with pembrolizumab (18). The treatment strategy may also influence the onset time. A shorter median onset time was reported in patients with combination immunotherapy compared with monotherapy (2.7 months (9 days to 6.9 months) vs. 4.6 months (21 days-19.2 months), P=0.02) (3). In retrospective studies that enrolled only NSCLC patients, the onset of CIP occurred earlier when PD-1/PD-L1 inhibitors were combined with other treatments (Table 2). More high-grade CIP onset occurs within the first 100 to 200 days of immunotherapy (38). Naidoo et al. reported a type of CIP called chronic CIP, which refers to a kind of clinical pneumonitis persisting or worsening with steroid tapering and necessitating ≥12 weeks of immune suppression after ICI discontinuation. The incidence of chronic pneumonitis is approximately 2.4% in patients with NSCLC, and the onset time of chronic CIP is variable (range: 238–606 months) and occurs at a median time of 370 months after ICI start (37). In summary, the onset time of CIP shows various timespans and may be affected by many factors, including treatment regime (Figure 1).


Table 2 | Study that reported the onset time of checkpoint inhibitor pneumonitis (CIP) in NSCLC patients with PD-1/PD-L1 blockade.






Figure 1 | Onset time of checkpoint inhibitor pneumonitis (CIP) in NSCLC patients receiving PD-1/PD-L1 treatment. NSCLC, non-small-cell lung cancer. The curve in the figure does not represent the change in the incidence of CIP over time. The abscissa of the highest point of the curve represents the median time of CIP reported in the studies (16, 18, 34, 35, 37).





2.2 Risk Factors

Checkpoint inhibitor pneumonitis may be the preferred attack in patients with features of lung deterioration conditions, including aging, smoking status, prior treatment, combinations with other drugs, primary tumor type, and previous lung disease. A previous study found that patients aged >70 years were more common in a CIP group than in a non-CIP group (54.5% vs. 30.3%; P = 0.025) (39), which may be due to decreased lung function and increased medical complications in the elderly. In a study by Suresh et al. (35), a higher incidence of CIP was observed in males than in females and in squamous cells than in other histological types. Notably, smoking may also play a role in the development of CIP. Former/current smokers were found to have a higher incidence of pneumonitis than nonsmokers (P=0.03) (40). The incidence of CIP is also influenced by treatment strategy. Currently, a significant number of patients with locally advanced unresectable or metastatic NSCLC receive treatment with radiotherapy alone or concurrent chemotherapy before receiving immunotherapy (41). Multiple clinical studies have shown that the incidence of CIP was numerically higher in patients receiving chest radiotherapy than in those receiving nonchest/no radiotherapy (40, 42–45). Some researchers consider this kind of pneumonitis radiation recall pneumonitis (RRP) introduced by immunotherapy, while the criteria for identifying CIP and RRP are still unclarified (33). However, radiation parameters did not correlate with the development of pneumonitis (40). As mentioned above, PD-1 inhibitors are related to a higher incidence of CIP both for any grade or ≥ grade 3 compared with PD-L1 inhibitors. PD-1/PD-L1 blockades are usually combined with chemotherapeutic drugs, tyrosine kinase inhibitors, or additional immune-targeted drugs. The combination of PD-1/PD-L1 inhibitors with a variety of different drugs was also associated with pneumonitis risk, indicating the superposition effect of multiple drugs on pulmonary toxicity (10, 17, 31, 45, 46). Patients with epidermal growth factor receptor (EGFR) mutations are more likely to undergo pneumonitis during the combination therapy of sequential PD-(L)1 blockade followed by later osimertinib (47). The risk of CIP was also closely associated with preexisting lung disease, including pulmonary infection (48), pulmonary emphysema (49), chronic obstructive pulmonary disease (COPD) (50), asthma (50), interstitial lung disease (ILD) (51), pulmonary fibrosis (52), pneumothorax, and pleural effusion (45). Interestingly, a recent study found that tumor invasion into the central airway was strongly associated with early-onset CIP in patients with NSCLC (53). The presence of extrathoracic metastasis was related to a lower incidence of ICI-related pneumonitis (39). In addition, according to a recent study, a high baseline absolute eosinophil count (≥0.125 ×109 cells/L) was correlated with an increased risk of CIP and with a better clinical outcome (54). A higher baseline level of anti-CD74 autoantibody is also more likely to develop CIP (55). Taken together, the risk factors for CIP may include older age, history of smoking, squamous cell histological type, previous lung disease, prior thoracic irradiation and treatment combinations with other drugs (Table 3).


Table 3 | Potential risk factors for checkpoint inhibitor pneumonitis (CIP) in NSCLC.





2.3 Effects of CIP on the Clinical Outcome of Patients With PD-1/PD-L1 Therapy

Several studies have indicated that melanoma patients with irAEs have a survival benefit (56–59), which suggests that the early occurrence of irAEs may predict better outcome of immune checkpoint inhibitor therapy, and appropriate management of these events is needed to maximize the therapeutic effect of these drugs. The mechanisms behind this association are not fully understood. It has been proposed that the shared antigens between melanoma cells and normal melanocytes may account for this association (57, 59, 60). Similarly, several studies have shown favorable treatment efficacy and survival in patients with NSCLC (2, 61, 62). However, whether there is a similar association between CIP and tumor response in patients with NSCLC remains controversial. Genova et al (62) have shown that the development of irAEs, including CIP, is a significantly positive predictor of survival outcomes in patients with NSCLC treated with nivolumab. However, in another study, the efficacy of ICI treatment was observably worse in patients with severe grade CIP than in those without severe grade CIP when patients were classified according to CIP severity (63). Thus, several challenges still need to be addressed in the future, and the association between the development of CIP and clinical efficacy in patients with NSCLC treated with ICIs still needs to be evaluated. In addition, although studies have shown that the occurrence of CIP is associated with a better response to ICI therapy, severe CIP can lead to interruption of ICI therapy and even fatality. In conclusion, the effects of CIP on the efficacy and prognosis of ICI therapy in NSCLC patients are still controversial, and more evidence is needed to clarify the relationship.



2.4 Overview of Manifestations


2.4.1 Common Symptoms

The most common clinical symptoms of CIP are dyspnea and cough. Fever and chest pain can also be observed but not often (3). However, it is difficult to distinguish these symptoms from infection or progression of malignancy, especially in patients with NSCLC. For individuals with suspected CIP, laboratory examinations are necessary to exclude infection, including culture of nasopharyngeal, sputum, and urine and sensitivity tests. In addition, some patients with subclinical CIP may experience no respiratory symptoms. Therefore, the diagnosis of CIP also depends on other auxiliary examinations (64).



2.4.2 Radiological Features

Radiological examination, especially chest CT, plays an important role in the diagnosis of CIP. Several radiographic patterns of CIP have been observed, including cryptogenic organizing pneumonia (COP), nonspecific interstitial pneumonia, hypersensitivity pneumonitis and pneumonitis not otherwise specified (3). The most predominant radiographic pattern is COP (65). Specific findings on chest CT include traction bronchiectasis, consolidation, reticular opacities, ground glass opacities (GGOs), centrilobular nodularity, and honeycombing, of which GGOs are present in the majority of patients (66). In addition, GGO was indicated as a significant predictor of worse overall survival (67). Clinically, the situation will be more complicated, and mixed patterns may be observed. In a case of a 73-year-old woman with NSCLC who received pembrolizumab treatment, organizing pneumonia with “air bronchogram” presented at the upper lung lobes and widespread thickening of the interlobular interstitium at the left lower lobe (68). The use of PET-CT in the diagnosis of immune-related pneumonia in patients with melanoma has been reported, but there were few specificities of the radiological images of pneumonia on PET/CT scans (69, 70). As mentioned above, there are several radiological patterns of CIP, and detailed analysis is needed when facing different patterns of CIP in the clinic.



2.4.3 Auxiliary Examinations

Bronchoalveolar lavage (BAL) is one of the most common invasive examinations of ICI-related pneumonitis. In general, lymphocytes elevated in bronchoalveolar lavage fluid (BALF). Nandoo et al. (37) found that lymphocytes, predominantly CD4+ T cells, were increased in the BALF of CIP patients compared with the BALF from patients who received ICI treatment but had no evidence of CIP (n= 6) or suspected CIP patients (n= 14). Wang et al. found significantly elevated levels of interleukin-17A (IL-17A) and IL-35 in both serum and BALF (71). In addition, they also observed increased numbers of central memory T cells and decreased expression of CTLA-4 and PD-1 in regulatory T cells (Tregs). Enriched IFNg+IL-17-CD8+T and CXCR3+CCR6+Th17/Th1 cells were observed in the BALF of CIP compared with infection pneumonia in acute myeloid leukemia and myelodysplastic syndrome (67).

Transbronchial biopsy is seldom used in the auxiliary diagnosis of CIP. In the few cases of transbronchial biopsy, pneumonia tissue after ICI showed inflammation and lymphocyte infiltration (39). Nandoo et al. collected 11 tissue samples by transbronchial biopsy (8/11), core biopsy (2/11) and wedge resection (1/11), and the histopathological results included 4 cellular interstitial pneumonitis, 3 organizing pneumonia, 1 diffuse alveolar damage and 3 no abnormalities identified (3).





3 Mechanisms of PD-1/PD-L1 Inhibitor-Induced Pulmonary Toxicity

Due to the lack of effective preclinical studies, the mechanism of PD-1/PD-L1 inhibitor-induced CIP in NSCLC patients is still unclear. Here, we summarize the factors that may be involved in CIP based on existing studies (Figure 2).




Figure 2 | The potential mechanisms of checkpoint inhibitor pneumonitis (CIP) in NSCLC patients receiving PD-1/PD-L1 inhibitor monotherapy. The occurrence of checkpoint inhibitor pneumonitis (CIP) in NSCLC is the result of a combination of many factors. Blockade of the PD-1-PD-L1 pathway by PD-1/PD-L1 mAbs (PD-1 mAb in the figure, for example) will upregulate and promote Th1 and Th17 cells and downregulate and inhibit Th2 cells and Tregs. Without immunosuppression of Th2 cells and Tregs, excessive immune responses and cytokine secretion of Th1 and Th17 cells will cause autoimmune damage in normal tissues such as the lung. In addition, autoantibodies increased after PD-1/PD-L1 blockade can also cause normal tissue lesions. Proinflammatory cytokines secreted by activated T cells promote the infiltration of inflammatory cells. Under the stimulation of IL-6, CRP produced by the liver will promote inflammation and strengthen autoimmunity. Through the “gut-lung axis”, gut microbiomes can regulate the immune microenvironment in the lung. Overall, the immune dysregulation caused by PD-1/PD-L1 blockade leads to the occurrence and development of CIP. NSCLC, non-small cell cancer; CIP, checkpoint inhibitor pneumonitis; PD-1, programmed cell death protein 1; PD-L1, programmed cell death protein ligand-1; mAbs, monoclonal antibody; Th, helper T cell; IL, Interleukin; CRP, C-reactive protein.




3.1 Disordered T Cell Subsets

PD-1/PD-L1 inhibitors can enhance the antitumor function of T cells (72). There is some evidence that T cells may be involved in the development of immune-related pulmonary complications. Increased infiltration of highly proliferative CD8+ T cells was observed in lung biopsy tissue from patients with NSCLC who developed chronic bronchiolitis obliterans organizing pneumonia after nivolumab treatment (37). Suresh et al. found that CD4+ T cells were significantly increased in BAL samples of CIP patients (mainly with NSCLC) after receiving anti-PD-1/PD-L1 inhibitors (73). Suzuki et al. reported that the proportion of CD8+ T cells with PD-1, Tim-3 and TIGHIT positivity in the BALF of patients with PD-1/PD-L1 inhibitor-induced ILD was significantly higher than that of patients with other types of ILD (74). All of these findings suggest dysregulated alveolar immunity in CIP patients. Kim et al. found significant elevation of Ki-67 (proliferation markers of PD-1+ CD8+ T cell) in metastatic NSCLC patients who received pembrolizumab or nivolumab. Various studies have shown that T cells are activated and infiltrate the lung tissue of CIP patients, which indicates the enhancement of antitumor effects. However, an excessive immune response may lead to damage to normal tissue.

When naïve T cells encounter antigens presented by antigen-presenting cells (APCs) in secondary lymphoid organs, they undergo differentiation/polarization processes according to cell division signals and become T helper 1 (Th1) cells, T helper 2 (Th2) cells, T helper 17 (Th17) cells or Tregs (72). Different T cell subsets may play different roles in irAEs.


3.1.1 Th1/Th2

A Th1/Th2 shift exists in tumor patients, and Th2 cells are often dominant (75). It has been suggested that the shift of Th1/Th2 cells may be related to the immune escape of tumors (76). Anti-PD-1/PD-L1 therapy can reverse Th1/Th2 in cancer patients by promoting the production of Th1 cells and inhibiting the production of Th2-related cytokines (77). However, Th1 cells may be the dominant response cell in the development of irAEs, as infiltration of Th1 cells has been observed in related tissues. Yoshino et al. reported nivolumab-related colitis in 2 patients with metastatic melanoma, whose pathological examinations of the colon showed infiltration of CD8+ T cells and T-bet-expressing Th1 CD4+ T cells (78). Kim et al. reported enrichment of T-bet + POPGT+ (Th1) and CXCR3 + T-bet + CCR6 + RORGT+ (Th17/Th1) cells in BAL CD4+ T cells of leukemia patients with respiratory symptoms after ICI-based therapy. Interestingly, most Th17/Th1 cells express PD-1 (79). These studies indicated that Th1 cells may be involved in the formation and development of anti-PD-1-associated pneumonitis. In addition, Th1 cells are also associated with some autoimmune diseases (80), which may explain autoimmune symptoms after PD-1/PD-L1 blockade.



3.1.2 Treg

Tregs are an important factor in maintaining immune tolerance. Nedoszytko et al. reported that Tregs with high activity can lead to immunosuppression and decrease the number of Th1 cells (81). Tregs express both PD-1 and PD-L1 (82). Amarnath et al. found that human Th1 cells transform into Tregs through the involvement of the PD-1/PD-L1 axis (83). Francisco et al. reported that PD-L1 plays an important role in converting naïve CD4+ T cells into induced Tregs (iTregs) as well as maintaining and strengthening their immunosuppressive function (82). When blocking the PD-1/PD-L1 axis, differentiation to Tregs may be prevented, and a decreased number of Tregs can be observed in the tumor microenvironment (TME) (84). This suggests that anti-PD-1/PD-L1 treatment could be a potential strategy to improve the anti-infective and antitumor immunity of T cells. However, immune-related damage occurs at the same time. In Francisco’s study, fatal immune-mediated pulmonary damage and iTreg differentiation were observed in vivo in PD-L1−/−PD-L2−/−Rag−/−recipients of naïve CD4+T and Rag−/−mice treated with a PD-L1 inhibitor (82). In addition, Suresh et al. found decreased expression of CTLA-4 and PD-1 on Tregs in the BALF of CIP patients, indicating the loss of the inhibitory phenotype of Tregs (73). Therefore, the lack and poor function of Tregs may lead to unchecked immune dysregulation, which may lead to irAEs such as CIP.



3.1.3 Th17

Th17 cells are a subset of T cells that produce IL-17. Th17 lymphocytes exist in the anatomic barrier, mainly in the digestive system and lungs (85). In previous studies, the antitumor role of Th17 cells seems to be contradictory. On the one hand, Th17 cells can recruit CD8+ cytotoxic T cells and promote their activation and expansion to inhibit the growth of tumors (86, 87). On the other hand, IL-17A produced by Th17 cells has been shown to enhance tumor angiogenesis (88). Jaclyn W. McAlees et al. found that the levels of Th1 and Th17 cells increased in naïve PD-1−/− mice, while the production of cytokines in polarized Th1 and Th17 cells in vitro was restricted in WT cells with PD-1 ligation (89). In this way, anti-PD-1 therapy may enhance the antitumor function of Th17 cells. Yun et al. found that under certain conditions, Th17 cells can transform into Th1 cells, lose the secretion of IL-17A, and then secrete interferon γ (IFN-γ), which plays a role in enhancing autoimmunity and antitumor activity (90). As mentioned above, Tregs can suppress the amplification of Th1 cells, but Tregs cannot inhibit the transformation of Th17 cells into Th1 cells (91). After blocking PD-1/PD-L1, the decrease in Tregs may lead to an imbalance in Treg/Th17 cells. The dysregulation of Treg/Th17 cells is related to a variety of autoimmune diseases (92), which may lead to autoimmune adverse events after PD-1/PD-L1 inhibitor treatment. The pathological presence of Th17 lymphocytes has also been described in the TME of many cancers, including lung cancer (93). In lung cancer mouse models, Th17 and IL-17 have been proven to be involved in tumorigenesis through their proinflammatory effects, as well as the occurrence of toxic effects such as interstitial pneumonia (94).




3.2 Increased Preexisting and Emerging Autoantibodies

An increasing series of studies have shown that the occurrence of irAEs may be associated with increased preexisting and emerging autoantibodies in human immunity. PD-1-targeted therapy leads to the dysfunction of Tregs and mediates the production of pathological autoantibodies in both PD-1-knockout mice and patients (95, 96). A multivariate analysis indicated that the presence of preexisting antibodies, such as rheumatoid factor (RF), antinuclear antibody, antithyroglobulin, and antithyroid peroxidase, was independently associated with the development of irAEs in different organs. It can be concluded that increased preexisting and emerging autoantibodies are probably involved in the mechanism of CIP. Salahaldin A. Tahir et al. found a median 1.34-fold significant increase in autoantibodies against CD74 after immune checkpoint therapy in patients with immune-related pneumonia, which suggested that CD74 autoantibodies play a role in pneumonitis (55). CD74, an autoantibody active protein, can stimulate the release of inflammatory mediators (97) as an intracellular chaperone of major histocompatibility complex class II (MHC-II) but is expressed on the cell membrane of immune cells, including macrophages (55). Taken together, the above results suggest that elevated levels of preexisting or emerging autoantibodies play a role in the development of immune-related adverse events.



3.3 Unbalanced Inflammatory Cytokines

Cytokines, a class of small molecular proteins with a wide range of biological activities, are mainly synthesized and secreted by immune cells. Cytokines have multiple biological functions, such as regulating innate immunity and adaptive immunity, influencing tumor growth and participating in inflammation (98). The pathophysiological mechanisms of immune-related adverse events are also thought to be mediated via cytokines. Lim and colleagues analyzed the expression of 65 cytokines in longitudinal plasma samples collected prior to therapy and during treatment in melanoma patients treated with ICIs alone or in combination. Eleven circulating cytokines (G-CSF, GM-CSF, Fractalkine, FGF-2, IFNα2, IL-12p70, IL-1α, IL1, IL-1RA, IL-2 and IL-13) were significantly upregulated at baseline and early during treatment and were associated with the development of high-grade irAEs (99). In a similar study, 40 cytokines were assessed in plasma. Shaheen Khan et al. found that the upregulation of various cytokines, especially induced C-X-C motif chemokine ligand (CXCL) 9, 10, 11 and 13 after ICI treatment, was closely associated with the development of irAEs (100). CXCL9, CXCL10 and CXCL11 can activate T cells by binding to C-X-C motif chemokine receptor (CXCR) 3 and have been implicated in a variety of autoimmune diseases, including thyroiditis, systemic sclerosis, and inflammatory bowel disease (IBD) (101). ICIs can activate T cells, leading to excessive release of cytokines and powerful proinflammatory reactions, which promote the development of irAEs.

Although a large number of cytokines related to the occurrence of irAEs have been found, a considerable lack of data has been reported about CIP in NSCLC patients during anti-PD-1/PD-L1 treatment. At present, there are three main types of cytokines related to the occurrence of CIP: C-reactive protein (CRP), IL-6 and IL-17.


3.3.1 CRP and IL-6

CRP is an acute phase protein that is secreted by liver cells in response to inflammatory cytokines such as IL-6 and tumor necrosis factor-α (TNF-α) (102). A retrospective study reported that serum CRP levels were significantly elevated in patients with irAEs, such as pituitary inflammation, hepatitis, thyroiditis and autoimmune colitis (103). IL-6 has a proinflammatory effect in the TME (104) and plays an active role in innate and adaptive immunity, such as the activation of Th cells, inhibition of Tregs, and differentiation of B cells (105). Several studies have shown that elevated levels of IL-6 after ICI treatment are closely related to irAEs, such as psoriasiform (89) and Crohn’s disease (106). Wussler, Kozhuharov et al. (107) have shown that IL-6 and CRP were significantly higher in patients with pneumonia. CRP and IL-6 levels are elevated in NSCLC patients who developed CIP after atezolizumab treatment compared with baseline levels (108). Therefore, the development of CIP may be attributed to the excessive activation of the immune system induced by CRP and IL-6 as well as its powerful pro-inflammatory properties. Taken together, the above results suggest that dysregulated immune activation and supraphysiological levels of CRP and IL-6 are involved in the mechanism of CIP in NSCLC patients.



3.3.2 IL-17

IL-17 is an important cytokine with diverse functions, playing an important role in autoimmune diseases and inflammation. IL-17 is expressed in CD8+ T cells, natural immune γδ T cells, NK cells and ILC3s in the lungs. The abnormal expression of IL-17 is associated with the pathology of many lung diseases, including asthma, pneumonia and pulmonary fibrosis (109). In addition, IL-17 has been found to be associated with the development of some irAEs, such as colitis (110) and psoriasiform dermatologic toxicity (111). Lou et al. showed that the levels of IL-17 in serum significantly increased in NSCLC patients with CIP following ICI treatment (112). The underlying mechanism may be that blocking PD-1 and PD-L1 could destroy immune tolerance and increase the activation of T cells (113), including the increase in Th17 cells in peripheral blood (114). An increase in the percentages of Th1 and Th17 cells can induce higher levels of IL-17A in plasma and BALF (71). It is worth noting that the levels of IL-17A and IL-35 increased when CIP was diagnosed and decreased during clinical recovery, indicating that IL-17A is related to the occurrence and development of CIP. Therefore, IL-17 may mediate off-target lung destruction in CIP.




3.4 Different Treatment Modes

A higher incidence and severity of CIP have been observed with anti-PD-1 therapy than PD-L1 inhibitors in patients with NSCLC, suggesting that the mechanisms of CIP induced by the two agents are not completely the same (28). The incidence and severity difference of CIP may be related to PD-1 ligands, including PD-L1 and PD-L2. It has been confirmed in animal models that the expression of programmed death ligand 2 (PD-L2) in tumor cells may inhibit antitumor immunity and may be involved in the resistance to monoanti-PD-L1 therapy (115). It is conceivable that the blockade of PD-L1 and PD-L2 with PD-1 inhibitors can reverse such resistance and enhance antitumor immunity. However, at the same time, the blockade of PD-1 triggers stronger T cell expansion and cytokine production without timely braking or clearing, which causes the occurrence of CIP (116). Cells expressing PD-L2 mainly include activated T cells, DCs, macrophages and Th2 cells (117). PD-L1 inhibitors do not influence the interaction between PD-L2 and its receptor PD-1, which is associated with immune tolerance in lung tissue. However, PD-1 inhibitors can not only block the interaction between PD-1 and its ligands PD-L1 and PD-L2 but also increase the binding of PD-L2 to repulsive guidance molecule b (RGMb). RGMb has been observed to be expressed in lung interstitial macrophages, alveolar epithelial cells and other cells of the immune system, such as CD4+ and CD8+ T cells (118). Blockade of PD-1-PD-L2 signaling has been observed to increase cytokine production and/or CD4+ T cell proliferation (119). Moreover, the increased interaction of RGMb–PD-L2 mediated by PD-1 inhibitors might disrupt the immune tolerance of lung tissue by increasing the vigorous clonal expansion of T cells that reside in the lung and then lead to the occurrence of pneumonitis (118) (Figure 3). Recently, the combination of radiotherapy and immunotherapy has attracted increasing attention. This combination therapy model has shown improved efficacy in patients with NSCLC (120). However, a history of previous radiotherapy may increase the incidence of CIP (42, 121). Myers and Lu found significantly elevated T cells in pulmonary tissues of C57BL/6 mice after combination therapy with anti-PD-1 and thoracic irradiation. They suggested that healthy tissue damaged by thoracic irradiation is more easily destroyed by T cells activated during ICI treatment, which may be the underlying mechanism of the increased incidence of CIP after radiotherapy (122). Furthermore, oxidative damage of DNA, overinfiltration of immune cells, upregulation of proinflammatory factors, and deposition of collagen induced by radiotherapy may alternate the immune microenvironment of the lung and make it more vulnerable to the stronger immune response caused by PD-1/L1 inhibitors (116, 123). A higher incidence of pneumonitis has been observed during the combination therapy of ICIs with other antitumor drugs, such as chemotherapeutic drugs (10) and EGFR tyrosine kinase inhibitors (TKIs) (124). The mechanisms underlying the increased risk of pneumonitis mediated by combination therapies are not clear. One of the reasons may be due to the additive effects of toxicities, and further preclinical studies are still needed to explore the exact mechanism.




Figure 3 | Schematic diagram of the difference in the mechanism of CIP mediated by PD-L1 inhibitor and PD-1 inhibitor monotherapy. The mechanisms of checkpoint inhibitor pneumonitis (CIP) induced by PD-1 inhibitors and PD-L1 inhibitors in patients with NSCLC are not completely the same and may be related to PD-1 ligands, including PD-L1 and PD-L2. PD-L1 blockade does not influence the binding between PD-L2 and its receptor PD-1, which is associated with immune tolerance in lung tissue. PD-1 inhibitors can simultaneously block the interaction between PD-1 and its ligands, including PD-L1 and PD-L2. The blockade of PD-1-PD-L2 signaling by PD-1 inhibitors has been observed to increase cytokine production and/or CD4+ T cell proliferation, which can increase the incidence and severity of CIP compared with PD-L1 inhibitors. Moreover, the application of a PD-1 inhibitor can increase the binding of PD-L2 to repulsive guidance molecule b (RGMb). RGMb has been observed to be expressed in lung interstitial macrophages, alveolar epithelial cells and other cells of the immune system. The interaction of RGMb–PD-L2 can increase T cell activity to self-antigens by increasing the clonal expansion of T cells that reside in the lung and then damage normal lung tissue. NSCLC, non-small cell cancer; CIP, checkpoint inhibitor pneumonitis; PD-1, programmed cell death protein 1; PD-L1, programmed cell death protein ligand-1; PD-L2, programmed cell death protein ligand-2; RGMb, repulsive guidance molecule b.





3.5 Other Potential Mechanisms

The regulation of gut microbiomes on immunity may be related to the effect and toxicity of immunotherapy (125–127). Gut microbiome transplantation has been reported to treat CTLA-4-associated immune colitis (128). Hakozaki et al. observed differences in gut microbiomes in advanced NSCLC patients with low- and high-grade irAEs (129). The role of microbiomes in the “gut-lung axis” formed by releasing immune substances or migrating to interact with microbiota colonized in the respiratory system has also attracted increasing attention. Increasing attention has been given to the role of the “gut-lung axis” formed by the interaction between microbiomes colonized in the gut and respiratory system (130, 131). Further research is needed to determine whether microbiomes play a role in CIP. Compared with gut microbiomes, there are few studies on the relationship between respiratory microbiomes and immunotherapy in cancer patients. Studies have shown that anti-PD-1 treatment can increase the alpha diversity and abundance of specific microbes (132, 133). Zhang et al. (134) found that featured respiratory microbes such as enriched Streptococcus may enhance antitumor immune responses by increasing antigen presentation and effector T cell function, which may increase the incidence of irAEs, including CIP.

Noncoding RNAs may also be involved in the regulation of irAEs. Marschner and colleagues observed a higher incidence of severe irAEs in different organs, including the lung, in mice lacking microRNA-146a (miR-146a). They recently detected SNPs in the miR-146a gene in humans and found that reduced miR-146a expression caused by SNP rs2910164 was related to an increased risk of severe irAEs, reduced progression-free survival and increased neutrophil counts both at baseline and during ICI treatment (135). Further research is still needed to determine whether and how miR-146a affects the development of irAEs, especially CIP.

In addition, B cells, natural killer (NK) cells, and dendritic cells may also be involved in the development of CIP after PD-1 blockade (136–138). The expression of PD-1 on NK cells has been observed in cancer patients (138). Hsu et al. (139) found that NK cells expressing PD-1 may mediate immunosuppression in tumors by interacting with PD-L1+ tumor cells. PD-1/PD-L1 blockade can activate the cytotoxicity of NK cells to tumors by releasing PD-1–imposed immune inhibition. When ICI treatment induces inflammation in nonmalignant lung tissue through various non-NK cell-mediated mechanisms, activated NK cells can directly kill infected cells and produce proinflammatory cytokines. Thus, NK cell activation mediated by PD-1/PD-L1 blockade may promote inflammation and aggravate damage to normal lung tissues.




4 Management of CIP

The treatment of CIP varies among the clinical grades of CIP. Current treatment options mainly include interruption of ICI therapy, glucocorticoid administration, and immunosuppressive medications such as intravenous immunoglobulins (IVIG), infliximab, cyclophosphamide, and mycophenolate mofetil (7, 14, 14, 139–142). There are several published guidelines that are involved in the management of CIP (14, 140, 143). These guidelines have issued different recommendations for patients with CIP according to their toxicity severity from grade 1 (mildest) to grade 5 (death associated with toxicity). For grade 1 CIP (asymptomatic), ICI might be considered holding while closely monitoring the symptoms of patients every 2–3 days with repeated chest CT scans and pulmonary function testing at least every 3 weeks. If any of the symptoms, radiographic testing or pulmonary function deteriorates, ICI therapy can be withdrawn, and systemic corticosteroid therapy should be initiated. Patients with grade 2 CIP need to withhold ICI therapy immediately and recommend systemic methylprednisolone treatment (0.5–1.0 mg/kg daily). Steroids can be administered orally or intravenously and taper over 4–6 weeks if symptoms improve after 48–72 h. Empiric treatment with antibiotics should start if infection is suspected. When no clinical improvement can be observed 48–72 hours after the beginning of steroid treatment, patients with CIP should be treated as grade 3–4. For grade 3–4 CIP, these patients should permanently discontinue ICI treatment and be hospitalized. Current guidelines recommend that methylprednisolone should be administered orally or intravenously at a dose of 2–4 mg/kg/day, along with empirical antibiotic therapy. If symptoms improve after 48–72 h, steroids should be tapered over 8 weeks. In contrast, if symptoms do not improve or deteriorate, additional immunosuppressive therapy should be considered. Currently, immunosuppressive agents mainly include IVIG, infliximab, cyclophosphamide, and mycophenolate mofetil (MMF) (14, 140, 143). In addition, IL-6 blockade (tocilizumab) may be a potential second-line treatment for CIP without affecting the efficacy of immunotherapy (144, 145). However, the agent still lacks clear evidence of efficacy and safety, which needs further investigation.



5 Potential Predictive Biomarkers of CIP

CIP is a life-threatening adverse event in some instances and possesses a higher rate in NSCLC than other tumor types. Thus, potential predictive biomarkers for CIP are necessary. The potential biomarkers reported to date mainly involve cell-based biomarkers, chemokines/cytokines, autoantibodies and genetics. In addition, there are some other emerging novel biomarkers on the rise, such as tumor genomics, microbiome and radiographic features (146). Recently, Lin et al. (147) conducted a real-world retrospective study to explore blood biomarkers related to the occurrence and prognosis of CIP in lung cancer patients. They found that increased levels of IL-6 and IL-10, neutrophil to lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and lactate dehydrogenase (LDH) or reduced absolute lymphocyte count (ALC) and albumin (ALB) levels during ICI treatment may act as biomarkers for the early diagnosis of CIP. Furthermore, squamous carcinoma may be related to an increased risk of CIP, and an increase in IL-6 levels along with a reduction in ALB levels at the onset of CIP were predictive of severe grade and poor prognosis of CIP. A case report has shown increased levels of several cytokines, including IL-1 receptor antagonist (IL-1 RA), IL2 RA and CXCL2, during radiation followed by ICI therapy, which indicates that these cytokines may be promising biomarkers for predicting the development of pneumonitis induced by combined therapy with radiation and ICIs (148). An increased level of anti-CD74 autoantibody pre- and posttreatment is considered a potential predictive biomarker for the development and timely treatment of CIP (55). Moreover, a high baseline absolute eosinophil count (≥0.125 ×109 cells/L) can serve as a biomarker for predicting an increased risk of CIP (54). Hoefsmit et al. extensively explored the susceptible genetic loci likely to be related to irAEs. They found that several immune-related genes, including surfactant protein C (SP-C), autoimmune regulator (AIRE), telomerase reverse transcriptase (TERT) and mucin 5B oligomeric mucus/gel forming (MUC5B), might contribute to predicting the development of CIP (149).



6 Discussion

CIP is rare but can be life threatening and accounts for 35% of PD-1 and PD-L1 inhibitor-related deaths. The incidence and onset time of CIP can vary due to different PD-1/PD-L1 agents. The excessive immune response caused by the extra blockade of PD-L2 with a PD-1 inhibitor may be involved in the onset of CIP. Combination therapy has a higher incidence of CIP than monotherapy, with a shorter median onset time. The possible mechanism is the overlap of pulmonary toxicity of different treatments.

In this article, we pay close attention to the clinical features of pulmonary irAEs during PD-1/PD-L1 blockade, implying that clinicians should monitor patients receiving anti-PD-1/PD-L1 therapy to optimize clinical safety and efficacy. The clinical symptoms of pulmonary toxicity, radiological examination, especially chest CT and BALF, play an important role in the diagnosis of CIP. Clinicians should be fully aware of the association between the presence of CIP and cancer outcomes in NSCLC, balancing the benefits and risks of immunotherapy and thereby identifying patients who would gain most from treatment.

There is growing evidence that several possible mechanisms are involved in the development of CIP, and it is clear that there are multiple factors at play, such as disordered T cell subsets, increased preexisting and emerging autoantibodies, unbalanced inflammatory cytokines, previous chest radiotherapy, previous lung disease and combined immunotherapy. Further prospective studies on the mechanisms of CIP are needed to provide a more comprehensive and robust management of CIP. Deep studies on the mechanism of CIP in NSCLC are still limited. Preclinical studies on the molecular and histopathology of irAEs are in progress. To better understand the mechanism, the establishment of animal models is necessary. At present, some models have been established (150, 151). However, there is still a lack of empirical evidence regarding whether the existing models can truly reproduce the complex tumor microenvironment in the human body and whether the models are repeatable. Furthermore, research on biomarkers is also underway (152–154), which will be instrumental in the prediction, diagnosis and monitoring of CIP. Further research should aim to explore a series of biomarkers that can efficiently and timely predict the development, diagnosis, treatment and prognosis of CIP to achieve early detection and diagnosis of CIP.

Immunotherapy has crossed the gap of cancer treatment. As the main immune checkpoint inhibitors for the treatment of NSCLC, the combined treatment of PD-1/PD-L1 and CTLA-4 inhibitors has a better response and long-term cancer control, but it increases the incidence of CIP (155, 156). The emergence of novel checkpoint inhibitors, such as LAG-3, TIM-3, TIGHT, VISTA inhibitors and dual immunomodulators (targeting PD-1 and LAG-3), may change the existing immunotherapy strategies (157, 158). However, when it brings possible synergy, it may also bring potential irAEs. More clinical trials on the efficacy and safety of novel immune checkpoint inhibitors and combination therapies are needed. As a new therapeutic method, chimeric antigen receptor T cell (CAR-T) immunotherapy has played an increasingly important role in cancer treatment. A recent study reported that the recruitment and infiltration of CAR-T cells in NSCLC tumors can be enhanced when combined with a PD-1 inhibitor and immunogenic chemotherapy (159). Whether the combination of immunotherapies will affect the incidence and severity of irAEs needs more clinical data. For the treatment of NSCLC, various new immunotherapy modes, such as new immune checkpoint inhibitors, CAR-T therapy, ICIs combined chemoradiotherapy and targeted therapy, still need to balance efficacy and safety to optimize the optimal treatment regimen.

Understanding the mechanism of CIP will help to better manage patients with adverse events. At present, glucocorticoids are the main treatment, but some irAEs are insensitive to glucocorticoid. Mechanism-based therapy can improve symptoms, avoid treatment interruption or dose reduction due to irAEs, and finally prolong overall survival.
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Background

Programmed death-ligand 1 (PD-L1) assessment of lung cancer in immunohistochemical assays was only approved diagnostic biomarker for immunotherapy. But the tumor proportion score (TPS) of PD-L1 was challenging owing to invasive sampling and intertumoral heterogeneity. There was a strong demand for the development of an artificial intelligence (AI) system to measure PD-L1 expression signature (ES) non-invasively.



Methods

We developed an AI system using deep learning (DL), radiomics and combination models based on computed tomography (CT) images of 1,135 non-small cell lung cancer (NSCLC) patients with PD-L1 status. The deep learning feature was obtained through a 3D ResNet as the feature map extractor and the specialized classifier was constructed for the prediction and evaluation tasks. Then, a Cox proportional-hazards model combined with clinical factors and PD-L1 ES was utilized to evaluate prognosis in survival cohort.



Results

The combination model achieved a robust high-performance with area under the receiver operating characteristic curves (AUCs) of 0.950 (95% CI, 0.938–0.960), 0.934 (95% CI, 0.906–0.964), and 0.946 (95% CI, 0.933–0.958), for predicting PD-L1ES <1%, 1–49%, and ≥50% in validation cohort, respectively. Additionally, when combination model was trained on multi-source features the performance of overall survival evaluation (C-index: 0.89) could be superior compared to these of the clinical model alone (C-index: 0.86).



Conclusion

A non-invasive measurement using deep learning was proposed to access PD-L1 expression and survival outcomes of NSCLC. This study also indicated that deep learning model combined with clinical characteristics improved prediction capabilities, which would assist physicians in making rapid decision on clinical treatment options.





Keywords: deep learning, PD-L1 expression, survival, lung cancer, radiomics



Introduction

Lung cancer, one of the most common types of cancer, occupies the leading cause of malignant mortality (1). In China, only 17.3% of lung cancer patients were stage I at primary diagnosis and 5-year survival was under 20% (2). On the basis of its histological types, non-small cell lung cancer (NSCLC) accounts for about 85% of all cases (3). It is a critical trend to develop individualized therapeutic schemes based on comprehensive usage of multiple-modality data for NSCLC patients.

Programmed cell death-ligand 1 (PD-L1), a ligand of programmed cell death 1 (PD-1), frequently overexpressed on the surface of cancer cells to invade the anti-tumor immunity through PD-1/PD-L1 pathway (4). Thus, numerous clinical trials were conducted to evaluate the efficacy of immunotherapy targeted PD-1/PD-L1 pathway (5–7). However, the IMpower150 trial indicated high expression (≥50%) of PD-L1 showed a better outcome for NSCLC received atezolizumab than lower expression of PD-L1 (6). Furthermore, KEYNOTE-042 presented the similar results (7). Thus, National Comprehensive Cancer Network (NCCN) Guidelines proposed that immunohistochemistry should be applied to assess the expression of PD-L1 and further guide immunotherapy (8). Nevertheless, immunohistochemistry requires invasive procedure to obtain the samples of NSCLC, and sample quality influences the results of PD-L1 expression to a great extent (9). Thus, other alternative methods to measure the PD-L1 status would greatly assist clinical decision support, especially for insufficient available samples or immunohistochemistry failure.

Recently, state-of-the-art artificial intelligence (AI) methods such as deep learning have been applied to screen lung cancer, assist the drug efficacy and prognosis prediction (10–13). Previous study used deep learning on whole-slide images to assist pathologists in the precise assessment of immunotherapy-related biomarkers (14). However, it still remains a challenging issue of invasive, intertumoral heterogeneity and dynamic changes. As a convenience and one that is routinely available in clinical practice, CT images reflect the whole information of an entire tumor non-invasively. A recent study has constructed deep learning model to predict PD-L1 expression (≥50%) with high performance (area under the receiver operating characteristic curve, AUC ≥0.71), which could help to predict the efficacy of immunotherapy in patients with NSCLC and indicate a direction for molecular prediction utilizing deep learning (15). However, previous studies mainly classified binary patterns on basis of relatively small samples, and the prediction of detailed classification were warranted for further investigation.

Thus, we proposed a non-invasive deep learning model based on radiomic signature from pretreatment CT images to predict the PD-L1 status and overall survival (OS) in lung cancer, guiding the clinical practice.



Methods


Patients’ Cohort and Data Collection

This retrospective study was approved by the institutional research board of the West China Hospital of Sichuan University. A total of 1,274 non-small lung cancer patients diagnosed between January, 2016, and April, 2019 were enrolled in this study. Written informed consent was waived because the data used for system development were anonymized by removing personal information. All patients met the following inclusion criteria: 1) pathological analysis of tumor tissues confirmed non-small cell lung cancer; 2) chest CT examinations were available; and 3) PD-L1 expression signature (PD-L1ES) was detected (<1%, 1–49%, ≥50%) in immunohistochemical (IHC) assays performed on the Ventana Benchmark platform (SP142 antibody). Patients were excluded if: 1) basic clinical information (such as age, sex, and PD-L1ES) were missing; 2) preoperative treatment or the time between CT examination and subsequent surgery exceeded 1 month; 3) CT images were of low quality; and 4) molecular testing results were difficult to determine. After screening with the exclusion criteria, the PD-L1ES prediction cohort (n = 1,135) for classifying PD-L1 expression signature was built (Supplementary Figure 1). Moreover, the survival cohort was created to examine the association between various factors and prognosis prediction. The inclusion criteria for building the survival cohort were: 1) clear clinical information was provided including smoking history, family history, histopathology such as lung adenocarcinoma (LUAD), squamous cell carcinoma (LUSC), etc.; 2) treatment status (surgery, chemotherapy, radiation therapy, targeted therapy, immunotherapy etc.) and survival outcome were all gathered from medical records or telephone follow-up. Finally, the survival cohort included 811 patients who were admitted to the West China Hospital of Sichuan University and followed up to June 2021.



Data Pre-Processing

This study consisted of two datasets: the PD-L1ES prediction dataset (n = 1,135) and the survival dataset (n = 811). The PD-L1ES dataset was divided into three categories based on different levels of PD-L1ES, namely, low PD-L1ES <1%, medium PD-L1ES 1–49%, and high PD-L1ES ≥50%, aiming to predict molecular events based on PD-L1 expression status. The survival cohort was utilized to create an accessing model to investigate the association between survival risk factors and overall survival (OS). In this study, the training and testing cohorts from both datasets were randomly partitioned with a ratio of 4:1, and five-fold cross validations were used for model development and validation.

To address the imbalance of three PD-L1ES groups, we adopted a joint re-weight strategy and re-sampling approach, such as up-sampling the short-tail instances and down-sampling the long-tail ones. Moreover, in order to enhance the learning capacities of the developed models, we employed a combination of tactics (radiomics model: low-level feature; deep learning model: high-level feature, clinical model: semantic feature). Our combination model extracted CT-based deep learning features, CT-based radiomic features, and clinical record-based clinical data for each patient. Two groups of experienced radiologist specialists delineated the particular contour of the entire tumor and the region of interest (ROI) for that tumor was determined accordingly. All ROIs were resized to the same resolution of 36 ∗ 36 ∗ 36 cubes for deep feature extraction using third-order spline interpolation and normalized to 0–255 using pre-computed windowing information of lung. To make the full use of the enrolled data for clinical information extraction, the k-nearest neighbor (KNN) technique was first utilized to impute missing clinical values.



Establishment of the Low-Level Feature Model

For each tumor cube and its paired segmentation mask, a dedicated open-source Python library called PyRadiomics (http://www.radiomics.io; v3.0.1) was applied to perform radiomic phenotypic feature extraction from the three-dimensional ROI. Our study used it to automatically extract 1,672 radiomic characteristics for each cube-mask pair, namely, first-order, size, shape, and texture features. The least absolute shrinkage and selection operator (LASSO) method was applied for feature dimensionality reduction to select radiomic features with high stability and repeatability of radiological properties. L1 penalty was used to shrink some regression coefficients to exactly zero. Following that, we calculated the partial probability deviation on each radiomic characteristics of that tumor, and removed radiomic characteristics with low variance (less than 0.6), yielding a total of 107 features for each cube-mask pair, comprising of first-order (18 features), shape (14 features), and texture (75 features).

We established a gradient boosting regressor on the extracted radiomic features for survival analysis. Gradient boosting was a traditional machine-learning approach used in high-dimensional data analysis for classification and regression applications. It was an ensemble model that comprised of numerous weak learners and output the sum of their results. Based on correcting the error of the predecessor learner, each weak prediction model approximated a feature screening function. The gradient descent approach gave guidance for the direction of the ensemble model’s development, allowing the model to attain higher and more resilient performance. We utilized the coefficient of determination (R2) score as an assessment metric to determine the parameters of the model on our dataset. A higher R2 score (from 0 to 1) indicated greater consistency between the predictive value with the ground truth. Through a series of tests, hyper-parameter optimization was carried out in line with the assessment outcomes of both training and test set data. As a result, the generalization capability of the regressor could be ensured, and we finally acquired the radiomic features.

To comprehensively investigate the performance of several classifiers in the PD-L1ES prediction challenge, we also combined the aforementioned radiomic feature with other imaging features to predict the PD-L1ES. While the random survival forest machine-learning technique was used to generate the radiomics model and a radiomics score (Rad-score) for survival analysis and risk stratification. A higher Rad-score indicated a higher risk of progression or a shorter overall survival, representing the average projected number of events across all trees in the constructed forest.



Establishment of the High-Level Feature Model

In our study, the high-level feature model also had two components: a 3D ResNet model as the feature extractor to obtain deep learning features and the specialized classifier/regressor for the prediction task.

The deep learning feature extraction module received the ROI cubes of the CT image as input. Compared to general 2D image processing, 3D ResNet could take 3D context into consideration and capture more complementary information from various slices of the same tumor, and thus make better decision given the 3D features. Pertaining to the small-sized 3D tumor volume, we modified the traditional 3D ResNet by neglecting the sub-sample operation in the conv stem layers so as to retain as much detailed texture information as possible. Finally, ResNet totally sub-sample to 1/8 of the original input compared to 1/32 in the vanilla ResNet. Transfer learning was also applied in our deep feature extraction model, where model parameters learned from large scale data from another domain were used to aid our target learning tasks (prediction and evaluation tasks) in a new environment. Such an approach would minimize the number of training epochs, expedite model convergence, and, to some extent, prevent over-fitting. The deep learning features obtained from the PD-L1ES prediction task were also employed for the evaluation task afterwards.

We built a 3D ResNet to predict different levels of PD-L1 expression signature (low PD-L1ES, medium PD-L1ES, and high PD-L1ES). The 3D ResNet was composed of a feature extraction backbone and a classification head. The classification head used a binary cross-entropy loss function to back-propagate the loss error. All the layers in the 3D ResNet backbone were initialized with pre-trained weights, while other parameters were randomly initialized. We trained all models for 40 epochs. The learning rate was set to 0.02 and decayed by a factor of 10 after the 20th and 35th epochs respectively.

In addition, we used the trained 3D ResNet to extract deep learning features to retrieve the survival risk and integrated it with other mined features to create the combination model for the prognosis task. From these stable features, the deep learning features that contributed the most to OS were chosen to provide a deep learning score (DL-score), and an ideal score was cut-off using the X-tile software to distinguish between high and low progression risk.



Establishment of the Multi-Source Features Fusion Model

In this study, two tasks were performed: PD-L1ES prediction and the prognosis evaluation (Figure 1). Besides the extracted imaging features, the clinical features were employed to offer extra semantic information for both tasks. To identify potential important variables in the clinical feature, a Kaplan–Meier curve with log-rank test and a univariate Cox proportional-hazards model were used (clinical factors and PD-L1ES). Factors with a P-value <0.05 were included to format the clinical features. Factors were transferred to one-hot encoding into a high-dimensional vector space for the prediction task, and they were employed in the multivariate Cox proportional-hazards regression to build the clinical model for the survival analysis task.




Figure 1 | Overall workflow of study design. The upper part showed the overall method of the study, while the lower part represented the analysis of the model. Original CT imaging data with manually labeled tumor images, comprehensive patient clinical information, overall survival, and PD-L1 expression signature were included in the data processing step. The deep learning, radiomics and clinical features were retrieved using the tumor ROI or clinical records during the feature extraction step. All features were utilized to predict PD-L1 expression signature and evaluate patient survival. PD-L1ES, PD-L1 expression signature; ROI, region of interest.



We totally established two combination model (multi-source features model), one for the PD-L1ES identification task and the other for the survival analysis task. For the PD-L1ES prediction task based on the deep learning features, radiomic features and the one-hot clinical features were fused by a self-adapted fully-connected layer to generate the fusion embedding. For the prognosis prediction task, the deep learning features and the radiomic features were treated as Rad-score and DL-score to build the univariate for risk stratification. Then, to build the combination model, a multivariate Cox proportional-hazards model with the lowest Akaike information criteria was used to combine the Rad-score, DL-score, and high-relevance clinical risk variables.



Statistical Analysis

The following measures were used to assess the performance of classifiers: AUC, accuracy, sensitivity, and specificity. The DeLong technique was used to calculate the 95% confidence intervals (CIs) for the AUC. All statistical tests were two-tailed, with statistical significance set at P <0.05 was considered as significant. OS, measured from the diagnosis to death or the last follow-up, was generated using the Kaplan–Meier method, and differences in OS were examined using the log-rank test. Hazard ratios (HRs) were presented with their 95% CIs. The risk stratification capability was assessed by using the Kaplan–Meier survival curve and log-rank test. The optimal Rad-score and DL-score cut-off values were determined by X-tile software (version 3.6.1, Yale University).




Results


Clinical Characteristics

After screening 1,274 patients with lung cancer who had molecular test, a total of 1,135 eligible patients who met the criteria were identified in prediction cohort, namely, 722 (63.6%) patients with PD-L1ES <1%, 50 (4.4%) patients with PD-L1ES 1–49%, and 363 (32.0%) patients with PD-L1ES ≥50% (Supplementary Figure 1). The mean age was 58.77 ± 10.66 years (Table 1). Women were predominant (582/1135, 51.3%), and more than 60% were never smokers. In terms of treatment, 784 patients (69.1%) received surgery, while 222 patients (19.6%) received radiation. Furthermore, 295 patients received chemotherapy and 386 patients receiving targeted treatment accounted for 26% and 34%, respectively. In terms of TNM stage, the majority of patients were in stage I (n = 498, 43.9%) and stage IV (n = 321, 28.3%), respectively. According to the data split strategy, 908 patients were utilized for training and internal validation, and 227 patients were used for external validation. Meanwhile, PD-L1ES survival cohort included 811 patients with complete follow-up information (Supplementary Figure 1 and Table 1).


Table 1 | Clinical characteristics of patients used to measure PD-L1ES and survival analysis.





Detection of PD-L1 Expression Status

The combination model achieved excellent performance to predict PD-L1 expression status than radiomics and deep learning methods (Figure 2). The ROC curve, confusion matrix and the model score distribution of PD-L1ES classification illustrated the performance of radiomics model with AUCs of low PD-L1ES 0.890 (95% CI, 0.871–0.916), medium PD-L1ES 0.851 (95% CI, 0.772–0.922), and high PD-L1ES 0.880 (95% CI, 0.858–0.908), respectively. Meanwhile, the deep learning model yielded AUCs of 0.902 (95% CI, 0.885–0.923), 0.863 (95% CI, 0.771–0.972), and 0.901 (95% CI, 0.881–0.927) for PD-L1ES <1%, 1–49%, and ≥50% in validation cohort, respectively. The AUC of the combination model also have the appreciable effect of low PD-L1ES 0.950 (95% CI, 0.938–0.960), medium PD-L1ES 0.934 (95% CI, 0.906–0.964), and high PD-L1ES 0.946 (95% CI, 0.933–0.958). The violin diagram of model score indicated that the predictive performance of deep learning was better than the performance of the radiomics model, and the combination model achieved the best predictive performance in terms of the PD-L1 ES identification.




Figure 2 | The model performance in the prediction of PD-L1ES. The figure contained three groups of result analysis, including ROC curve, confusion matrix, and score distribution. The red line depicted low PD-L1 expression performance, the green line depicted medium PD-L1 expression performance, and the blue line depicted high PD-L1 expression performance. (A–C) The performance of the radiomics model. (D–F) The performance of the deep learning model. (G–I) The performance of the combination model. PD-L1ES, PD-L1 expression signature.



Through the CAM visualization of the prediction model, the center of tumor region was identified as an important area for PD-L1 status classification with darker response color (Figure 3). It may provide clinicians with a biopsy position to as much as possible avoid misdiagnosis caused by intra-tumor heterogeneity.




Figure 3 | The illustration of deep learning feature heatmap to predict PD-L1 expression. The first and second rows visualize the attention regions of a network for distinct mutant categories; the third row shows the origin tumor image in the 3D volume. PD-L1ES, PD-L1 expression signature.





Exploring Characteristics Associated With OS

According to the Kaplan–Meier survival analysis (Supplementary Figure 2), smoking history (P <0.001), surgery (P <0.001), chemotherapy (P <0.001), TMN stage (P <0.001), and cancer stage (P <0.001) were all significantly associated with OS. Patients with a smoking history had a considerably lower OS than those with no smoking history, and patients who had surgery had a significantly superior OS than those who did not. Then, taking into account the influence of clinical factors on OS, we built the clinical model using forest plots (Figure 4A) and selected the hazard ratio correlation with patient survival, followed by the multivariate analysis cox proportional-hazards regression (C-index of clinical model: 0.86). The clinical model was then verified using subgroup stratified analysis to see whether it could predict prognosis in individuals with various PD-L1ES. The patients in each group were classified by regression score as high or low risk of disease progression.




Figure 4 | Forest plots of clinical model (A), the combination model with radiomics score and deep learning score (B). PD-L1ES, PD-L1 expression signature; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; Rad, radiomics; DL, deep learning.





Validation of the PD-L1ES in Survival Analysis

Rad-score, DL-score, and clinical relevant features were used to create the combination model. We employed the multivariate Cox regression model to assess the importance of these characteristics in predicting OS. Furthermore, the forest plots of the combination model showed that cancer stage (HR = 26.18, P = 0.017), surgery (HR = 0.30, P = 0.007) and DL-score (HR = 0.23, P = 0.006) were independent predictors for OS. The performance of the combination model with a C-index of 0.89 was superior than the clinical model with a C-index of 0.86 (Figures 4A, B). Prognostic performance in different subgroups was compared by different models of low PD-L1ES <1%, medium PD-L1ES 1–49% and high PD-L1ES ≥50% to stratify the subgroup into low-risk and high-risk groups (Figure 5). The deep learning model score and combination model score achieved excellent discriminative ability regardless of three groups (all P <0.05).




Figure 5 | Kaplan–Meier curves of overall survival prediction in different PD-L1 ES groups. K–M curves were stratified by (A–C) Rad-score, (D–F) DL-score, (G–I): combination-score to identify high-risk and low-risk groups. PD-L1ES, PD-L1 expression signature; Rad, radiomics; DL, deep learning.






Discussion

According to the NCCN guidelines, PD-L1 expression levels of patients with lung cancer have a marked effect on clinical decision whether to use single-agent immunotherapy or interpretation chemotherapy (8). In this study, we constructed an alternative non-invasive measurement of accessing PD-L1 status and a prognostic model of predicting OS with high accuracy. It would be of paramount importance on clinical decision support, especially when tissues were not available.

The paradigm treatment of lung cancer patients varied according to different status of PD-L1 (16). The level of PD-L1 expression was presented as TPS given as <1%, 1–49%, and ≥50%. Atezolizumab single treatment was the preferred recommendation for patients with a PD-L1 expression status of ≥50% (17). While nivolumab combined with ipilimumab was first-line treatment for patients with PD-L1 expression status of ≥1% (18, 19). At the same time, PD-L1 expression status were useful for deciding whether to use single-agent immunotherapy or immunotherapy combinations as well (20, 21). Therefore, the study defined 1% and 50% as cut-off values. The predictive model could accurately evaluate the expression of three classifications, which was more in line with the clinical standard treatment needs.

Conventional assessment of PD-L1 TPS was a time-consuming task due to intertumoral heterogeneity, inter-observer variability, and different antibodies with various possible staining properties (22, 23). As a non-invasive and repeatable method, deep learning based on CT images provided a novel solution. Previous studies have confirmed the application of radiomics and deep learning on accessing PD-L1 status (Table 2) (15, 24–31). The latest research proposed a small-residual-convolutional-network (SResCNN) of PET/CT images to discriminate between PD-L1 positive and negative patients (1% cut-off, Dako22C3 antibody) with AUC of ≥0.82 in the training, validation, and testing cohorts (24). The current work was the single largest study population of patients with NSCLC and achieved excellent performance of prediction. However, the challenges of AI faced on the path to clinical adoption cannot be ignored. For instance, the interpretability hindered the widespread of the models. In this study, we utilized heatmap for visualization of deep learning, but the principle of pathophysiology was still inexplicable. Several studies indicated high-response areas of deep learning model based on PET/CT images to predict PD-L1 ES could recognize the necrotic region of lung cancer (24, 32). One possible explanation was that hypoxia leaded cell necrosis while upregulating PD-L1 through hypoxia-inducible factor 1α (33). Therefore, continuous optimization and exploration were warranted for AI-based software to improve patient care ultimately.


Table 2 | Recent studies of predicting PD-L1 status on CT images by radiomic or deep learning in lung cancer patients.



Although PD-L1 expression level was widely used, it was not an ideal biomarker for treatment efficacy and prediction model. A phase III randomized trial suggested that TMB might be a useful immune biomarker for deciding whether to use immunotherapy in patients with metastatic NSCLC (18). Moreover, a radiomic signature for CD8 cells that included eight variable CD8 cell radiation signatures containing eight variables to infer clinical outcomes for patients with cancer who had been treated with anti-PD-1/PD-L1 (34). In this study, prognostic models based on usual clinical characteristics or deep learning features were established. Only the comprehensive model combined Rad-score, DL-score, and clinically relevant features achieved superior prediction performance. This indicated the complementarity of radiology image features and clinical variables, and potential of deep learning in precise prognostic assessment.

The current study has some limitations. First of all, this was a single-center study with patients tested with SP42. The model required more central data for verification. Second, this retrospective research cannot avoid the biases of patient selection and detection results. For example, the small number of PD-L1 ES 1-49% group may limit the performance of model. Unfortunately, due to the small number of immunotherapy treatments, we did not predict the efficacy of immune checkpoint inhibitors, which was the direction of our future efforts. Thirdly, this study focused on multi-class prediction for PD-L1 expression, which was unable to cover all actionable biomarkers. Large-scale prospective samples from multi-centers are warranted for investigation in the future.



Conclusion

In conclusion, a non-invasive method to measure PD-L1 expression status and infer clinical outcomes was proposed. This deep learning model combined with clinical variables has showed excellent performance, which has potential to effectively manage the personalized treatment of NSCLC patients.
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Supplementary Figure 1 | The illustration of eligible patients enrolled in this study. (A) PD-L1 ES prediction (N=1135); (B) Survival cohort (N=811).

Supplementary Figure 2 | Kaplan-Meier curves of overall survival prediction based on clinical model. K-M curves were stratified by (A) age; (B) sex; (C) smoking history; (D) histopathology; (E) PD-L1 ES; (F) surgery; (G) chemotherapy; (H) immunotherapy; (I) T-categories; (J) N-categories; (K) M-categories; (L) stage.
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Immune checkpoint blockade (ICB) of the PD-1 pathway revolutionized the survival forecast for advanced non-small cell lung cancer (NSCLC). Yet, the majority of PD-L1+ NSCLC patients are refractory to anti-PD-L1 therapy. Recent observations indicate a pivotal role for the PD-L1+ tumor-infiltrating myeloid cells in therapy failure. As the latter comprise a heterogenous population in the lung tumor microenvironment, we applied an orthotopic Lewis Lung Carcinoma (LLC) model to evaluate 11 different tumor-residing myeloid subsets in response to anti-PD-L1 therapy. While we observed significantly reduced fractions of tumor-infiltrating MHC-IIlow macrophages and monocytes, serological levels of TNF-α restored in lung tumor-bearing mice. Notably, we demonstrated in vivo and in vitro that anti-PD-L1 therapy mediated a monocyte-specific production of, and response to TNF-α, further accompanied by their significant upregulation of CD80, VISTA, LAG-3, SIRP-α and TIM-3. Nevertheless, co-blockade of PD-L1 and TNF-α did not reduce LLC tumor growth. A phenomenon that was partly explained by the observation that monocytes and TNF-α play a Janus-faced role in anti-PD-L1 therapy-mediated CTL stimulation. This was endorsed by the observation that monocytes appeared crucial to effectively boost T cell-mediated LLC killing in vitro upon combined PD-L1 with LAG-3 or SIRP-α blockade. Hence, this study enlightens the biomarker potential of lung tumor-infiltrated monocytes to define more effective ICB combination strategies.
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Introduction

Clinical blockade of the Programmed Death-1 (PD-1, CD279) pathway using monoclonal antibodies (mAbs) was added to the first-line treatment arsenal for advanced non-small cell lung cancer (NSCLC) patients in 2016 (1). This is justified by unprecedented tumor regression and long-term survival benefit in patients upon immune checkpoint blockade (ICB) of PD-1 or its ligand PD-L1 (CD274, B7-H1). However, most patients do not benefit from ICB, while responders often relapse or suffer from immune-related adverse events (2). This highlights the need for continued research in resistance mechanisms to identify additional druggable targets that can embellish the overall survival outcome for NSCLC patients to anti-PD-(L)1 therapies (3).

Preclinical studies suggest that PD-(L)1+ tumor-infiltrating myeloid cells, rather than tumor cells, determine the efficacy of ICB (4–12). In NSCLC, myeloid cells comprise a heterogeneous population of monocytic and granulocytic cells, including inflammatory, residential or Tie2+ angiogenic monocytes; alveolar next to monocyte-derived macrophages with divergent degrees of MHC-II expression; conventional type 1 and 2 dendritic cells (DCs); granulocytes like neutrophils and eosinophils, but also platelets and mast cells. Moreover, they have been shown to express PD-1 and PD-L1, vary in numbers and associate with tumor progression, immunosuppression, and therapy resistance (9, 13–17). Notably, anti-PD-L1 therapy has been shown to improve the immunostimulatory properties of particular myeloid cell subsets (18–21). Moreover, two recent studies reported that anti-PD-L1 therapy induces a systemic alteration of the monocytic compartment in NSCLC patients (22, 23). Nevertheless, how treatment with anti-PD-L1 mAbs affects the composition and function of different lung tumor-infiltrating myeloid subsets in an orthotopic NSCLC model has not been addressed so far.

In search for druggable targets to combine with ICB, we investigated the hypothesis that anti-PD-L1 therapy can induce myeloid cell-mediated resistance mechanisms to ICB therapy. Therefore, we mapped the impact of anti-PD-L1 therapy on 11 different lung tumor-infiltrating myeloid subsets in an ICB-unresponsive tumor model. More specifically we used an orthotopic Firefly luciferase (Fluc)-expressing squamous Lewis Lung Carcinoma (LLC) model to demonstrate that anti-PD-L1 therapy specifically decreases the fraction of MHC-IIlow macrophages and monocytes within the lung tumor microenvironment. We further demonstrate that anti-PD-L1 therapy stimulates TNF-α secretion in vivo as well as in vitro with a prominent role, as source and sentinel, for the tumor-infiltrating monocytes. Moreover, the latter rendered more immunosuppressive monocytes demonstrated by elevated expression levels of the alternative checkpoint molecules VISTA, LAG-3, SIRP-α and TIM-3. Importantly, in vitro co-blockade of PD-L1 with LAG-3 or SIRP-α strongly boosted cytotoxic T cell (CTL)-mediated LLC killing. As the latter phenomenon was completely abolished in the absence of monocytes, this suggests a crucial role for monocytes in ICB combination effectiveness.



Materials and Methods


Mice, Cell Lines and Reagents

Six-week-old female C57BL/6J mice and transgenic OT-I mice were purchased from Charles River. All animals were handled according to the institutional guidelines, approved by the Ethical Committee Dierproeven (ECD) of the Vrije Universiteit Brussel for use of laboratory animals (ECD file numbers: 18-214-1, 18-281-9 and 20-214-12).

Lewis lung carcinoma (LLC) cells, kindly provided by Prof. Jo Van Ginderachter (VUB), were lentivirally transduced to express Firefly luciferase (LLC-Fluc) as described (24). For LLC-specific killing analysis, LLC cells were transduced with lentivectors encoding enhanced green fluorescent protein (eGFP) and ovalbumin (OVA), or Katushka (Kat) to generate LLC-eGFP/OVA or LLC-Kat, resp. Lentivector generation and cell line transductions are described in the Supplementary Methods. All LLC lines were maintained in DMEM+ i.e., Dulbecco’s-Modified-Eagle’s-Medium supplemented with 10% fetal bovine serum (FBS, TICO Europe), 100 units/mL penicillin, 100 µg/mL streptomycin and 2 mM L-Glutamine (all Sigma-Aldrich) at 37°C, 5% CO2, 21% O2 and 95% humidity level.

In vivo and in vitro recombinant mAb treatments were performed with rat IgG2b, K anti-PD-L1 mAb (clone: 10F9G2), rat IgG1, K anti-TNF-α mAb (clone: MP6-XT22); Ultra-LEAF Purified rat IgG1, K anti-mouse CD223 (LAG-3) mAb (clone: C9B7W), Ultra-LEAF Purified Armenian Hamster IgG anti-mouse PD-1H (VISTA) mAb (clone: MH5A), Ultra-LEAF Purified rat IgG1, K anti-mouse CD172a (SIRP-α) mAb (clone:P84), all from Biolegend next to InVivoMAb rat IgG2a, K anti-mouse TIM-3 mAb (clone: RMT3-23) from BioXcell. The according isotype controls were: Ultra-LEAF™ Purified rat IgG2b, K isotype control (Ctrl) mAb (clone: RTK4530) and rat IgG1, K Ctrl mAb (clone: RTK2071), both from Biolegend. All recombinant antibodies used to stain cells for flow cytometry are listed in Supplementary Table 1.



Murine Tumor Cell Transfer, Treatment, and Monitoring

Mice were injected intravenously with 5x1e5 LLC-Fluc cells dissolved in 200 µl phosphate-buffered saline (PBS, Sigma-Aldrich). Control mice were challenged with 200 µl PBS only. Four days after LLC-Fluc challenge, mice were treated with four intraperitoneal injections of 200 µg anti-PD-L1 or rat IgG2b, K Ctrl mAb dissolved in 200 µl PBS given at 3-day intervals (days 4, 7, 10 and 13). To evaluate TNF-α blockade, 125 µg of anti-TNF-α or rat IgG1, K Ctrl mAb was administered on days 7, 10 and 13 instead. Tumor progression was monitored by body weight follow-up and in vivo bioluminescence imaging (BLI) as previously described (25). Briefly, mice were imaged for 7 min using the PhotonImager Optima (Biospace Lab), exactly 5 min after intravenous administration of 30 mg/kg substrate D-luciferin (Promega). Upon euthanasia, whole lungs were weighed and processed for whole-lung imaging or single-cell analysis.



Preparation of Single-Cell Suspensions

Upon cervical dislocation, murine lungs were perfused with 5 ml PBS and transferred to 1 ml Roswell-Park-Memorial-Institute-1640 medium (RPMI-1640, Sigma-Aldrich) with 300 U/ml collagenase-I (Sigma-Aldrich). Lungs were chopped, incubated at 37°C for 45 min, and further mechanically reduced using a 18G syringe until single-cell suspensions could be passed through a 40 μm strainer. Spleens were transferred to 1 ml PBS, tamped, and passed through a 40 μm strainer. Blood (200 μl) was collected submandibularly into 1.3 ml LH microtubes (Sarstedt) and centrifuged for 10 min at 2000g to separate cell pellets from plasma. Murine femurs were isolated to flush out bone marrow with a 25G syringe in 1 ml PBS. Cell pellets were resuspended in 1 ml red blood cell lysis buffer for 5 min, followed by a wash step with PBS before analysis.



Whole Lung Imaging

Lungs from 24 LLC tumor-bearing mice treated with Ctrl mAb and anti-TNF-α mAb or/and anti-PD-L1 mAb were isolated after perfusion with 5 ml PBS solution and fixed overnight at 4°C in 2 ml 0.05 M PBS containing 0.1 M L-lysine, 2 mg/ml NaIO4, and 10 mg/ml paraformaldehyde (PFA solution). The day after, lungs were rinsed in a 24-well plate (Costar) with PBS, consecutively immersed in a sucrose gradient (10%-20%-30%, 2 hrs at room temperature per gradient), embedded in optimal cutting temperature (OCT) compound and stored at -80°C. Frozen lungs were thawed in PFA solution and washed three times in PBS containing 0.5% Triton X-100 (washing buffer) at room temperature on a rotating shaker. For delipidation and antigenicity restoration after tissue fixation, lungs were submersed in FLASH buffer for overnight shaking (55 rpm) at 54°C, as described by Messal et al. (26). The following day, lungs were washed three times, be it with a first washing step in washing buffer with 1% H2O2 (Sigma). For nuclear staining, lungs were incubated with TO-PRO-3 (Invitrogen) diluted in ScaleCUBIC-1A buffer [as described by Susaki et al. (27)] at 37°C on a rotating shaker. Two days later, lungs were washed three times in PBS with 0.2% Tween 20 (Sigma) for 30 min on a rotating shaker. Subsequently, lungs were submersed in a 1:1 CUBIC-R: H2O solution for at least 6 hrs [as described by Susaki et al. (27)] and in 100% CUBIC-R solution for overnight incubation at room temperature. The following day, samples were embedded in a CUBIC-R 2% low melting agarose solution and fitted in to a 3D-printed mold (dimensions 2x1x0.8cm). For complete gelation, agarose-embedded lungs were kept at 4°C for at least 2.5 hrs after which they were immersed in CUBIC-R solution. For dehydration, samples were treated with a 1-propanol dilution series (25% - 50% - 75% - 100%) on a rotating shaker at room temperature for 30 min per dilution, and subsequently immersed in 100% 1-propanol for overnight shaking. For optical clearing, a similar concentration gradient was executed with ethyl cinnamate (ECi, Sigma) for 30 min each prior to their imaging using a Lavision Ultramicroscope II. Therefore, samples were immersed in ECi within a quartz cuvette and excited with light sheets of wavelengths 488 and 640 nm to record autofluorescent and TO-PRO-3 staining, resp. Image acquisition was performed on 2x magnification, 0.63x zoom and Z-stack steps of 10 µm. Files were saved as OME.TIF stacks and converted to Imaris files (.ims) using ImarisFileConverter (version 9.5.0), while tiles were stitched using ImarisStitcher (version 9.5.0). Three-dimensional images and tumor volumes were obtained with Imaris and quantified using surface creation algorithms.



Flow Cytometry and Fluorescence-Activated Cell Sorting

Prior to staining, Fc-receptors were blocked using CD16/32 antibody (Biolegend) in cold FACS buffer i.e., PBS containing 1% bovine-serum-albumin and 0.02% sodium azide (Sigma-Aldrich). Next, staining was performed for 30 min at 4°C in FACS buffer. Fluorescently labelled cells were evaluated on a LSR Fortessa flow cytometer [Becton Dickinson (BD)], while analysis was performed using FlowJo_10.5.3 software. For myeloid subset sorts, the CD45+ immune cell fraction was enriched from whole lung tissue using anti-mouse CD45 MicroBeads (Miltenyi Biotec), prior to staining and FACS with a BD FACSAriaIII.



LLC-Specific OT-I Killing Assay

Using the CD8α+ T-Cell-Isolation-Kit (Miltenyi Biotec), the CD8+ T-cell fraction was enriched from an OT-I mouse-derived splenic single-cell suspension. Next, 1e6 OT-I cells were resuspended in 1 ml RPMI-1640+ with 50 μmol/L β-mercaptoethanol and stimulated for two days with 20 μl Mouse T-Activator CD3/CD28 Dynabeads (Gibco). To evaluate target cell-specific killing, 6k LLC-eGFP/OVA cells were mixed with 6k LLC-Kat cells, 11k monocytes and 3k stimulated OT-I cells to obtain a target:effector ratio of 2:1 in 250 µl DMEM+. The added monocytes were either in vitro differentiated from bone marrow cells or isolated and MACS enriched using the Monocyte Isolation Kit and CD45 microbeads (Miltenyi Biotec, #130-100-629 and 130-052-301 resp.). While supernatants were collected 72hrs later for TNF-α and IFN-γ ELISA, cells were detached with 50 µl Trypsine-EDTA (Sigma-Aldrich) for 5 min at 37°C. LLC target cell-specific OT-I killing was evaluated by comparing the ratio of LLC-eGFP/OVA (target) over LLC-Kat (non-target) cells via flow cytometry. The percentage of specific killing normalized for the ratio in the cultures without OT-I cells was calculated with the following equation: 1−(%LLC-eGFP/OVA/%LLC-Kat) with CTLs/(%LLC-eGFP/OVA/%LLC-Kat) without CTLs. For spatiotemporal follow-up of target LLC-eGFP/OVA cell killing, eGFP intensity was monitored using Incucyte live cell imaging.



Cytokine and Chemokine Detection

Serological concentrations of 31 cytokines and chemokines were measured using the Bio-Plex Pro_Mouse_Chemokine_Panel_31-Plex (#12009159, Bio-Rad). Samples were prepared and analyzed according to the manufacturers’ protocol using the Bioplex-200 instrument and Bio-Plex_Manager_6.0 software. Data points from standards that did not meet accuracy requirements were excluded prior to curve fitting. Standard curves obtained via 5PL logistic regression were used to determine the concentrations (pg/ml) for each analyte. Outliers were removed using the Interquartile Range method.

Protein levels of murine IFN-g and TNF-a were detected on supernatants collected from bone marrow-derived monocytes, splenocytes or the in vitro LLC-specific OT-I killing assay as described in the respective figure legends. Both ELISA kits (Invitrogen) were used according to the manufacturer’s protocol.



Targeted Gene Expression Profiling

For each FACS-sorted lung-derived myeloid subset, 5x1e4 cells were collected in 500 μl Trizol and stored at -80°C. One to three weeks later, cell pellets were thawed, and RNA was isolated using the chloroform-isopropanol protocol. RNA recovery was quantified using fluorimetry (Qubit, LifeTechnologies) and qualified for purity and integrity using the nanophotometer (Implen) and Bioanalyzer Labchip (Agilent Technologies), resp. Due to low RNA concentrations, samples were pre-amplified using the nCounter Low-RNA-input kit (NanoString Technologies) with five amplification cycles. Sample hybridization was performed according to the manufacturers’ recommendations using the nCounter_Myeloid_Innate_ Immunity_Panel containing 770 genes. Hybridized samples were transferred to the nCounter Prep Station for further purification and immobilization to the sample cartridges. Absolute counts were quantified by the nCounter Digital Analyzer (nCounter MAX Analysis System, Brightcore, VUB). For quality control the nSolver_analysis_software_4.0 was used. Raw counts were processed in R and normalized using the RUVSeq method adjusted for NanoString analysis as described (28). Normalized counts were used to analyze differences between anti-PD-L1 and Ctrl mAb-treated samples. The DESeq R-package was used for differential expression analysis while gene-set-enrichment analysis (GSEA) was performed with settings: 1000 permutations, gene set selected as permutation type, and chip platform set to “Mouse_ENSEMBL_Gene_ID_Human_Orthologs_ MsigDB.v7.2”. For analysis, the Hallmark gene sets curated from the Molecular Signature Database (MSigDB) were used.



Generation and Evaluation of Bone Marrow-Derived Monocytes

Primary bone marrow-derived cells from healthy female C57BL/6J mice, were plated at 4x1e6 in 10 ml DMEM+ supplemented with 20ng/ml macrophage colony-stimulating factor (M-CSF, Immunotools) in 100mmx15mm petri-dishes. Five days later, the non-adherent fraction was collected, representing a mixture of bone marrow-derived immature myeloid cells (Figure 3C). Next, 5x1e4 cells were plated per 200 µl DMEM+ in flat-bottom 96-well plates and subjected to 5 µg/ml anti-PD-L1 or Ctrl mAb and/or 10 ng/ml TNF-α (PeproTech). While supernatants were collected 24hrs later for TNF-α ELISA, monocytes were detached 72 hrs later using Accutase (Sigma-Aldrich) for 30 min at 37°C prior to flow cytometric analysis.



Activation and Evaluation of Murine Splenocytes

Primary splenocytes from healthy female C57BL/6J mice were collected and plated at 2x105 cells/200 µl RPMI-1640+ with 50 μmol/L β-mercaptoethanol and 30 ng/ml IL-2 (Peprotech) per well of a U-bottom 96-well plate. After overnight stimulation with 20 μl/106 cells of Mouse T-Activator CD3/CD28 Dynabeads (Gibco), cells were treated for 72hrs with 1 µg/ml recombinant TNF-α (PeproTech), with or without 10 µg/ml Ctrl mAb or anti-PD-L1 mAb after which supernatants were collected for IFN-γ ELISA.



Statistics

The asterisk number in the figures indicates the level of statistical significance as follows: * for p < 0.05; ** for p < 0.01; *** for p < 0.001 and **** for p < 0.0001. The statistical test used to determine statistical significance is indicated in the figure legends. Statistical tests were performed using RStudio v1.3.1056 or Graphpad Prism v8.3.0. Heatmaps were constructed with the heatmap package in R. Serological concentrations are scaled by subtracting the mean and dividing by standard deviation for each sample. For GSEA, gene sets were identified as significant when nominal (NOM) p-value < 0.01, false discovery rate (FDR) < 0.25, and normalized enrichment score (NES) > 1.




Results


Anti-PD-L1 Therapy Has No Therapeutic Benefit Despite PD-(L)1 Expression

Lewis Lung Carcinoma (LLC) represents a highly tumorigenic mesenchymal K-Ras mutant squamous lung cancer model, characterized by low tumor cell-specific PD-L1 expression with limited response to anti-PD-L1 therapy (5, 6). As Fluc+ tumor lines have been shown to be more immunogenic (30), we first evaluated if LLC-Fluc tumors were similarly unresponsive to treatment with anti-PD-L1 or isotype control (Ctrl) mAbs (Figure 1A). Follow-up of body weights and tumor load (bioluminescent signals) over time demonstrated that anti-PD-L1 therapy does not reduce tumor progression (Supplementary Figures 1A, B resp.). Three weeks after engraftment, mice were sacrificed to isolate whole lungs. Similar lung weights (Figures 1C), tumor foci volumes (Figures 1D, E), numbers and average volumes (Supplementary Figures 1B, C), further confirmed the lack of therapeutic effect upon anti-PD-L1 therapy.




Figure 1 | Blockade of PD-L1 does not delay LLC-Fluc tumor progression, despite PD-(L)1 expression. (A) Schematic representation of the experimental set-up. Mice were challenged intravenously (IV) with LLC-Fluc cells and treated every 3 days with anti-PD-L1 or isotype control (Ctrl) mAbs for 4 times in total (red dots). LLC-Fluc engraftment was monitored using in vivo bioluminescence imaging (BLI) on the indicated time points (blue dots), while on weeks 1, 2 and 3, lungs were also isolated for flow cytometric evaluation. (B) Summary of photon counts collected upon BLI measurements. On a logarithmic scale, the absolute number of counts per analyzed day (on x-axis) are shown (n=3, 5 mice per condition [mpc]). A two-way ANOVA with Sidak’s multiple comparisons test was performed to evaluate statistical significance. (C) Weights of whole lungs, isolated from healthy or tumor-bearing mice sacrificed three weeks after cancer initiation (n=1, 4-5 mpc). (D) A representative 3D image that is used for volumetric quantification of tumor volumes (green) in an Ctrl mAb-treated murine lung (autofluorescence, red), obtained with Imaris software. (E) Percentage of tumor volume over whole lung volume to compare LLC engraftment in mice treated with Ctrl mAbs or anti-PD-L1 mAbs (n=3-4). Statistical significance was measured using an unpaired t-test. (F) Graph representing the percentages of PD-L1+ cells found upon flow cytometry analysis of the viable lung single-cell fraction, isolated from healthy or LLC-Fluc tumor-bearing mice on weeks 1-3 after tumor challenge (n=3, 1-3 mpc). (G) Percentage of lung tumor-infiltrated PD-1+ CD8+ T-cells within the CD3+ T-cell population at 1, 2 and 3 weeks after LLC-Fluc inoculation analyzed via flow cytometry (n=3, 1-3 mpc). A two-way ANOVA with Tukey’s multiple comparisons test was performed to determine statistical significance in panels (C, F, G). ns, non-significant; * for p < 0.05; ** for p < 0.01; and **** for p < 0.0001.



Anti-PD-L1 therapy can only lead to stimulation of antitumor immunity if the PD-1 pathway is exploited. Therefore, we evaluated whether absence of PD-1 and/or PD-L1 in the lung tumor microenvironment could account for therapy failure in the orthotopic LLC-Fluc model. Flow cytometric analysis of lungs, isolated 1, 2 and 3 weeks after LLC-Fluc challenge, showed that the overall percentage of PD-L1+ pneumocytes increased during LLC-Fluc progression compared to healthy controls (Figure 1F with gating strategy in Supplementary Figure 1D). Also in vitro, flow cytometric analysis of LLC-Fluc cells endorsed their ability to express and upregulate PD-L1 upon exposure to IFN-γ (Supplementary Figure 1E). Moreover, we observed a significant increase in the percentage of PD1-+ CD8+ T-cells over time irrespective of anti-PD-L1 therapy (Figure 1G with gating strategy in Supplementary Figure 2A). In parallel, while CD4+ T- and B-cell fractions decreased upon tumor progression, their respective PD-1+ portions also increased significantly (Supplementary Figures 2B–E). To conclude, despite significant PD-1 and PD-L1 expression in the orthotopic LLC-Fluc model, anti-PD-L1 therapy does not delay tumor progression.



LLC Progression Is Accompanied by a Local and Systemic Increase in Monocytes

In light of add-on therapies that can improve the response to anti-PD-L1 therapy, it is crucial to understand if, which and how PD-L1+ cells respond in vivo. Therefore, we first deciphered which cells were PD-L1+ and thus could act as potential targets for anti-PD-L1 therapy. When the portions of CD45- (non-immune), CD45+ (immune) or/and CD11b+ (myeloid) cells were determined within the total PD-L1+ fraction, a significant increase of myeloid cells was shown from week 1 onwards after LLC-Fluc challenge (Figure 2A). In accordance with recent reports on the negative impact of PD-1+ myeloid cells on T-cell amplification responses (31, 32), PD-1 positivity was also evaluated, showing a similar five-fold increase for PD-1 and PD-L1 within the tumor-infiltrated CD11b+ fraction upon LLC-Fluc progression (Figure 2B). Next, we assessed changes in abundance and PD-(L)1 expression level of 11 different myeloid subsets (gating strategy in Supplementary Figure 3A). Upon tumor progression, 6 lung-residing myeloid subsets increased compared to healthy mice: MHC-IIhigh and MHC-IIlow tumor-associated macrophages (TAMs), inflammatory Ly6C+ monocytes, residential Ly6C- monocytes and angiogenic Tie2+ monocytes next to conventional type 2 dendritic cells (cDC2) (Figure 2C, upper row). Moreover, these subsets increased their PD-L1 expression over time, except for the MHC-IIhigh TAMs (Figure 2C, middle row). Further, cDC2s increased their PD-1 expression while the opposite was found for MHC-IIhigh TAMs (Figure 2C, lower row). In contrast, the fraction of alveolar macrophages and eosinophils decreased significantly during tumor progression, while mast cells, cDC1 and neutrophil portions remained status quo (Supplementary Figure 3B). The systemic impact of LLC-Fluc engraftment was evaluated by serological evaluation of 31 chemo- and cytokines next to determination of the myeloid composition in blood, spleen and bone marrow. In accordance with the increase in TAMs and monocytes linked to LLC-Fluc progression, macrophage chemoattracting protein‐3 (MCP-3 or CCL7) circulated at a significantly higher level in LLC-bearing animals (Figure 2D and Supplementary Table 2). In contrast, the serological level of IFN-γ was significantly decreased in LLC-bearing mice compared to healthy controls. Finally, the lung-specific increase in monocytes (but not of TAMs nor cDC2s – data not shown), was reflected systemically by their significant rise in blood (Figure 2E) and bone marrow resp. (Figure 2F).




Figure 2 | PD-L1+ and PD-1+ myeloid cells in healthy and LLC-engrafted mice. Lungs of healthy and LLC-Fluc tumor-bearing mice were isolated on weeks 1, 2 and 3 after LLC-Fluc challenge to evaluate PD-L1 and PD-1 expression in flow cytometry. (A) Summary of percentages of CD45+ CD11b+ myeloid cells within the viable PD-L1+ fraction (left panel) with representative dot plots (right panel, n=3, 1-3 mpc). (B) Evolution of myeloid cell-specific PD-L1 and PD-1 expression over time in lungs from LLC-bearing mice (n=3, 1-3 mpc). (C) Follow-up of MHC-IIhigh or MHC-IIlow F4/80+ macrophages; Ly6C+, Ly6C- or Tie2+ monocytes and CD11b+ CD103- cDC2 within the CD45+ immune fraction from healthy (no tumor) or LLC-engrafted lung tissue over the course of 3 weeks (upper row), next to their respective expression of PD-L1 (middle row) and PD-1 (lower row) (n=3, 1-3 mpc). (D) Heatmap of significantly altered cytokines and chemokines in serum of mice, collected 3 weeks after challenge with LLC-Fluc or PBS only. Per chemo-/cytokine, concentrations were centered and scaled resulting in a color scale ranging from blue to red for lowest to highest concentration values. Statistics were performed using one-way ANOVA followed by Tukey’s multiple comparison test (F-value= 8.97, Df= 2) (n=2, 4-8 mpc). (E, F) Percentage of Ly6C+ (E) and CX3CR1+ (F) monocytes, within viable CD45+ single-cells from blood, spleen and bone marrow collected from mice 3 weeks after inoculation with PBS or LLC-Fluc cells (n=3, 5-10 mpc). For panels (A–C, E, F) a two-way ANOVA with Sidak’s multiple comparisons test was performed to evaluate statistical significance. ns, non-significant; * for p < 0.05; ** for p < 0.01; *** for p < 0.001; and **** for p < 0.0001.





Anti-PD-L1 Therapy Abolishes the Rise in MHC-IIlow TAMs and Monocytes Upon LLC Progression

The impact of anti-PD-L1 therapy on the local and peripheral myeloid cell distribution in LLC-bearing animals was evaluated using the experimental design shown in Figure 1A. Briefly, LLC-bearing mice were treated with Ctrl or anti-PD-L1 mAbs given 4 times at 3-day intervals. Lungs were isolated on weeks 1, 2 and 3 to evaluate the dynamics of 11 different lung-residing myeloid subsets. No significant differences were found for neutrophils, eosinophils, mast cells, alveolar macrophages, MHC-IIhigh TAMs, cDC1s or cDC2s (Supplementary Figure 4). In contrast, the elevation in MHC-IIlow TAMs and monocytes linked to LLC progression was abolished by anti-PD-L1 therapy (Figure 3A). Also, anti-PD-L1 therapy resulted in a significantly reduced fraction of MHC-IIlow macrophages residing in the bone marrow next to an insignificant trend towards reduced numbers of inflammatory and patrolling monocytes in blood and bone marrow (Figure 3B). To understand if this reduction was linked to a direct impact of anti-PD-L1 mAbs on macrophages and/or monocytes, we treated primary bone marrow-derived myeloid cells with anti-PD-L1 or Ctrl mAbs. In line with the in vivo data, co-cultivation with LLC cells resulted in a significant increase of the MHC-IIlow Ly6C+ monocyte fraction in vitro, while anti-PD-L1 mAb-treatment resulted in a significant decrease compared to the untreated monoculture (Figure 3C). In contrast, no significant changes were observed within the F4/80+ macrophage populations. We further evaluated the ratio of MHC-IIhigh over MHC-IIlow TAMs in vivo and only found an insignificant trend towards more MHC-IIhigh TAMs suggesting that anti-PD-L1 therapy in the LLC model was not able to install a pronounced immunostimulating environment (Figure 3D). Finally, we sorted the lung tumor-infiltrated MHC-IIhigh and MHC-IIlow TAMs and Ly6C+ inflammatory and CX3CR1+ residential monocytes from 3-week LLC-engrafted mice to evaluate their capacity to boost LLC target cell-specific killing ex vivo (Figures 3E, F). We observed that anti-PD-L1 therapy only modestly improved the capacity of the MHC-IIhigh TAMs and residential monocytes to boost CTL-mediated LLC eradication.




Figure 3 | Local and systemic impact of anti-PD-L1 therapy on myeloid cells. Mice were treated with Ctrl or anti-PD-L1 mAbs on days 4, 7, 10 and 13 after LLC-Fluc injection. On weeks 1, 2 and 3, mice of each group were sacrificed to isolate LLC-engrafted lungs. Blood, spleen and bone marrow were collected on week 3. (A) Graphs indicating changes in percentage of lung-infiltrated MHC-IIlow macrophages (left), Ly6C+ monocytes (middle) and Ly6C- monocytes (right) within the CD45+ immune cell fraction assessed using flow cytometry (n=3, 1-3 mpc). (B) Percentages of MHC-IIlow macrophages (left), Ly6C+ monocytes (middle) and CX3CR1+ monocytes (right) in peripheral organs as depicted on the x-axis (n=3, mpc=5-10). Two-way ANOVA with Sidak’s multiple comparisons test was performed to evaluate statistical significance. (C) Bone marrow-derived cells were cultivated with monocyte colony-stimulating factor (M-CSF) for 5 days. Next, cells were left untreated (left), co-cultured with LLC cells (middle) or 100µg/ml anti-PD-L1 mAb (right). One day later, alterations in myeloid subset composition were evaluated via flow cytometry. Percentages (± sd) from the total CD11b+ population are shown. Percentages are accompanied by the average counts for the surface markers MHC-IIlow, MHC-IIhigh and Ly6C to describe the mean fluorescence intensity of MHC-IIlow macrophages, MHC-IIhigh macrophages and monocytes resp. (n=5). (D) Graphical representation of the altered ratio of lung-residing MHC-IIhigh over MHC-IIlow TAMs isolated from tumor-bearing mice treated with Ctrl or anti-PD-L1 mAbs. An unpaired t-test was performed to analyze statistical significance (n=3, 2-3 mpc). (E) Representative zebra plot of the LLC-specific OT-I killing assay with gating of target LLC-eGFP/OVA and non-target LLC-Kat cells, with or without pre-stimulated CD8+ OT-I T cells. (F) Percentage target cell-specific killing in the presence of MHC-IIhigh TAM, MHC-IIlow TAM, Ly6C+ inflammatory (IM) and CX3CR1+ residential (RM) monocytes sorted from lung tumor-bearing mice, treated with Ctrl or anti-PD-L1 mAbs (n=5, ≧3 biological replicates). For determination of statistical analysis in (A, C, F), a two-way ANOVA with Tukey’s multiple comparisons test was performed. ns, non-significant; * for p < 0.05; ** for p < 0.01; *** for p < 0.001; and **** for p < 0.0001.





Anti-PD-L1 Therapy Results in a Monocyte-Specific TNF-α Response

As anti-PD-L1 therapy does not result in LLC growth reduction while it modestly increases the immunostimulatory profile of TAMs and monocytes, we used the nCounter Myeloid_Innate_Immunity_Panel to uncover more subtle myeloid subset-specific transcriptional changes upon anti-PD-L1 therapy in vivo. While no significant differentially expressed genes were found within sorted CX3CR1+ monocytes or MHC-IIlow TAMs, Dusp2 and Stab1 were significantly up-and down-regulated resp., in inflammatory monocytes derived from anti-PD-L1 mAb-treated mice (Supplementary Figure 5A). Using Gene Set Enrichment Analysis (GSEA) with the hallmark gene-set collection of MSigDB, we found that MHC-IIlow TAMs from anti-PD-L1-treated mice significantly decreased their expression of an IFN-γ response linked gene set, again suggesting that anti-PD-L1 therapy does not support stimulation of an IFN-γ-linked CTL response in vivo (Supplementary Figure 5B). In contrast, monocytes of anti-PD-L1-treated mice showed significant enrichment for a gene set that is regulated by NF-kB in response to TNF-α (Figures 4A, B). Accordingly, these monocytes showed a significantly increased level of intracytoplasmic TNF-α compared to healthy LLC-bearing Ctrl mAb-treated mice (Figure 4C). In contrast, we did not observe this TNF-α increase in the MHC-IIhigh nor low macrophages upon anti-PD-L1 therapy (Supplementary Figures 5C, D resp.). In congruence, anti-PD-L1 mAb treatment rectified the serological drop of TNF-α caused by LLC engraftment (Figure 4D). When bone marrow-derived immature myeloid cells were treated with anti-PD-L1 mAbs in vitro, we confirmed significantly elevated levels of TNF-α in these supernatants compared to Ctrl mAb treatment (Figure 4E). Encouraged by these data and previous reports on TNF-α blockade to improve anti-PD-1 therapy efficacy in a mouse model of melanoma and colon carcinoma (33, 34), we evaluated the therapeutic potential of TNF-α and PD-L1 co-blockade in the LLC-Fluc model. Mice were treated with anti-PD-L1 mAbs on day 3 after LLC-Fluc cell injection and subsequently on days 7, 10 and 13 with anti-TNF-α mAbs, anti-PD-L1 mAbs or a combination thereof. Upon 3D whole lung tissue imaging 3 weeks later, no significant differences were found in terms of total tumor volume, number of foci or average foci volume (Figures 4F, G and Supplementary Figures 5E, F), showing no therapeutic benefit of TNF-α blockade in the anti-PD-L1-treated orthotopic LLC model.




Figure 4 | Anti-PD-L1 therapy induces a TNF-α-linked response in monocytes. Three weeks after LLC engraftment, lungs from anti-PD-L1 or Ctrl mAb-treated mice were isolated and pooled to sort minimally 50k Ly6C+ and CX3CR1+ monocytes. Subsequently, RNA was isolated to perform targeted gene expression profiling using the Nanostring platform. (A, B) Gene set enrichment analysis ranking genes using the MSigDB Hallmark gene set collection for Ly6C+ and CX3CR1+ monocytes resp. with NES, NOM p-value and FDR q-value denoted on the graphs. On the right, the top 15 gene set members on the rank ordered list are depicted (n=1, mpc=3-4). (C) Mean fluorescence intensity of cytoplasmic TNF-α measured via flow cytometry in Ly6C+ monocytes isolated from healthy, or LLC-bearing mice treated with Ctrl or anti-PD-L1 mAb (n=1, 4-5 mpc). (D) Boxplots representing the serological concentration of TNF-α in blood of healthy or LLC-bearing mice treated with Ctrl or anti-PD-L1 mAb resp. (n=2, mpc=4-8). (E) Dot plot depicts the concentration of TNF-α measured with ELISA in the supernatant of in vitro generated bone marrow-derived monocytes, treated with Ctrl or anti-PD-L1 mAbs for 24hrs. Statistical significance was measured with an unpaired t-test (n=3, 3 technical replicates). (F) Four days after LLC-Fluc inoculation, mice were treated with anti-PD-L1 mAb. On days 7, 10 and 13, mice received consistently one of the following 3 treatments: Ctrl + anti-TNF-α mAb; Ctrl + anti-PD-L1 mAb or anti-PD-L1 + anti-TNF-α mAb. Three weeks later, mice were euthanized, and perfused lungs were fixed for whole-tissue imaging. Representative 3D images obtained with lightsheet microscopy show the volumetric tumor foci (green) in lung tissue (red) of anti-PD-L1 mAb alone or anti-TNF-α + anti-PD-L1 mAb-treated mice. (G) Percentage of tumor volume over whole lung volume to compare LLC engraftment in mice treated with anti-TNF-α mAbs, anti-PD-L1 mAbs or a combination thereof (mpc = 4). Statistical significance in panels (C, D, F) were determined with a one-way ANOVA followed by a Tukey’s multiple comparisons test. ns, non-significant; * for p < 0.05; ** for p < 0.01; and *** for p < 0.001.





TNF-α Fortifies the Upregulation of Checkpoint Molecules on Anti-PD-L1-Treated Monocytes

Although previous reports have shown that TNF-α blockade can elevate ICB effectiveness, we were unable to confirm this in the orthotopic LLC model. Since anti-PD-L1 therapy induces the secretion of TNF-α in monocytes in vitro and in vivo, we wondered what their combined immunological effect was on monocytes. Therefore, we treated in vitro generated bone marrow-derived monocytes with anti-PD-L1 mAbs and/or recombinant TNF-α. After 72 hrs, Ly6C+ monocytes were analysed for their expression of the immunostimulatory checkpoints CD80 (B7.1) and Inducible-T-Cell-Costimulator-Ligand (ICOSL) next to the immunosuppressive checkpoints: V-domain-Ig-suppressor-of-T-cell-activation (VISTA), Lymphocyte-Activating-3 (LAG-3), signal-regulatory-protein-α (SIRP-α), T-cell-immunoglobulin-and-mucin-domain-containing-3 (TIM-3), carcinoembryonic-antigen-related-cell-adhesion-molecule-1 (Ceacam1), T-Cell-Immuno-receptor-Ig-and-ITIM-domains (TIGIT), CD276 (B7-H3) and CD73. Flow cytometric analysis showed no alterations for ICOSL, Ceacam1, TIGIT, CD276 nor CD73 (data not shown) while an insignificant trend towards more expression of CD80 and VISTA was noted upon anti-PD-L1 treatment, especially in combination with TNF-α. More importantly, we observed a significant upregulation of LAG-3, SIRP-α and TIM-3 when monocytes were treated with recombinant TNF-α and/or anti-PD-L1 mAbs, especially when both were combined (Figure 5A). To validate these findings in vivo, we evaluated the expression levels of CD80, VISTA, LAG-3, SIRP-α and TIM-3 on freshly isolated Ly6C+ monocytes, derived from healthy, Ctrl or anti-PD-L1 mAb treated tumor-bearing mice. We noticed that the expression levels of all checkpoints under investigation, except LAG-3, increased on monocytes derived from tumor-bearing lungs compared to healthy controls. What’s more, anti-PD-L1 treatment fortified these elevations for CD80, VISTA, LAG-3 and TIM-3 (Figure 5B).




Figure 5 | Anti-PD-L1 therapy upregulates checkpoints on monocytes. (A) Bone marrow-derived monocytes were plated with LLC cells and treated with 5 µg/ml Ctrl or anti-PD-L1 mAb, with or without 10 ng/ml TNF-α. Three days later, mean fluorescence intensities were obtained via flow cytometry for CD80, VISTA, LAG-3, SIRP-α and TIM-3 (n=3, 4 technical replicates). (B) Three weeks after LLC engraftment, lungs from anti-PD-L1 or Ctrl mAb-treated mice were isolated to enrich the Ly6C+ monocytes and evaluate their expression of the same checkpoints as described in panel (A) As internal reference, monocytes derived from healthy mice were taken along. A two-way panel (A) or one-way panel (B) ANOVA with Tukey’s multiple comparisons test was performed to determine statistical significance.  * for p < 0.05; ** for p < 0.01; *** for p < 0.001; and **** for p < 0.0001.





Monocytes Play a Key Role in the CTL-Stimulating Potential of ICB Combination Therapy

To understand the impact of TNF-α on anti-PD-L1 mAb treated CTLs, we evaluated the immune stimulatory impact of this treatment on freshly isolated splenocytes. Notably, anti-PD-L1 mAbs induced a significant drop of IFN-γ secretion (Figure 6A), in line with our previous in vivo finding that MHC-IIlow TAMs display a decreased gene set enrichment for IFN-γ response upon anti-PD-L1 therapy (Supplementary Figure 5B). Yet, when prestimulated splenocytes were treated with anti-PD-L1 mAbs and TNF-α, their IFN-γ secretion profile remained unaffected by ICB, suggesting that splenocyte activation is improved by the combination of anti-PD-L1 mAbs and TNF-α.




Figure 6 | Anti-PD-L1 therapy depends on monocytes to stimulate CTLs in combination with alternative ICBs. (A) Dot plot depicting IFN-γ concentrations in supernatants from splenocytes 72 hrs after their incubation with 10 µg/ml Ctrl or anti-PD-L1 mAbs, with or without 1 µg/ml recombinant TNF-α (n=3). (B–H) depict results from LLC specific OT-I killing assays, in the presence of Ly6C+ monocytes sorted from lung tumor-bearing mice, no monocytes, or bone marrow derived monocytes resp. Moreover, the following conditions were compared: no monocytes + Ctrl mAb (dashed line in panels B and H), anti-PD-L1, -VISTA, -LAG-3, -SIRP-α, or -TIM-3 monotherapy (C, F) or their combination with anti-PD-L1 mAb (D, E, G). (B) Percentages of cell-specific killing 3 days after experiment onset (n=1, 5 mpc). (C–G) Follow-up of target cell confluency via total green object area (µm²/well) during the respective LLC-specific OT-I killing assays over a time range of 56hrs. Images were obtained via Incucyte live cell imaging and statistical significances (on time points 10 and 56hrs) were calculated using a two-way ANOVA followed by a Dunnett’s multiple comparison test compared to the Ctrl mAb condition. (H) Dot plot depicting TNF-α concentrations in supernatants from the LLC-specific OT-I killing assays shown in (F, G) at the 56hrs time point (n=3). Asterisks indicate significant differences between the marked conditions and the Ctrl mAb-treated condition. In panels (A, B, H) a one-way ANOVA with Tukey’s multiple comparison test was used to test for statistical significance. ns, non-significant; * for p < 0.05; ** for p < 0.01; and **** for p < 0.0001.



These data suggest that anti-PD-L1-mediated TNF-α upregulation aids the stimulation of T cells directly and indirectly via upregulation of CD80 on monocytes, but that this stimulatory effect is most likely counterbalanced by the upregulation of VISTA, LAG-3, SIRP-α and TIM-3.

To investigate the latter, we first performed in vitro LLC-eGFP/OVA target cell-specific killing by OT-I cells with or without the addition of Ly6C+ tumor-infiltrated monocytes, anti-PD-L1, -VISTA, -LAG-3, -SIRP-α or -TIM-3 mAbs or their combination with anti-PD-L1 (Figures 6B-D). When cell-specific percentages were calculated 3 days later, two important findings were observed: (1) killing dropped significantly in the presence of the Ly6C+ monocytes and (2) only the combination of anti-PD-L1 with anti-SIRP-α mAb could fully revert the immunosuppressive impact of these Ly6C+ monocytes (Figure 6B). Moreover, we evaluated the presence of TNF-α and IFN-γ in the supernatant of these killing assays (Supplementary Figures 6A, B). The respective cytokine profiles demonstrated (1) that presence of in vivo sorted Ly6C+ monocytes increased the level of TNF-α and IFN-γ in all conditions, (2) a significant rise in TNF-α when anti-PD-L1 was combined with anti-LAG-3 mAb compared to anti-LAG-3 monotherapy and (3) significant rise in IFN-γ when anti-PD-L1 was combined with anti-VISTA, anti-LAG-3 or anti-TIM-3 mAbs. By monitoring the decrease of eGFP signal (LLC) from the same killing assays, we could additionally demonstrate that also anti-LAG-3 and anti-SIRP-α monotherapies enhanced OT-I-mediated killing 3 days after their addition (Figure 6C). Interestingly, the addition of anti-PD-L1 mAb not only fortified but also accelerated the CTL stimulatory effect of anti-LAG-3 and - SIRP-α mAbs as a significant difference with anti-PD-L1 monotherapy was already shown 10hrs post-OT-I addition. In contrast, none of the ICB-mediated CTL-stimulating effects could be observed in the absence of monocytes, stressing the importance of monocytes for ICB mono and combi therapy effectiveness (Figure 6E).

Notably, very similar killing profiles were found when killing assays were repeated in the presence of in vitro generated bone marrow-derived monocytes (Figures 6F–H). As the latter showed more pronounced effects, the remarkable CTL-stimulating potential of anti-LAG-3 and anti-SIRP-α as mono- (Figure 6F) and combi- (Figure 6G) therapies was consolidated accompanied by significantly increased TNF-α secretion (Figure 6H). The latter killing assays further revealed that anti-VISTA and anti-TIM-3 mAbs also hold stimulatory effects when combined with anti-PD-L1 mAb on OT-I-mediated killing (Figure 6G) and IFN-γ secretion (Supplementary Figure 5C).




Discussion

Sobering objective response rates of NSCLC patients to anti-PD-L1 therapy, stress the need for rationalized combinations to enhance therapeutic efficacy. In search for druggable targets to ameliorate ICB effectiveness, we investigated if the PD-(L)1+ myeloid cell compartment hampers effective anti-PD-L1 therapy in a murine ICB-unresponsive squamous NSCLC model.

By monitoring the abundance of 11 different lung-infiltrating myeloid subsets during tumor progression, a specific increase in MHC-IIhigh and MHC-IIlow TAMs, cDC2s, Ly6C+, Ly6C- and Tie2+ monocytes was shown. Moreover Ly6C+ monocytes in blood and CX3CR1+ monocytes in bone marrow showed a similar rise together with the serological level of CCL7. In line with clinical studies, the predominance of Ly6C+ monocytes in blood samples of NSCLC patients has been described and linked to an attenuated anti-cancer response (35, 36). Also, monocyte mobilization from bone marrow was previously reported to be managed by CCL7 (MCP-3) (37, 38) and recently found to be specifically upregulated in immature monocytes and neutrophils derived from NSCLC patient tumor parenchyma compared to adjacent non-neoplastic lung tissue (39). Previously Movahedi et al. found that Ly6Chigh monocytes represent progenitors for TAMs in a subcutaneous LLC model (40), arguing that the rise in lung TAMs is likely preceded by an accompanying rise in peripheral Ly6C+ monocytes. Overall, these data suggest that the orthotopic LLC model represents a relevant squamous NSCLC model.

When LLC-bearing mice were treated with anti-PD-L1 therapy, flow cytometric analysis over time showed that the local and systemic rise in inflammatory and residential monocytes was completely abrogated. Notably, when we subjected bone marrow-derived myeloid cells to anti-PD-L1 treatment, we also observed a significant decrease in the fraction of Ly6C+ monocytes, suggestive of a direct, yet undetermined effect of anti-PD-L1 therapy on monocytes. These findings are further in line with a clinical case report in which it was shown that a stage III NSCLC patient undergoing durvalumab treatment (anti-PD-L1 mAb) showed a reduced number of circulating CD14+ and CD124+ myeloid cells (22).

In the assumption that most TAMs originated from Ly6C+ monocytes, it was not surprising that anti-PD-L1-treated mice also showed a significant decrease in their fraction of MHC-IIlow (but not MHC-IIhigh) TAMs. Notably, while 26% ± 6,7 of MHC-IIhigh TAMs were PD-L1+ in 3-week-old LLC tumors, this percentage was about twice as high (60% ± 21,5) for MHC-IIlow TAMs, making the latter more vulnerable for anti-PD-L1 mAb-mediated antibody dependent cellular cytotoxicity. Notably, a previous in vitro study demonstrated the induction of spontaneous macrophage proliferation upon in vitro PD-L1 blockade (41). While this contrasts our observed decrease in MHC-IIlow TAMs, it might offer an additional rationale for the finding that the MHC-IIhigh TAM fraction was not altered upon anti-PD-L1 therapy in the LLC model.

Functional assessment of the sorted TAMs and monocytes from anti-PD-L1-treated mice showed only insignificant trends towards a more immunostimulatory phenotype. This could partly explain the lack of ICB effectiveness. Especially as effectiveness of anti-PD-L1 therapy was previously correlated to the presence of IFN-γ-secreting activated T-cells with favorable and significant TAM remodeling (19, 42, 43). Moreover, Boutsikou et al. recently reported that increased serological levels of IFN-γ and TNF-α next to IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10 and IL-12, resulted in better responses with longer survival upon anti-PD-1 therapy in NSCLC patients (29). However, we found that serological IFN-γ levels were significantly decreased in LLC-bearing animals compared to healthy controls, irrespective of anti-PD-L1 therapy. Moreover, sorted MHC-IIlow TAMs from anti-PD-L1-treated mice were characterized by a significantly decreased expression of IFN-γ-responsive genes, while in vitro treated splenocytes with anti-PD-L1 treatment reduced their capacity to secrete IFN-γ.

Recently, various inflammation-associated genes have been reported to be rapidly upregulated in blood CD14+ monocytes, derived from anti-PD-L1-treated NSCLC patients (23). Accordingly, we found that the lung tumor-derived monocytes sorted from ICB-treated LLC-bearing mice upregulated a gene set that was linked to the inflammation-associated cytokine TNF-α. Interestingly, this corresponded to increased expression of TNF-α by Ly6C+ tumor-residing monocytes with a concomitant rise of serological TNF-α levels upon anti-PD-L1-treatment in vivo. In vitro, this effect seemed to be directly caused by the presence of anti-PD-L1 mAb, as we also observed increased TNF-α secretion in the supernatants of anti-PD-L1 treated bone marrow-derived monocytes. When Lin et al. previously treated mice with anti-PD-L1 therapy, they also showed an increase in TNF-α but, in contrast to our model, also of IFN-γ, which resulted in a therapeutic benefit in the MC38 colon carcinoma model (6). Notably, Hartley et al. showed that TNF-α administration could increase the expression level of PD-L1 in bone marrow-derived macrophages and monocytes in vitro (41). In contrast, it was recently shown that TNF-α-secreting TAMs found in subcutaneously LLC-engrafted mice as well as in NSCLC patients, were characterized by reduced PD-L1 expression and that their clodronate-mediated depletion led to a significant increase in PD-L1 expression in aerobic cancer cells, a higher infiltration of T cells and improved response to anti-PD-L1 therapy (44). In line with the negative impact of TNF-α-secreting TAMs, TNF-α has also been suggested to upregulate the alternative checkpoint molecule TIM-3 on lymphocytes in vitro and trigger activation-induced cell death of tumor-infiltrating CD8+ T cells in murine melanoma (33, 45). These findings rationalized at least two studies in which co-blockade of TNF-α and PD-1 was evaluated. While both studies demonstrated significant improvement of ICB efficacy in melanoma with reduced ICB-installed colitis (33, 34), we were unable to show any added benefit of TNF-α and PD-L1 co-blockade. To understand why TNF-α blockade did not ameliorate ICB effectiveness, we investigated the immunological impact of anti-PD-L1 mAb on Ly6C+ monocytes in the presence or absence of TNF-α. The presence of TNF-α made anti-PD-L1 mAb-treated bone marrow-derived monocytes express more CD80 (immune-stimulatory or suppressive when bound to CD28 or CTLA-4 expressed by T cells resp.) next to the alternative immunosuppressive checkpoint molecules VISTA, LAG-3, SIRP-α and TIM-3. A finding that was confirmed for each of these checkpoints in Ly6C+ tumor-infiltrated monocytes isolated from anti-PD-L1-treated mice, in which we previously demonstrated elevated levels of serological TNF-α. Moreover, the presence of monocytes markedly decreased the capacity of OT-I CTLs to kill LLC cells in vitro. Although these findings suggest the anti-PD-L1 mAb-mediated installation of immunosuppressive monocytes, their presence in the in vitro CTL-mediated LLC killing assays also significantly elevated the levels of IFN-γ and TNF-α, characteristic for an immunostimulatory profile. Additionally, TNF-α obliterated the anti-PD-L1 mAb-mediated decrease of IFN-γ secretion by ex vivo treated splenocytes. These data suggest that TNF-α plays a monocyte-associated Janus-faced role in the effectiveness of anti-PD-L1 therapy.

To investigate if we could push this see-saw profile to increased antitumor immunity upon anti-PD-L1 therapy, we finally tested the impact of VISTA, LAG-3, SIRP-α and TIM-3 co-blockade in the presence of isolated lung tumor-infiltrated monocytes. Especially co-blockade of LAG-3 or SIRP-α and PD-L1, significantly enhanced OT-I-mediated LLC killing in vitro, accompanied by elevated levels of TNF-α and IFN-γ. An effect that was abrogated in the absence of monocytes, pointing out their crucial role in the CTL-stimulating effect of PD-L1-LAG-3 or -SIRP-α co-blockade. In the presence of bone-marrow derived monocytes, all CTL-stimulating effects of the investigated ICB combinations were more pronounced revealing that also the blockade of VISTA and TIM-3 could ameliorate the CTL-stimulating capacity of anti-PD-L1 mAbs. Strikingly, these combinations were only able to elevate the levels of IFN-γ and not TNF-α, again proving the importance of TNF-α and monocytes to boost CTL-mediated killing upon ICB combinations and providing an explanation for the ineffectiveness of TNF-α inhibition to increase anti-PD-L1 mAb effectiveness.

Today, numerous studies have described upregulation of alternative checkpoint molecules as important culprit for anti-PD-(L)1 therapy (46). In accordance with our study, VISTA, LAG-3, and TIM-3 have been demonstrated to increase in the NSCLC tumor microenvironment rationalizing their potential as targets for NSCLC immunotherapy (47–50). Especially the initial results from the ongoing phase II study TACTI-002 on the combination of pembrolizumab with soluble LAG-3 protein showing overall response rates of 47%, are very promising (51). While most studies revealed the suppressive role of VISTA, LAG-3, and TIM-3 role in the context of T cell exhaustion (52), we uncover their suppressive role on lung tumor-infiltrated monocytes as well. Moreover, we demonstrate their upregulation of ‘don’t eat me signal’ SIRP-α too, previously shown to hamper phagocytosis upon ligation to CD47 on lung tumor cells (53–56).

In conclusion, this study divulges a Janus-faced role for monocytes upon anti-PD-L1 therapy. Hence, their biomarker potential should be considered to delineate more suited ICB combinations that increase the mediocre response rates observed in NSCLC patients today.
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Due to the complex mechanisms affecting anti-tumor immune response, a single biomarker is insufficient to identify patients who will benefit from immune checkpoint inhibitors (ICIs) treatment. Therefore, a comprehensive predictive model is urgently required to predict the response to ICIs. A total of 162 non-small-cell lung cancer (NSCLC) patients undergoing ICIs treatment from three independent cohorts were enrolled and used as training and test cohorts (training cohort = 69, test cohort1 = 72, test cohort2 = 21). Eight genomic markers were extracted or calculated for each patient. Ten machine learning classifiers, such as the gaussian process classifier, random forest, and support vector machine (SVM), were evaluated. Three genomic biomarkers, namely tumor mutation burden, intratumoral heterogeneity, and loss of heterozygosity in human leukocyte antigen were screened out, and the SVM_poly method was adopted to construct a durable clinical benefit (DCB) prediction model. Compared with a single biomarker, the DCB multi-feature model exhibits better predictive value with the area under the curve values equal to 0.77 and 0.78 for test cohort1 and cohort2, respectively. The patients predicted to have DCB showed improved median progression-free survival (mPFS) and median overall survival (mOS) than those predicted to have non-durable clinical benefit.
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1 Introduction

Lung cancer is one of the most commonly diagnosed malignant tumors, the majority of which are non-small-cell lung cancers (NSCLCs) (1). Among all cancer types, the incidence and mortality of lung cancer are ranked second and first, respectively (2). Immune checkpoint inhibitors (ICIs), including anti-cytotoxic T lymphocyte-associated antigen-4 (CTLA4) and anti-programmed cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1), have dramatically altered the treatment landscape of NSCLC (3–8). However, only a small subset of patients benefit from ICIs treatment, and some may even suffer from immune-related adverse events, requiring treatment discontinuation (9–12). Therefore, identification of more effective predictive biomarkers that can guide the treatment decision making with ICIs is significantly important and urgent.

Multiple clinical trials have verified that both PD-L1 expression level and tumor mutation burden (TMB) can predict the efficacy of ICIs in NSCLC (13–18). Recently, several novel genome-related biomarkers such as intratumoral heterogeneity (ITH), tumor neoantigen burden (TNB), loss of heterozygosity in human leukocyte antigen (HLA LOH), and HLA-I evolutionary divergence (HED), have been demonstrated to be associated with response to ICIs in patients (19–23). These single indicators can distinguish responders from non-responders to a certain extent, although their sensitivity and accuracy need to be further improved. For instance, some NSCLC patients with high TMB cannot benefit from immunotherapy (24).

Our objective was to construct a robust predictive model to predict durable response to ICIs in NSCLC patients based on multiple genomic features, and to assess its potential for clinical decision-making guidance in cancer treatment with ICIs.



2 Materials and Methods


2.1 Study Cohorts

Genomic and clinical data of 69 and 72 NSCLC patients undergoing ICIs treatments were obtained from published cohorts, of which 69 NSCLC patients were used as the training cohort and 72 NSCLC patients were used as the test cohort1 (19, 25).

To further evaluate the accuracy and effectiveness of the multi-feature model, 21 patients treated with ICIs, collected from January 2018 to May 2020, were enrolled in this study and used as test cohort2.

Durable clinical benefit (DCB) was defined as complete response (CR), partial response (PR), or stable disease (SD) that lasted for ≥ 24 weeks, and non-durable benefit (NDB) was defined as progressive disease (PD) or SD that lasted for < 24 weeks.

Among the 162 NSCLC patients included in this study, 69% (111/162) were lung adenocarcinoma. The number of patients with DCB and NDB was 61 and 101, respectively. Detailed clinical information of patients is summarized in Supplementary Tables 1–3.

In addition, genomic and clinical data of 120 melanoma patients undergoing ICIs treatments were obtained from published cohort to further evaluate the accuracy and effectiveness of the multi-feature model (26). The patients with CR or PR were 55, and the patients with PD were 65. DCB was defined as CR and PR, and NDB was defined as PD. Detailed clinical information of patients is summarized in Supplementary Table 4.



2.2 Next-Generation Sequencing (NGS) and Mutation Analysis

Genomic profiling was performed on tumor tissues and matched peripheral blood samples. First, we used the GeneReadDNA FFPE kit (Qiagen) and Qiagen DNA blood mini kit (Qiagen) to extract DNA from tumor specimens and blood, respectively. Then, the extracted DNA was amplified, purified, and analyzed using an NGS panel (YuceOne™ Plus, Yucebio, China).

Sequencing reads with > 10% N rate and/or > 10% bases with a quality score < 20 were filtered using SOAPnuke (Version 1.5.6) (27). Somatic single nucleotide variants and insertions and deletions (indels) were detected using VarScan (Version 2.4) (28). Next, an in-house method was applied to filter possible false-positive mutations. Finally, SnpEff (Version 4.3) was used to functionally annotate the mutations detected in the tumor samples (29).



2.3 Evaluation of Genomic Biomarkers


2.3.1 Evaluation of Tumor Mutation Burden

TMB was determined as the number of all nonsynonymous mutations and indels per megabase of the genome examined, and the cut-off value for TMB-high and TMB-low was defined as the median TMB.



2.3.2 Evaluation of HLA Typing, HED, and Somatic HLA Loss

HLA typing of the paired peripheral blood and tumor samples was performed from whole-exome sequencing data using POLYSOLVER (v1.0) (30) and OptyType (v1.3.2) (31). A scoring algorithm was then used to integrate the results that were used for further analysis (32). HED was calculated as previously described (33). The mean HED of patients was calculated as the mean of divergences at HLA_A, HLA_B, and HLA_C, and the bioinformatic tool LOHHLA with the default program settings was used to determine their maintenance or loss in the tumor (21).



2.3.3 Evaluation of TNB

All nonsynonymous mutations and indels were translated into 21-mer peptide sequences using in-house software centered on the mutated amino acid. Then, the 21-mer peptide was used to create a 9- to 11-mer peptide via a sliding window approach for the prediction of MHC class I binding affinity. Next, NetMHCpan (v3.0) was used to predict the binding strength of the mutated peptides to patient-specific HLA alleles (34). A peptide with predicted binding affinity to any HLA allele with an IC50 < 500 nM was selected. If several selected peptides were generated from the same mutation, they were counted as one neoantigen. TNB was determined as the number of putative neoantigens per megabase of the genome.



2.3.4 Calculation of Copy Number Variants (CNV) and ITH

CNVs were called using CNVkit (v0.8.1) to compare the exome-wide profile between tumors and matched peripheral blood (35). Allele-specific copy number and tumor purity were assessed using the ascatNgs (v3.1.0). PyClone (v0.13.0) was used to infer the cancer cell fraction (CCF) of mutations in tumors. ITH was calculated using a previously developed method (19).




2.4 Construction of the Multi-Feature Model

Ten classifiers, including K-Nearest Neighbors (KNN), Logistic Regression (LR), Random Forest (RF), Gradient Boosting Classifier (GBC), Decision Tree Classifier (DTC), Extra Tree Classifier (ETC), Gaussian Process Classifier (GPC), support vector machine (SVM)_poly, SVM_rbf, and SVM_liner, were evaluated to construct a multi-feature model with three genomic biomarkers to predict the efficacy of ICIs in the training cohort. The GridSearchCV and cross_val_score packages in Sklearn (version 0.24.1.) were used to iteratively optimize the RF, GBC, and DTC algorithms. The default parameters were adopted for the other algorithms. The predicted efficacy of these algorithms was calculated using the area under the receiver operating characteristic (ROC) curve. In addition, we evaluated the accuracy, specificity, sensitivity, positive predictive value, and negative predictive value of these algorithms in the training cohort.



2.5 Statistical Methods

An ROC curve was generated to evaluate diagnostic accuracy and the area under the curve was calculated to measure the discriminatory ability of potential biomarkers. Progression-free survival (PFS) was analyzed using the Kaplan–Meier method and log-rank test.




3 Results


3.1 Single Biomarker Has Limited Ability to Distinguish the Responders From the Non-Responders

To evaluate the predictive ability of a single biomarker for ICIs response, eight genomic biomarkers (TMB, TNB, ITH, HLA LOH, HED, HED_A, HED_B and HED_C) were analyzed, respectively. First, we winsorized and normalized the data in the training cohort (Supplementary Figure 1). The receiver operating characteristic (ROC) curves of the individual biomarkers were plotted and their predictive ability was measured using the area under the curve (AUC) value. As shown in Figures 1A–H, the accuracy and effectiveness of TMB, TNB, and ITH (AUC = 0.70, 0.67, and 0.68, respectively) were higher than those of HLA LOH, HED, HED_A, HED_B, and HED_C (AUC = 0.58, 0.51, 0.54, 0.51, and 0.49, respectively); however, none of these values exceeded 0.7, suggesting that a single biomarker was not effective enough to precisely distinguish responders from non-responders treated with ICIs.




Figure 1 | Single biomarker has limited ability to distinguish the responders from the non-responders. ROC curves for TMB (A), TNB (B), ITH (C), HLA LOH (D), HED (E), HED_A (F), HED_B (G), and HED_C (H) in the training cohort. TMB, tumor mutation burden; ITH, intratumoral heterogeneity; HLA LOH, loss of heterozygosity in human leukocyte antigen; HFD, HLA-I evolutionary divergence; ROC, receiver operating characteristic.





3.2 Feature Selection and Model Evaluation

Due to the limited predictive ability of a single biomarker, the predictive ability of the multi-feature model was further investigated and the detailed processes were shown in Figure 2A.

To avoid model overfitting, cross-validated recursive feature elimination was applied to select features from eight biomarkers (TMB, TNB, ITH, HLA LOH, HED, HED_A, HED_B, and HED_C). As shown in Figure 2B and Table 1, three of them, TMB, ITH, and HLA LOH, were screened to predict the efficacy of ICIs in the training cohort.




Figure 2 | Feature combination selection and performance evaluation. (A) Workflow of the study. (B) Feature combination selection with 10-fold cross-validation. (C) Comparison of the efficacy of different algorithms in the training cohort with the selected features. KNN, K-nearest neighbors; LR, logistic regression; RF, random forest; GBC, gradient boosting classifier; DTC, decision tree classifier; ETC, extra tree classifier; GPC, Gaussian process classifier; SVM, support vector machine.




Table 1 | List of the optimal combination from eight features.



Based on the three selected features, the efficacy of different algorithms (KNN, LR, SVM_rbf, SVM_ linear, SVM_poly, RF, GBC, DTC, ETC, and GPC) were evaluated and compared. The best-performing hyperparameters were determined by 10-fold cross-validation in the training cohort. As shown in Figure 2C and Table 2, the top four algorithms for accuracy were GPC, DTC, SVM_rbf, and SVM_poly, while the top four algorithms for variance were KNN, SVM_rbf, SVM_poly, and GPC. After comprehensive consideration of the accuracy and variance, the GPC, SVM_rbf, and SVM_poly algorithms were selected for further analysis.


Table 2 | List of the accuracy and variance of different algorithms with 10-fold cross-validation in the training cohort.





3.3 Algorithm Selection for Multi-Feature Model Construction

The algorithms of GPC, SVM_rbf, and SVM_poly were next assessed by their ability to predict the efficacy of patients with ICIs in the training cohort and test cohort1. As shown in Figures 3A, B, the AUC values of GPC, SVM_rbf, and SVM_poly algorithms were higher than those predicted by a single biomarker. Moreover, compared with the GPC and SVM_rbf algorithms, the SVM_poly algorithm was stabler in the training cohort and test cohort1, and thus was more suitable to be selected to construct the multi-feature model.




Figure 3 | Algorithm selection for multi-feature model construction. (A) ROC curves for SVM_poly, SVM_rbf, GPC, TMB, ITH, and HLA LOH in the training cohort. (B) ROC curves for SVM_poly, SVM_rbf, GPC, TMB, ITH, and HLA LOH in test cohort1. (C) Kaplan–Meier curves of PFS comparing pDCB with pNDB in the training cohort. (D) Kaplan–Meier curves of PFS comparing pDCB with pNDB in test cohort1. (E) Kaplan–Meier curves of OS comparing pDCB with pNDB in test cohort1. pDCB, patients predicted to have durable clinical benefit; pNDB, patients predicted to have no durable benefit; PFS, progression-free survival; OS, overall survival.



Next, the median progression-free survival (mPFS) and median overall survival (mOS) in the training cohort and test cohort1 were analyzed with the multi-feature model. The results showed that patients who were predicted to have durable clinical benefit (pDCB) had longer mPFS and mOS than those predicted to have no durable benefit (pNDB) (Figures 3C–E).



3.4 Validation of the Multi-Feature Model in Patients Enrolled in Test Cohort2

Twenty-one NSCLC patients treated with ICIs enrolled in this study were used for further validation of the multi-feature model. Consistent with the above results, the AUC value predicted by the multi-feature model was higher than those predicted by single biomarker (Figure 4A). Furthermore, the mPFS of the pDCB subgroup was significantly longer than that of the pNDB subgroup (Figure 4B). In conclusion, the multi-feature model is able to distinguish pDCB from pNDB.




Figure 4 | The multi-feature model could effectively predict response to ICIs treatment in test cohort2. (A) ROC curves for multi-feature model, TMB, ITH, and HLA LOH in test cohort2. (B) Kaplan–Meier curves of PFS comparing pDCB with pNDB in test cohort2.






4 Discussion

ICIs have achieved great success in the treatment of NSCLC, and several biomarkers have been developed to help clinicians make treatment choices; however, the predictive accuracy of these biomarkers is finite (24, 36). In this study, a comprehensive analysis of NSCLC samples was carried out to investigate the role of a multi-feature model composed of TMB, ITH, and HLA LOH in determining the response to ICIs. Our study showed that the accuracy of this multi-feature model was higher than that of any single biomarker, and the mPFS and mOS of pDCB patients were longer than those of pNDB patients predicted by the multi-feature model. Finally, whole-exome sequencing data from 21 NSCLC patients treated with ICIs were applied to further validate the model, and the same results were obtained.

Several studies have integrated multiple indicators to predict the efficacy of ICIs in NSCLC patients. Shi et al. integrated genomic profiling, TMB, and the expression level of PD-L1 to predict the efficacy of ICIs and reported that KMT2C/KRAS/TP53 co-mutation could serve as a biomarker to identify the best responders to ICIs therapy; however, the percentage of durable clinical benefit was only about 50% (37). Lin et al. also constructed a comprehensive predictive classifier model based on epidermal growth factor receptor and AT‐rich interaction domain 1B status, smoking history, treatment type, and PD-L1 score and found that patients with low-risk scores showed improved PFS compared to those with high-risk scores, while the AUC value of 6-month PFS was only 0.75 (38). In addition, these prediction models required multiple detection techniques, such as targeted panel sequencing and IHC of PD-L1, which need more tumor samples and costs. Therefore, in terms of the availability of clinical samples and the costs of treatment, we hoped that multiple features could be obtained through one detection technology. Targeted panel sequencing has been demonstrated in clinical application. As the costs of sequencing decreased, the clinical application of targeted panel sequencing gradually increased. More importantly, from targeted panel sequencing, multiple genomic features could be analyzed. Therefore, the multi-feature model based on genomic markers was developed. In our study, the AUC values of the multi-feature model in the training cohort, test cohort1 and test cohort2 were 0. 82, 0.77, and 0.78, respectively, which proved that our model is more effective in predicting the efficacy of NSCLC patients treated with ICIs. In order to further expand the application of this model, the predictive ability of this model in melanoma was also analyzed. As shown in Figure S2, the AUC value was 0.6, which indicated that the model may be unsuitable for melanoma.

In summary, we have constructed a multi-feature model that can effectively predict the efficacy of NSCLC patients treated with ICIs, which can help in clinical decision-making. In addition, patients with pDCB could be considered as more suitable candidates for treatment with ICIs. Ongoing intense work, especially prospective large cohorts, is needed to further validate and optimize our model.
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Supplementary Figure 1 | Data winsorization and normalization in the training cohort. (A) Data of HED, HED_A, HED_B, HED_C, TMB, ITH and TNB before winsorization. (B) Data of HED, HED_A, HED_B, HED_C, TMB, ITH and TNB after winsorization. (C) Data of HED, HED_A, HED_B, HED_C, TMB, ITH and TNB after normalization.

Supplementary Figure 2 | ROC curves for multi-feature model, TMB, ITH, and HLA LOH in cohort of melanoma.
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Background

Lung adenocarcinoma (LUAD) is a fatal malignancy in the world. Growing evidence demonstrated that autophagy-related genes regulated the immune cell infiltration and correlated with the prognosis of LUAD. However, the autophagy-based signature that can predict the prognosis and the efficiency of checkpoint immunotherapy in LUAD patients is yet to be discovered.



Methods

We used conventional autophagy-related genes to screen candidates for signature construction in TCGA cohort and 9 GEO datasets (tumor samples, n=2181; normal samples, n=419). An autophagy-based signature was constructed, its correlation with the prognosis and the immune infiltration of LUAD patients was explored. The prognostic value of the autophagy-based signature was validated in an independent cohort with 70 LUAD patients. Single-cell sequencing data was used to further characterize the various immunological patterns in tumors with different signature levels. Moreover, the predictive value of autophagy-based signature in PD-1 immunotherapy was explored in the IMvigor210 dataset. At last, the protective role of DRAM1 in LUAD was validated by in vitro experiments.



Results

After screening autophagy-related gene candidates, a signature composed by CCR2, ITGB1, and DRAM1 was established with the ATscore in each sample. Further analyses showed that the ATscore was significantly associated with immune cell infiltration and low ATscore indicated poor prognosis. Meanwhile, the prognostic value of ATscore was validated in our independent LUAD cohort. GSEA analyses and single-cell sequencing analyses revealed that ATscore was associated with the immunological status of LUAD tumors, and ATscore could predict the efficacy of PD-1 immunotherapy. Moreover, in vitro experiments demonstrated that the inhibition of DRAM1 suppressed the proliferation and migration capacity of LUAD cells.



Conclusion

Our study identified a new autophagy-based signature that can predict the prognosis of LUAD patients, and this ATscore has potential applicative value in the checkpoint therapy efficiency prediction.
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Introduction

Recent epidemiology studies have shown that lung cancer is the deadliest malignancy in the United States and China (1, 2). Lung adenocarcinoma (LUAD) is now holding the predominant position among all the pathological types of lung cancer. Although therapies of LUAD have achieved dramatic progress due to the innovation of surgery, chemotherapy, and targeted therapies, the prognosis of LUAD patients remains unsatisfactory (3). In the past decade, immune checkpoint blockade immunotherapies targeting PD-1 or other immune regulators are emerging as a new hope for LUAD patients (4, 5). However, few biomarkers can predict the efficacy of anti-PD-1 immunotherapy and stratify benefit population. Therefore, it is urgent to excavate more effective biomarkers to find appropriate patients that will benefit from anti-PD-1 immunotherapy.

Autophagy is a cellular process to degrade organelles and proteins by transporting them to the lysosomes, and its vital regulatory role in carcinogenesis is well known (6). During cancer development, autophagy may play tumor-promotor and tumor-suppressor roles in different cancers, and the specific function depends on the cancer type and development stage (7). Recent studies have shown that autophagy also has critical functions in tumor immunology (8). Like its double-edged sword functions in carcinogenesis, autophagy also plays a dual role in the anti-tumor immune response. On the one hand, autophagy activation may improve antigen presentation and immune recognition in dendritic cells (9, 10). On the other hand, autophagy can repress tumor-related antigen presentation by downregulation of MHC-I surface molecules (11). Meanwhile, pieces of evidence have revealed that autophagy in myeloid-derived suppressor cells (MDSCs) is associated with the M2 macrophage polarization and induces the immunosuppressive tumor microenvironment (12).

Since autophagy has a tight and elusive correlation with tumor immunology, researchers also pay attention to the potential association between autophagy and PD-1 blockade therapy. However, the effects of autophagy targeting drugs on PD-1 overexpressed cancer cells are controversial, and the interaction of autophagy regulators and PD-L1/PD-1 in LUAD is still to be revealed (13). Therefore, the investigation of a single regulator may not be enough to evaluate the full view of autophagy functions in LUAD. In comparison, the expression signature of autophagy-related genes may have the potential to predict the efficacy of anti-PD-1 immunotherapy in LUAD.

In this study, we selected 232 autophagy regulators and explored their expression in multiple datasets. Furthermore, we identified a signature (ATscore) composed of three autophagy-related genes, and this signature was correlated with the survival and tumor immunology factors of LUAD. Moreover, the prognostic predictive value of ATscores was validated in our independent LUAD cohort. The single-cell sequencing data analysis identified the potential relationship between this signature and the immune cell infiltration. And the ATscore could predict the therapeutic effects of the PD-1 blockade therapy. Therefore, our study provided a new predictive signature to evaluate the prognosis and possible effects of the PD-1 blockade therapy in LUAD.



Materials and Methods


Dataset Source and Preprocessing

The workflow of our study was summarized in Figure 1. Open LUAD gene expression datasets and corresponding clinical information were obtained from The Cancer Genome Atlas (TCGA) and Gene-Expression Omnibus (GEO) databases. Patients with incomplete clinicopathological information were removed in further analyses. In total, TCGA-LUAD dataset and 9 eligible GEO datasets (GSE13213, GSE14814, GSE30219, GSE31210, GSE37745, GSE50081, GSE68465, GSE72094, and GSE81089) were enrolled for further evaluation. The RNA-sequencing data were downloaded from GDC portal, and the fragments per kilobase million (FPKM) values were transformed into transcripts per kilobase million (TPM), so the data can be comparable between samples (14). The raw data of microarray datasets were gererated by Affymetrix or Agilent platforms. We used the RMA algorithm of the Affy software to perform the quaintly normalization and background correction for Affymetrix raw data. The consensus median polish algorithm in the Affymetrix software was used for summarizing of oligonucleotides for each transcript. Meanwhile, the R package “limma” was used to process the Agilent raw data. The signal intensity of TPM values from TCGA was similar with RMA-standardized values from microarray datasets.




Figure 1 | The workflow of the bioinforamtic analysis. Datasets were obtained from TCGA and GEO databases, and Consensus clustering were performed using autophagy regulators. After identifying the correlation between the autophagy clustering and immunological status, ATscore was constructed and proven to be a prognostic predictor of LUAD patients. The correlation between ATscore and immunological status of tumor was confirmed in datasets and single-cell sequencing data. Moreover, the predictor value of ATscore in PD-1blockade therapy response was confirmed.





Consensus Clustering Analysis

We searched the canonical autophagy database HADb (Human Autophagy Database), and 232 autophagy regulators were identified to be autophagy signature clustering candidates (Table S1). Univariate COX analyses were performed to identify autophagy regulators for consensus clustering in the meta-cohort (P<0.001). Afterward, LUAD samples were grouped into clusters by consensus clustering analysis with the R package “ConsensusClusterPlus”. Kaplan‐Meier survival curves were created in each cluster, and log-rank tests were performed to compare the overall survival (OS) between subgroups. The “limma” package in R was used to investigate the differentially expressed genes (DEGs) between distinct autophagy clusters. The t-distributed stochastic neighbor embedding (t-SNE) analysis and the correlation analysis between autophagy regulators and DEGs were performed to validate the stability of the clustering.



Functional Annotation Enrichment and Immune Cells Infiltration Analyses

To determine the differences of biological functions between sample subgroups, Gene Set Variation Analysis (GSVA), Gene Set Enrichment Analysis (GSEA), and Gene Ontology (GO) enrichment analysis were performed. The functions and pathways with a strict cut of the value of P < 0.05 were selected. For immune cell infiltrating estimation, we performed an xCell algorithm to quantify the proportion of the infiltrating immune cells in LUAD samples (15). Total 64 cell signatures were calculated, and 40 immune cell-related signatures were selected for display (aDC, Astrocytes, B-cells, Basophils, CD4+ memory T-cells, CD4+ naive T-cells, CD4+ T-cells, CD4+ Tcm, CD4+ Tem, CD8+ naive T-cells, CD8+ T-cells, CD8+ Tcm, CD8+ Tem, cDC, Class-switched memory B-cells, DC, Eosinophils, Fibroblasts, iDC, Macrophages, Macrophages M1, Macrophages M2, Mast cells, Megakaryocytes, MEP, naive B-cells, Neurons, Neutrophils, NK cells, NKT, pDC, pro B-cells, Tgd cells, Th1 cells, Th2 cells, Tregs, CLP, ImmuneScore, StromaScore and).



Somatic Mutation Analyses

The copy number alterations (CNAs) and somastic mutations of LUAD patients was downloaded from the TCGA database. GSITIC analysis were applied to investigate the specific genomic event variations, and the threshold copy numbers at alteration peaks in different ATscore groups were illustrated. The somatic mutation analysis and mutation landscape delineation of TCGA was performed by the R package “maftool”.



Generation of Autophagy Associated Signature

To construct the autophagy-based signature, the 38 autophagy regulators used for consensus clustering were subjected to univariate COX analysis in TCGA cohort., and those with P<0.05 were chosen as candidates for signature construction. To quantify the autophagy modification patterns of tumors, we use random survival forest analysis to perform dimension reduction to reduce noise or redundant genes among these prognostic autophagy regulators, and the relevant importance of each gene was calculated (14). Next, we conducted loop modeling to screen autophagy-based signatures based on the importance of each gene. The signature with the lowest P-value in Kaplan‐Meier analysis was identified as the autophagy-based signature, and the ATscore was calculated as follows:

	

The univariate and multivariate Cox regression analyses were used to investigate whether the ATscore can be an independent risk factor of OS for LUAD patients by R package “survival”.



Single-Cell Characteristics Identification

For single-cell characteristics investigations, we obtained the single-cell RNA sequencing data of 49 clinical biopsies obtained from 30 patients (include 9 primary and 21 metastatic lung adenocarcinoma patients from an NCBI BioProject #PRJNA591860. The dataset was downloaded from ENA (European Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/view/PRJNA591860). Follow genes were used as marker genes for the first clustering, immune (CD45+,PTPRC), epithelial/cancer (EpCAM+,EPCAM), stromal (CD10+,MME,fibo or CD31+,PECAM1,endo) (16). Cells previously annotated as epithelial cells were re-clustered using the following methods. We determined the single-cell copy number variation (CNV) through the “infercnv” package. We established an algorithm for the average expression of specific genes in each chromosome of all sample cells to distinguish between tumor and non-tumor epithelial cells (16). Infercnv searched cells with large copy number variations, sorted genes by chromosome position, and determined relative expression values by moving average method (17, 18). All epithelial cells as well as 300 fibroblasts and 300 endothelial cells were used as input. An additional 500 fibroblasts and 500 endothelial cells were used as reference controls. We scored the CNV degree for each cell and plotted the cells on a dendrogram, then cut at the highest point where all endothelial and fibroblasts belonged to a cluster (k = 6). All cells clustered with the spiked control were labelled as ‘non-tumor’, while the remaining two clusters were labelled as ‘tumor’. The non-tumor cells were annotated by “scCATCH” package. We further performed the cell clustering and dimension reduction by R package “Seurat”. Afterward, the principal component analysis (PCA), “FindNeighbors” package, and “FindClusters” package were used to construct the cell clustering. “UMAP” was used to visualize the expression profiling, and the “SingleR” package was used to cluster the non-malignant cells. The “FindCluster” function in “Seurat” package was used to identify genes that differentially expressed between two ATscore groups. GSVA and GSEA were performed to determine the functional annotation of ATscore. Statistical significance was set at |correlation coefficient| > 0.5 for GSVA, and FDR < 0.05 for GSEA (19). Furthermore, we performed the cell-cell interaction analysis by the “CellChat” package (20). The various receptor-ligand signaling expression modules between the high and low ATscore groups and the roles of different ATscore groups in specific molecular pathways were visualized.



Immunotherapy and Molecular Therapy Response Prediction

To predict the potential immunotherapy response in patients with various levels of ATscores, T cell–inflamed gene expression profile (GEP), cytotoxic activity (CYT), and the Tumor Immune Dysfunction and Exclusion (TIDE) algorithm were performed in the TCGA cohort (21). To investigate the direct predictive value of ATscores on PD-1 therapy response, the IMvigor210 dataset was downloaded from http://research-pub.gene.com/IMvigor210CoreBiologies, and correlation between ATscore levels of patients and the anti-PD-1 therapy responses was calculated.

The chemotherapy response of LUAD patients from TCGA cohort was determined by the Genomics of Drug Sensitivity in Cancer database (GDSC, https://www. cancerrxgene.org). The IC50 values were calculated for the prediction of drug sensitivity by R package “pRRophetic”.



Tissue Specimens and the Immunohistochemistry

The tissue sample collection in this study was approved by the ethics committee of Xiangya Hospital, Central South University (CSU; Changsha, China). Before the tumor sample collection, all patients were informed, and the written consent was obtained. From January 2011 to December 2012, 70 cases of LUAD tumor samples were collected from patients who underwent tumor resection at the Department of Thoracic Surgery, Xiangya Hospital, CSU. All patients did not receive radiotherapy or chemotherapy before the lung resection operation. The LUAD samples were collected from the edge of tumor lesions, and at least two experienced pathologists confirmed the pathological diagnosis. The collected samples were rapidly frozen in liquid nitrogen and transferred to a −80°C freezer for further assays. All patients were followed up every three months by telephone or a visit by our team for survival inquiry until death or the end of the follow-up.

IHC assays were performed for ATscore calculation in tissues. Paraffin-embedded tissues were cut into 4-μm sections. Sections were deparaffinized and boiled in 10 mM citrate buffer (pH 6.0) for antigen retrieval, and 3% H2O2 was used to block endogenous peroxidase activity. DRAM1 (sc-81713, Santacruz), CCR2 (ab203128, Abcam) and ITGB1 (ab134179, Abcam) antibodies were used as primary antibodies. The IHC staining scores were determined by combining staining intensity and the proportion of positively stained cells using histochemistry score (H-score). H-Score = (percentage of weak intensity cells ×1) + (percentage of moderate-intensity cells ×2) + (percentage of strong intensity cells ×3).



Cell Culture and Transfection

A549 and H1299 cell lines were obtained from the Chinese Academy of Science Cell Bank (Shanghai, China), and cultured in RPMI‐1640 (Gibco) medium supplemented with 10% FBS (Gibco), 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco) in a humidified incubator with 5% CO2 at 37°C. The siRNA of DRAM1 (sense: CCUACAGUCCAUCAUCUCUUATT, antisense: UAAGAGAUGAUGGACUGUAGGTT) and the negative conthol (sense: UUCUCCGAACGUGUCACGUTT, antisense: ACGUGACACGUUCGGAGAATT) were obtained from Sangon Biotech (Shanghai, China), and transfected into cells by Lipofectamine 3000 (ThermoFisher) according to the manufacturer’s protocol.



Western Blot Assays

The total protein of cell lines was extracted with RIPA lysis buffer (Beyotime) containing protease inhibitor for 20 min on ice. After the measurement of protein concentration by Bradford’s reagent (Beyotime), protein samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes. After blocking with 5% nonfat milk in TBST for 60 min, membranes were incubated with primary antibodies at 4°C overnight. DRAM1 (sc-81713, Santacruz) and GAPDH (GB11002, Servicebio) were used as primary antibodies. Anti-rabbit or anti-mouse IgG conjugated to horseradish peroxidase (HRP) (Proteintech) was used as the secondary antibody. Bands were visualized by Bio-Rad Image Lab Software.



Cell Counting Kit-8 Assays

The proliferation ability of LUAD cells was monitored by cell counting kit-8 (Biosharp). A549 and H1299 cells (3*103/well) were seeded in the 96-well plates. The Optical Density (OD450) were determined on 0, 24, 48, 72 and 96 h.




5-Ethylnyl-2′-Deoxyuridine Incorporation Assay

EdU assays were performed by kFluor488 Click-iT EdU Kit (KeyGEN biotech). A549 and H1299 cells (3000/well) were incubated in 95-well plates after the siRNA transfection. The EdU marking and the Hoechst 33342 identification were performed according to the manufacturer’s protocol.


Colony Formation Assays

A549 and H1299 cells (1000/well) were seeded in the 6-well plates after the transfection. After 14 days of incubation, Paraformaldehyde fix solution (4% PFS) was used for the cells fixation, and 0.1% crystal violet (Beyotime Biotechnology) were used for identification of cell colonies.



Transwell Assays

Transwell assays were performed to examine the migratory and invasive capacity of LUAD cells. For the transwell migration assay, 4*104 cells in serum-free media were placed into the upper chamber of an insert (8 μm pore size, Corning). For the transwell invasion assay, 8*104 cells in serum-free media were seeded into the upper chamber, which was precoated with Matrigel (Corning). For both transwell migration and invasion assays, medium with 20% FBS was added to the lower chamber. Cells were incubated for 24 h at 37°C, and nonmigrating cells were removed with cotton swabs. Migrated or invaded cells on the bottom of the membrane were fixed with 4% paraformaldehyde for 15 min and stained with crystal violet for 15 min. Then, stained cells were assessed by counting 5 random fields per chamber under a microscope.



Statistical Analysis

R software (v3.6.3) was used for all statistical analyses. The normality of the variables was tested by the Shapiro-Wilk test. Differences between two normally distributed groups were determined by the Students’ t-test, and the Wilcoxon test measured differences between two non-normally distributed variables. One-way analysis of variance (ANOVA) tests was used as a parametric method for multiple groups comparison, while Kruskal–Wallis tests were used as a nonparametric method. For correlation coefficients calculation, Pearson correlation and distance correlation analyses were performed. Chi-square contingency tests were used for contingency tables analyses. After the ATscore calculation, R package sva was used for reducing the computational batch effect. Data visualization was performed using the R package ggplot2. Benjamini–Hochberg method was used for P values to FDRs conversion in the DEG analysis (22). ROC curves and the area under the curve (AUC) calculation were performed by R package timeROC. Kaplan‐Meier survival curves were created in each group, and log-rank tests were performed to compare the OS between subgroups. The univariate and multivariate Cox regression analyses were used to investigate the independent prognostic factor by R package survival. Survival curve visualization was performed by R package survminer. All heatmaps were generated by R package ComplexHeatmap. All the tests were two-sided, and P < 0.05 was considered statistically significant.




Results


The Consensus Clustering of Autophagy Regulators Predicted the Prognosis of LUAD Patients

To explore the prognosis relevance of autophagy regulators, nine GEO datasets with available survival data (GSE13213, GSE14814, GSE30219, GSE31210, GSE37745, GSE50081, GSE68465, GSE72094, and GSE81089) and TCGA LUAD dataset were enrolled as the meta-cohort to construct the autophagy regulators consensus clustering. By the univariate COX analysis, 38 regulators with P<0.001 were selected for further analysis (Table S2). The R package ConsensusClusterPlus clusters the LUAD samples into subgroups based on the expression pattern of autophagy regulators (Figure S1). Our consensus matrix results showed that the LUAD meta-cohort could be distinctly divided into two subgroups, and these regulators exhibited different expression patterns in the meta-cohort and TCGA cohort (Figures 2A, C). Moreover, after we screening DEGs between clusters, the correlation analysis results showed that the clusters distinguished by autophagy regulators strongly correlated with identified DEGs (Figure S2).




Figure 2 | The consensus clustering of autophagy regulators predicted the prognosis of LUAD patients. The expression pattern of 38 autophagy regulators in the meta-cohort (A) and TCGA cohort (C). The heatmaps showed upregulated genes (red) and downregulated genes (blue) of autophagy regulators in subgroups. The Kaplan‐Meier analysis showed that the clusters2 had worse prognosis than cluster1 in both meta-cohort (B) and TCGA cohort (D). The t-SNE analyses showed that the two autophagy clusters were fine isolated (E), and the autophagy-related regulators separated tumors from normal tissues noticeably (F).



Afterward, we examined whether the two subgroups of LUAD patients have different prognoses. The Kaplan‐Meier analysis results showed that cluster2 had a worse prognosis than cluster1 in the meta-cohort and TCGA cohorts (Figures 2B, D). Furthermore, we performed t-SNE to validate the subgroup assignment. Our results showed that the two clusters were fine isolated, and these 38 autophagy regulators separated tumors from normal tissues remarkably (Figures 2E, F).



The Transcriptome Features of Autophagy Clusters

To determine the biological behavior differences between the two autophagy clusters (ATcluster), a GSVA enrichment analysis was performed to discover the potential function diversities. Interestingly, we found that plenty of immune-related and autophagy-associated pathways were enriched (Figure 3A). Therefore, we further investigated the unsupervised clustering of immune infiltrating cells in the meta-cohort. We found that the two ATclusters had different T cell-related infiltration clustering and significant discrepancy of tumor microenvironment scores (Figure 3B, Figure S3A), and these results were also confirmed in the TCGA cohort (Figures S3B, C). Moreover, the expression of immune-related genes in the two clusters had remarkable differences (Figure S4). Since T cells infiltration and the tumor microenvironment reshaping are the vital for PD-1 targeting therapies, these results suggested the potential association between our autophagy clustering and the response of PD-1 immune therapy. Moreover, the two autophagy clusters were associated with the well-known signatures in the meta-cohort and TCGA cohort (Figure 3C, Figure S5A). Apart from the immune infiltration, the autophagy clustering also correlates with proliferation-related genes and metabolic function of LUAD tumors (Figures S5B, C and S6).




Figure 3 | The transcriptome features of autophagy clusters in the meta-cohort. Unsupervised clustering assays showed that immune and autophagy-related biological functions were enriched in meta-cohort samples (A), and the two autophagy clusters (ATcluster) have different immune infiltrating cells patterns (B). The two autophagy clusters had different well-known signature patterns in the meta-cohort (C). **P<0.01, ***P<0.001, ****P<0.0001. “ns” means no significance.





The Construction of Autophagy Modification Patterns and its Correlation With Prognosis of LUAD Patients and Functional Annotations

The DEGs were acquired and adapted to investigate the comprehensive biological characteristics of two ATclusters (Table S3), and the consensus clustering by these DEGs was performed to construct the Geneclusters. Meanwhile, the 38 autophagy regulators used in the consensus clustering assay were selected for univariate COX analysis in TCGA cohort. The 20 regulators with P<0.05 were chosen as autophagy modification pattern candidates (Table S4). Furthermore, random survival forest analysis was used to explore the probability of autophagy modification pattern construction. After calculating the relative importance of 20 autophagy regulators, 7 genes were identified as the most critical factors (Figure 4A). Further log-rank analyses showed that the signature constructed by 3 genes (CCR2, ITGB1, and DRAM1) had the lowest P value and could predict LUAD patients’ prognosis with highest efficiency (Figure 4B). Therefore, we name this gene signature as the ATscore. Unsurprisingly, LUAD patients with higher ATscore had noticeable worse overall survival in meta-cohort (Figure 4C, Figure S7A), and the Sankey plot showed the interconnection among the ATclusters, Geneclusters, ATscores, and patient survival (Figure 4D). The ROC curve showed that ATscore can be a sensitive marker for 3-years overall survival of LUAD patients. Meanwhile, the AUC of ATscore was bigger than other reported models (Figure S7B) (23, 24). Moreover, both the univariate and multivariate COX regression analyses revealed that ATscore was an independent risk factor of LUAD patients (Figure S7C). Besides the LUAD cohorts, we also investigated the pan-cancer cohorts to explore whether the autophagy signature score can predict the survival of patients in other cancers. Our results showed that the predicted value of ATscore could be confirmed in multiple cancer cohorts (Figure S8). Taken together, our analyses constructed a new signature called ATscore, and this signature was correlated with the prognosis of LUAD patients and could act as an independent prognostic marker for LUAD patients.




Figure 4 | The construction of ATscore and the validation of its prognostic predictive value. The relative importance of the 20 autophagy regulators was calculated by random survival forest analysis, and the 7 most critical ones were showed (A). The log-rank analyses showed that ATscore constructed by 3 genes predicted LUAD patients’ prognosis with a lowest P value (B). LUAD patients with higher ATscore had noticeable worse overall survival in meta-cohort (C). Sankey plot illustrating the interconnection among the ATclusters, Geneclusters, ATscores, and patient survival (D). The representative IHC pictures of biopsies from independent cohort were showen (E), and the prognostic predictive value of the ATscore was validated in independent cohort (F).



To confirm the survival predictive value of ATscores in LUAD patients, we verified the prognostic value of ATscore in an independent validation cohort composed by 70 LUAD tumor samples from the Thoracic surgery department of Xiangya hospital. The IHC assays were performed to determine the expression levels of ATscore-related genes. Accordingly, the ATscores of these tumor samples were calculated. The samples with low expression levels of CCR2 and DRAM1 and high expression levels of ITGB1 were classified into high ATscore group, vice versa (Figure 4E). The Kaplan‐Meier analysis results showed that patients with higher ATscores had significantly wrose prognosis than those with lower ATscores (Figure 4F). These results validated the prognostic predictive value of the ATscore in our LUAD cohort.

To further investigate the functional traits of autophagy modification signature, transcriptome feature analyses were performed among patients with various ATscores. The GSVA analysis results showed that the ATscores were associated with T cell selection, T cell lineage commitment and other humoral immune-related pathways (Figure 5A). The further unsupervised clustering of immune infiltrating cells showed a more specific correlation of ATscores with checkpoints therapies-related immune cells (Figure 5B). Besides, we also found the relationship between the autophagy signature and the immune-related genes (Figures S9, 10). Meanwhile, the results of CNA analysis revealed that patients with different ATscores had various copy number alterations (Figure S11A). Patients with high ATscore had higher levels of KRTAP9-9 (17q21.2) amplification and LCE3C (1q21.3) deletion, and those with low ATscore had higher levels of PLK2 (5q11.2) amplification. Somastic mutation analysis showed that patients with higher ATscore had higher mutation frequency of TP53 (55% vs. 41%), TTN (53% vs. 38%), MUC16 (45% vs. 34%), CSMD3 (44% vs. 30%) and RYR2 (43% vs. 29%) compared with those had lower ATscore (Figure S11B). Moreover, ATscores also presented a tight correlation with well-known signatures and carcinogenesis pathways (Figures 5C, D).




Figure 5 | The transcriptome features of patients with various ATscores in TCGA cohort. The GSVA analysis showed the different immune-related patterns of patients with various ATscores in TCGA cohort (A). The diversity of immune cells infiltrating patterns between patients with various ATscores was identified by xCell algorithm, and our results showed a more specific correlation of ATscores with checkpoints therapies-related immune cells (B). Patients with various ATscores also presented different states of well-known signaturesand carcinogenesis pathways (C, D). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. “ns” means no significance.





The Correlation of ATScores With the Single-Cell Characteristics

According to the potential correlation between T cell infiltrations of LUAD tumor and the autophagy signature, we further explored whether the ATscore could predict the single-cell characteristics by exploring the single-cell RNA sequencing data. We calculated the CNV of individual cells and the CNV score of each cell cluster by ‘infercnv’. The cells were classified into malignant and non-malignant cells (Figures S12A, B). Furthermore, the statistical analysis results showed that the tumor samples with lower ATscores had a lower proportion of common myeloid progenitor (CMP), macrophage, and monocyte than those with higher scores (Figures 6A–C). These results suggested the remarkable immune microenvironment diversity between the two ATscore groups.




Figure 6 | The correlation of ATscores with the single-cell characteristics. The single-cell patterns showed that tumor samples with higher ATscore had significantly more Neoplastic cells compared with low ATscore group (A). The statistical analysis results of immune cells diversity assay showed that the tumor samples with lower ATscores had a lower proportion of common myeloid progenitor (CMP), macrophage, and monocyte than those with higher scores (B), and the immune cells diversity between two ATscore groups was remarkable (C). The DEGs between the single-cell samples with different levels of ATscores were visualized, and the most remarkable genes were identified (D). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. “ns” means no significance.



We next focused on malignant cells with different ATscore. By the DEGs between the different levels of ATscores (Figure 6D), GO enrichment and GSEA assays were further performed. At the same time, we compared the different pathways between the two groups by GSVA analysis. Our results identified a remarkable difference between the two ATscore groups on the autophagy and immune response-related cellular functions and signaling pathways (Figures 7A–C).




Figure 7 | The correlation of ATscores with immune cells infiltrating and the cellular communication patterns. GO enrichment analysis (A), GSEA (B) and GSVA (C) revealed that two ATscore groups had different autophagy and immune response-related cellular functions and signaling pathways. The cells with various ATscore levels have diverse tumor-related (PARs signaling) and immune response-related signaling pathway (IFN-II signaling and IL4 signaling) patterns (D–F). Tumor cells with different ATscore levels play different roles in cellular interactions with tumor microenvironment cells.



Further, we explored the interaction between tumor cells with different ATscore levels and microenvironmental cells, and the results also showed a diversity of communication patterns between tumor cells with different ATscore levels (Figures S12C, D). It is well known that each cell has its unique communication pattern as receivers, senders, mediators, and influencers. Our results showed that T cells in the LUAD tumor microenvironment may communicate with malignant cells at high ATscore levels via PARs, IFN-II and IL-4 pathways, thereby regulating tumor cell proliferation and invasive capacity (Figures 7D–F).



The Autophagy Modification Patterns Predicted Immunological Therapeutic Benefits

In the previous study, we have investigated the survival predictive role of ATscore in the LUAD cohort and explored the potential relationship between the ATscore and the immune escape of LUAD tumors. This section focused on the direct efficiency predictive value of ATscore in the PD-1 blockade therapy. Recently, T cell–inflamed GEP and CYT are emerging as predictive biomarkers for PD-1 blockade therapies (21). Therefore, we explored the correlation between ATscores and these well-known biomarkers. Our results showed that the patients with lower ATscore in the TCGA cohort had relatively higher GEP and CYT scores (Figures 8A, B). In addition, TIDE algorithm was also performed to evaluate the coherence of ATscores and the LUAD tumor immunotherapy response. Our results revealed that patients with higher ATscore in TCGA cohort might have poorer responses to immunotherapy (Figure 8C). These biomarker calculations suggested that the ATscores might have a negative correlation with the immunological therapy responses. Furthermore, we found that the levels of ATscores had a negative correlation with the PD-1 blockade therapy responses in the IMvigor210 cohort. In this cohort, patients with higher ATscores also had poorer anti-PD-1 response and prognosis than those with lower scores (Figure 8D). Moreover, we evaluated the chemotherapy response of LUAD patients with different ATscores. Our results showed that patients with higher ATscores had significantly higher IC50 value in many chemotherapy molecules compared with those with lower ATscore (Figure S13), especially in lung cancer sensitive AZD6244 and Gefitinib. These results indicated that patients with higher ATscores may also have poorer chemotherapy response than those with lower ATcores.




Figure 8 | The autophagy signature predicted immunological therapeutic benefits. The patients with lower ATscore in the TCGA cohort had relatively higher CYT (A) and GEP (B) scores compared with those had higher ATscore. The results of TIDE algorithm showed that patients with higher ATscore in TCGA cohort might get poorer immunotherapy response than patients with lower ATscore (C). In IMvigor210 cohort, patients with higher ATscores also had poorer anti-PD-1 response and prognosis than those with lower scores (D). ****P<0.0001.





DRAM1 Suppressed the Proliferation and Migration of LUAD Cells

Among the three autophagy regulators that make up the ATscore, CCR2 and ITGB1 were well-discussed and considered as vital regulators in the development of LUAD. However, the biological functions of DRAM1 remained controversial. For validation of our predicted tumor suppressor role of DRAM1 in the ATscore, we used siRNA to inhibited the expression of DRAM1 in A549 and H1299 cells (Figure 9A). The CCK-8 assays, EdU assays and colony formation assays demonstrated that the inhibition of DRAM1 significantly promoted the proliferation and DNA duplication ability of LUAD cells (Figures 9B–D). Meanwhile, the results of Transwell assays and invasion assays showed that the repression of DRAM1 expression remarkably enhanced the migration and invasive capacity of LUAD cells (Figure 9E). These results demonstrated that DRAM1 played as a tumor suppressor in LUAD cells, and its protective role in the ATscore was validated.




Figure 9 | DRAM1 suppressed the proliferation and migration capacity of LUAD cells. The siRNA of DRAM1 significantly inhibited the expression of DRAM1 in LUAD cells (A). The results of CCK-8 assays (B), EdU assays (C), and colony formation assays (D) revealed that the inhibiton of DRAM1 expression remarkablely promoted the proliferation and the DNA duplication of LUAD cells. The results of Transwell assays and Invasion assays showed that the impairment of DRAM1 expression enhanced the migration and invasion capacity of LUAD cells (E). *P<0.05, **P<0.01, ***P<0.001.






Discussion

LUAD is one of the fatal malignancies globally, and anti-PD-1 immunotherapy is the frontier domain in the LUAD treatment. At present, how to identify patients who can get the best response to anti-PD-1 immunotherapy remains a challenge. Gene signatures are a kind of biological function pattern constructed by the expression data of multiple genes and can be used for prognostic and progression prediction in many types of malignancies (25, 26). Therefore, a signature which can both predict the prognosis and the response of PD-1 therapy in LUAD patient is urgent to be discovered. Recent studies have demonstrated that autophagy is involved in the innate immune response as a critical mechanism of immune receptor regulation. Consequently, PD-1 therapy biomarkers consisted of autophagy-related genes can be a new research direction. In this work, we constructed an autophagy-related signature with only three genes to predict the prognosis of LUAD patients and their response to PD-1 therapy, and the prognostic predictive value of this risk signature was validated in the independent LUAD cohort. A biomarker constructed with fewer genes in the clinical application means a lower cost and more accessible usage. Moreover, our results in pan-cancer cohorts inferred the potential application value of ATscore in other types of cancers. Therefore, the ATscore signature we constructed has good clinical application prospects in the future.

The tumor microenvironment (TME) is an emerging concept in cancer research. The conventional TME consists of extracellular matrix, cancer-associated fibroblasts, vascular epithelial cells, and infiltrating immune cells (27). In recent years, immune cell infiltration in solid tumors is a pivotal factor in the TME-related carcinogenesis mechanisms. Among the numerous infiltrated immune cells, polarized macrophages including M1 and M2 subtypeswere reported to play critical roles in TME (28). However, the immune infiltration pattern in most malignancies cannot be portrayed by a single type of cells. Other immune cells such as CD4+ T cells and Tregs should also be considered (29). Thus, building a gene signature that reflects the overall situation of immune cell infiltration is indispensable for evaluating immune-related therapies. Autophagy is proven to be a vital cellular process in immune cell regulation (30). Accordingly, the determination of autophagy pattern in primary tumors is promising for assessing immune cell infiltration in LUAD TME.

Previous studies constructed the autophagy-related signature to predict the prognosis of LUAD patients, but they only built the signature in TCGA dataset (31, 32) and verified in a few GEO datasets. A few of them focused on the autophagy-related long non-coding RNAs (lncRNAs) (33, 34). In Jie Zhu’s study, the authors used one GEO dataset to validate the prognosis predictive value of their signature (35). Therefore, the autophagy signatures constructed by these studies need more patient samples to verify their predictive value. In our study, we used TCGA dataset and 9 GEO datasets to construct the autophagy ATscore and validate its prognostic value. More than that, the predictive value of ATscore was validated in our independent LUAD cohort, and proven to be more efficient than other preported signatures (23, 24). Thus, the reliability and repeatability of our signature are more stable compared with other signatures constructed by previous studies. Moreover, the correlation between autophagy-based signatures and the immune checkpoint therapy efficacy was barely characterized. Herein, we used single-cell sequencing data analysis to explore the potential correlation between ATscores and the immune cell patterns, and immune-related pathway differences between various levels of ATscore were also identified. To further determine predictive value of ATscore in immune checkpoint immunotherapy, well-known algorithms such as TIDE, GEP, and CYT were used, and our results revealed remarkable correlations between ATscores and immunotherapy responses. Moreover, we used IMvigor210 dataset to directly confirm the PD-1 therapy response differences between patients with various ATscore levels, and the ATscores showed a noticeable negative correlation with the response of PD-1 therapy.

The biological role of three genes which were used in the ATscore calculation were well characterized in previous studies. CCR2 is a G protein-coupled receptor that binds the chemokine MCP-1 (CCL2) to recruit myeloid cells into the peripheral blood. Numerous studies have demonstrated that CCR2 participates in the development, especially the infiltration of the immune cells in lung cancer. It was demonstrated that CCR2 and CXCR1 signaling played a critical role in the cross-talk between tumor-associated macrophage and lung cancer cells (36). Recently, more studies revealed that CCR2 is involved in the ERα (Estrogen receptor α)-induced lung cancer cell invasion by macrophage infiltration mechanism and might be an essential component of cancer immunotherapy (37, 38). ITGB1 and DRAM1 were also abnormally expressed in many types of cancer including lung cancer (39–42). ITGB1 was a well-known oncogene and was found to have a critical role in the development of NSCLC. The expression of ITGB1 could be promoted by a long non-coding RNA ITGB1-DT, which was located in the opposite direction from the coding ITGB1 sequence (43). However, the biological functions of DRAM1 remained controversial. DRAM1 was found to be a p53 target gene and played a vital role in autophagy and apoptosis (44). Evidence revealed that DRAM1 could be a target of FTSJ1 and facilitate lung cancer progression (45). Interestingly, a few months later, another study showed that DRAM1 suppresses the development of lung cancer by promoting autophagy-related EGFR degradation (46). Herein, our in vitro experimental results showed that DRAM1 suppressed the proliferation and migration of LUAD cells. According to these data, the biological functions of component genes of ATscore were validated. Given the biological functions of these genes in lung cancer, they were also used to construct other tumor microenvironment-associated signatures (31, 32, 47, 48). These studies suggested the vital roles of these genes in developing cancers, and the specific biological functions of these genes should be identified in the future.

Taken together, we constructed a novel autophagy-based signature termed ATscore to predict the prognosis and anti-PD-1 immunotherapy efficacy in LUAD. Our study helps to elucidate the mechanism of LUAD progression and suggests a promising prognostic and therapeutic predictive model for LUAD patients.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Ethics Statement

The studies involving human participants were reviewed and approved by the ethics committee of Xiangya Hospital, Central South University. The patients/participants provided their written informed consent to participate in this study.



Author contributions

Experimental performance and formal analysis, ZD, XW, NZ, HZ, ZW, XZ, XSL; funding acquisition, RC, YZ, XZL; project administration, QC; writing – original draft, XZL; writing – review & editing, QC, RC, PL, JZ, ZL. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from Hunan Science and Technology Innovation Talent Program-Excellent Postdoctoral Innovation Talent Project (2020RC2010, 2021RC2029), China Postdoctoral Science Foundation Funded Project (2021M693558), Outstanding Youth Fund of Natural Science Foundation of Hunan Province (2021JJ20092), and Innovation-Driven Project of Central South University (2020CX043), and Hunan Provincial Natural Science Foundation Youth Project (2019JJ50941).



Acknowledgments

We acknowledge TCGA and GEO database for providing their platforms and contributors for uploading their meaningful datasets.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.749241/full#supplementary-material



Abbreviations

ANOVA, one-way analysis of variance; ATcluster, autophagy cluster; CCL2, chemokine MCP-1; CMP, common myeloid progenitor; CNV, copy number variation; CYT, cytotoxic activity; DEGs, differentially expressed genes; ERα, Estrogen receptor α; FDRs, False discovery rates; GEO, gene-expression omnibus; GEP, gene expression profile; GO, gene ontology; GSEA, gene set enrichment analysis; GSVA, gene set variation analysis; HADb, human autophagy database; IHC, Immunohistochemistry; lncRNAs, long non-coding RNAs; LUAD, lung adenocarcinoma; MDSCs, myeloid-derived suppressor cells; MHC-I, major histocompatibility complex-I; OS, overall survival; PCA, the principal component analysis; PD-1, Programmed cell death protein 1; PD-L1, Programmed death-ligand 1; TCGA, The Cancer Genome Atlas; TIDE, Tumor Immune Dysfunction and Exclusion; TME, The tumor microenvironment; t-SNE, t-distributed stochastic neighbor embedding.



References

1. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2020. CA Cancer J Clin (2020) 70(1):7–30. doi: 10.3322/caac.21590

2. Zhang, S, Sun, K, Zheng, R, Zeng, H, Wang, S, Chen, R, et al. Cancer Incidence and Mortality in China, 2015. J Natl Cancer Center (2021) 1(1):2-11. doi: 10.1016/j.jncc.2020.12.001

3. Hirsch, FR, Scagliotti, GV, Mulshine, JL, Kwon, R, Curran, WJ Jr, Wu, YL, et al. Lung Cancer: Current Therapies and New Targeted Treatments. Lancet (2017) 389(10066):299–311. doi: 10.1016/S0140-6736(16)30958-8

4. Steven, A, Fisher, SA, and Robinson, BW. Immunotherapy for Lung Cancer. Respirology (2016) 21(5):821–33. doi: 10.1111/resp.12789

5. Zhang, H, Dai, Z, Wu, W, Wang, Z, Zhang, N, Zhang, L, et al. Regulatory Mechanisms of Immune Checkpoints PD-L1 and CTLA-4 in Cancer. J Exp Clin Cancer Res (2021) 40(1):184. doi: 10.1186/s13046-021-01987-7

6. Glick, D, Barth, S, and Macleod, KF. Autophagy: Cellular and Molecular Mechanisms. J Pathol (2010) 221(1):3–12. doi: 10.1002/path.2697

7. Li, X, He, S, and Ma, B. Autophagy and Autophagy-Related Proteins in Cancer. Mol Cancer (2020) 19(1):12. doi: 10.1186/s12943-020-1138-4

8. de Souza, ASC, Goncalves, LB, Lepique, AP, and de Araujo-Souza, PS. The Role of Autophagy in Tumor Immunology-Complex Mechanisms That May Be Explored Therapeutically. Front Oncol (2020) 10:603661. doi: 10.3389/fonc.2020.603661

9. Ireland, JM, and Unanue, ER. Autophagy in Antigen-Presenting Cells Results in Presentation of Citrullinated Peptides to CD4 T Cells. J Exp Med (2011) 208(13):2625–32. doi: 10.1084/jem.20110640

10. Li, Y, Hahn, T, Garrison, K, Cui, ZH, Thorburn, A, Thorburn, J, et al. The Vitamin E Analogue Alpha-TEA Stimulates Tumor Autophagy and Enhances Antigen Cross-Presentation. Cancer Res (2012) 72(14):3535–45. doi: 10.1158/0008-5472.CAN-11-3103

11. Yamamoto, K, Venida, A, Yano, J, Biancur, DE, Kakiuchi, M, Gupta, S, et al. Autophagy Promotes Immune Evasion of Pancreatic Cancer by Degrading MHC-I. Nature. (2020) 581(7806):100–5. doi: 10.1038/s41586-020-2229-5

12. Rao, S, Tortola, L, Perlot, T, Wirnsberger, G, Novatchkova, M, Nitsch, R, et al. A Dual Role for Autophagy in a Murine Model of Lung Cancer. Nat Commun (2014) 5:3056. doi: 10.1038/ncomms4056

13. Robainas, M, Otano, R, Bueno, S, and Ait-Oudhia, S. Understanding the Role of PD-L1/PD1 Pathway Blockade and Autophagy in Cancer Therapy. Onco Targets Ther (2017) 10:1803–7. doi: 10.2147/OTT.S132508

14. Wu, XN, Su, D, Mei, YD, Xu, MQ, Zhang, H, Wang, ZY, et al. Identified Lung Adenocarcinoma Metabolic Phenotypes and Their Association With Tumor Immune Microenvironment. Cancer Immunol Immunother (2021) 70(10):2835–50. doi: 10.1007/s00262-021-02896-6

15. Aran, D, Hu, Z, and Butte, AJ. Xcell: Digitally Portraying the Tissue Cellular Heterogeneity Landscape. Genome Biol (2017) 18(1):220. doi: 10.1186/s13059-017-1349-1

16. Maynard, A, McCoach, CE, Rotow, JK, Harris, L, Haderk, F, Kerr, DL, et al. Therapy-Induced Evolution of Human Lung Cancer Revealed by Single-Cell RNA Sequencing. Cell (2020) 182(5):1232–51.e22. doi: 10.1016/j.cell.2020.07.017

17. Patel, AP, Tirosh, I, Trombetta, JJ, Shalek, AK, Gillespie, SM, Wakimoto, H, et al. Single-Cell RNA-Seq Highlights Intratumoral Heterogeneity in Primary Glioblastoma. Science (2014) 344(6190):1396–401. doi: 10.1126/science.1254257

18. Puram, SV, Tirosh, I, Parikh, AS, Patel, AP, Yizhak, K, Gillespie, S, et al. Single-Cell Transcriptomic Analysis of Primary and Metastatic Tumor Ecosystems in Head and Neck Cancer. Cell (2017) 171(7):1611–24.e24. doi: 10.1016/j.cell.2017.10.044

19. Hanzelmann, S, Castelo, R, and Guinney, J. GSVA: Gene Set Variation Analysis for Microarray and RNA-Seq Data. BMC Bioinf (2013) 14:7. doi: 10.1186/1471-2105-14-7

20. Jin, S, Guerrero-Juarez, CF, Zhang, L, Chang, I, Ramos, R, Kuan, CH, et al. Inference and Analysis of Cell-Cell Communication Using CellChat. Nat Commun (2021) 12(1):1088. doi: 10.1038/s41467-021-21246-9

21. Cristescu, R, Mogg, R, Ayers, M, Albright, A, Murphy, E, Yearley, J, et al. Pan-Tumor Genomic Biomarkers for PD-1 Checkpoint Blockade-Based Immunotherapy. Science (2018) 362(6411). doi: 10.1126/science.aar3593

22. Benjamini, Y, and Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J R Stat Soc Ser B (Methodol) (1995) 57(1):289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

23. Al-Dherasi, A, Huang, QT, Liao, Y, Al-Mosaib, S, Hua, R, Wang, Y, et al. A Seven-Gene Prognostic Signature Predicts Overall Survival of Patients With Lung Adenocarcinoma (LUAD). Cancer Cell Int (2021) 21(1):294. doi: 10.1186/s12935-021-01975-z

24. Xie, H, and Xie, C. A Six-Gene Signature Predicts Survival of Adenocarcinoma Type of Non-Small-Cell Lung Cancer Patients: A Comprehensive Study Based on Integrated Analysis and Weighted Gene Coexpression Network. BioMed Res Int (2019) 2019:4250613. doi: 10.1155/2019/4250613

25. Cheng, Q, Huang, C, Cao, H, Lin, J, Gong, X, Li, J, et al. A Novel Prognostic Signature of Transcription Factors for the Prediction in Patients With GBM. Front Genet (2019) 10:906. doi: 10.3389/fgene.2019.00906

26. Peng, Z, Chen, Y, Cao, H, Zou, H, Wan, X, Zeng, W, et al. Protein Disulfide Isomerases Are Promising Targets for Predicting the Survival and Tumor Progression in Glioma Patients. Aging (Albany NY) (2020) 12(3):2347-72. doi: 10.2139/ssrn.3449346

27. Wood, SL, Pernemalm, M, Crosbie, PA, and Whetton, AD. The Role of the Tumor-Microenvironment in Lung Cancer-Metastasis and its Relationship to Potential Therapeutic Targets. Cancer Treat Rev (2014) 40(4):558–66. doi: 10.1016/j.ctrv.2013.10.001

28. Najafi, M, Hashemi Goradel, N, Farhood, B, Salehi, E, Nashtaei, MS, Khanlarkhani, N, et al. Macrophage Polarity in Cancer: A Review. J Cell Biochem (2019) 120(3):2756–65. doi: 10.1002/jcb.27646

29. Sasidharan Nair, V, and Elkord, E. Immune Checkpoint Inhibitors in Cancer Therapy: A Focus on T-Regulatory Cells. Immunol Cell Biol (2018) 96(1):21–33. doi: 10.1111/imcb.1003

30. Mgrditchian, T, Arakelian, T, Paggetti, J, Noman, MZ, Viry, E, Moussay, E, et al. Targeting Autophagy Inhibits Melanoma Growth by Enhancing NK Cells Infiltration in a CCL5-Dependent Manner. Proc Natl Acad Sci (2017) 114(44):E9271–E9. doi: 10.1073/pnas.1703921114

31. Liu, Y, Wu, L, Ao, H, Zhao, M, Leng, X, Liu, M, et al. Prognostic Implications of Autophagy-Associated Gene Signatures in Non-Small Cell Lung Cancer. Aging (Albany NY) (2019) 11(23):11440–62. doi: 10.18632/aging.102544

32. Zhang, F, Xie, S, Zhang, Z, Zhao, H, Zhao, Z, Sun, H, et al. A Novel Risk Model Based on Autophagy Pathway Related Genes for Survival Prediction in Lung Adenocarcinoma. Med Sci Monit (2020) 26:e924710. doi: 10.12659/MSM.924710

33. Zhou, M, Shao, W, Dai, H, and Zhu, X. A Robust Signature Based on Autophagy-Associated LncRNAs for Predicting Prognosis in Lung Adenocarcinoma. BioMed Res Int (2020) 2020:3858373. doi: 10.1155/2020/3858373

34. Jiang, A, Liu, N, Bai, S, Wang, J, Gao, H, Zheng, X, et al. Identification and Validation of an Autophagy-Related Long Non-Coding RNA Signature as a Prognostic Biomarker for Patients With Lung Adenocarcinoma. J Thorac Dis (2021) 13(2):720–34. doi: 10.21037/jtd-20-2803

35. Zhu, J, Wang, M, and Hu, D. Development of an Autophagy-Related Gene Prognostic Signature in Lung Adenocarcinoma and Lung Squamous Cell Carcinoma. PeerJ. (2020) 8:e8288. doi: 10.7717/peerj.8288

36. Schmall, A, Al-Tamari, HM, Herold, S, Kampschulte, M, Weigert, A, Wietelmann, A, et al. Macrophage and Cancer Cell Cross-Talk via CCR2 and CX3CR1 Is a Fundamental Mechanism Driving Lung Cancer. Am J Respir Crit Care Med (2015) 191(4):437–47. doi: 10.1164/rccm.201406-1137OC

37. He, M, Yu, W, Chang, C, Miyamoto, H, Liu, X, Jiang, K, et al. Estrogen Receptor Alpha Promotes Lung Cancer Cell Invasion via Increase of and Cross-Talk With Infiltrated Macrophages Through the CCL2/CCR2/MMP9 and CXCL12/CXCR4 Signaling Pathways. Mol Oncol (2020) 14(8):1779–99. doi: 10.1002/1878-0261.12701

38. Mittal, P, Wang, L, Akimova, T, Leach, CA, Clemente, JC, Sender, MR, et al. The CCR2/MCP-1 Chemokine Pathway and Lung Adenocarcinoma. Cancers (Basel) (2020) 12(12). doi: 10.3390/cancers12123723

39. Yang, X, Wang, S, Yu, W, Zheng, Y, and Wu, Y. Inhibition of ITGB1 Enhance the Anti-Tumor Effect of Cetuximab in Colorectal Cancer Cell. Med (Baltimore) (2020) 99(27):e20944. doi: 10.1097/MD.0000000000020944

40. Hu, C, Ni, Z, Li, BS, Yong, X, Yang, X, Zhang, JW, et al. hTERT Promotes the Invasion of Gastric Cancer Cells by Enhancing FOXO3a Ubiquitination and Subsequent ITGB1 Upregulation. Gut (2017) 66(1):31–42. doi: 10.1136/gutjnl-2015-309322

41. Zhang, C, Wu, S, Song, R, and Liu, C. Long Noncoding RNA NR2F1-AS1 Promotes the Malignancy of Non-Small Cell Lung Cancer via Sponging microRNA-493-5p and Thereby Increasing ITGB1 Expression. Aging (Albany NY) (2020) 13(5):7660–75. doi: 10.18632/aging.103564

42. Ryan, KM. P53 and Autophagy in Cancer: Guardian of the Genome Meets Guardian of the Proteome. Eur J Cancer (2011) 47(1):44–50. doi: 10.1016/j.ejca.2010.10.020

43. Chang, R, Xiao, X, Fu, Y, Zhang, C, Zhu, X, and Gao, Y. ITGB1-DT Facilitates Lung Adenocarcinoma Progression via Forming a Positive Feedback Loop With ITGB1/Wnt/beta-Catenin/MYC. Front Cell Dev Biol (2021) 9:631259. doi: 10.3389/fcell.2021.631259

44. Crighton, D, Wilkinson, S, O’Prey, J, Syed, N, Smith, P, Harrison, PR, et al. DRAM, a P53-Induced Modulator of Autophagy, is Critical for Apoptosis. Cell (2006) 126(1):121–34. doi: 10.1016/j.cell.2006.05.034

45. He, Q, Yang, L, Gao, K, Ding, P, Chen, Q, Xiong, J, et al. FTSJ1 Regulates tRNA 2’-O-Methyladenosine Modification and Suppresses the Malignancy of NSCLC via Inhibiting DRAM1 Expression. Cell Death Dis (2020) 11(5):348. doi: 10.1038/s41419-020-2525-x

46. Geng, J, Zhang, R, Yuan, X, Xu, H, Zhu, Z, Wang, X, et al. DRAM1 Plays a Tumor Suppressor Role in NSCLC Cells by Promoting Lysosomal Degradation of EGFR. Cell Death Dis (2020) 11(9):768. doi: 10.1038/s41419-020-02979-9

47. Lu, Y, Lemon, W, Liu, PY, Yi, Y, Morrison, C, Yang, P, et al. A Gene Expression Signature Predicts Survival of Patients With Stage I Non-Small Cell Lung Cancer. PloS Med (2006) 3(12):e467. doi: 10.1371/journal.pmed.0030467

48. Fan, T, Zhu, M, Wang, L, Liu, Y, Tian, H, Zheng, Y, et al. Immune Profile of the Tumor Microenvironment and the Identification of a Four-Gene Signature for Lung Adenocarcinoma. Aging (Albany NY) (2020) 13(2):2397–417. doi: 10.18632/aging.202269




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Li, Dai, Wu, Zhang, Zhang, Wang, Zhang, Liang, Luo, Zhang, Liu, Zhou, Cheng and Chang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 28 April 2022

doi: 10.3389/fimmu.2022.802665

[image: image2]


Identification of a Novel Immune Landscape Signature for Predicting Prognosis and Response of Colon Cancer to Immunotherapy


Zheng Wang 1†, Jingru Song 1,2†, Nisma Lena Bahaji Azami 1,2 and Mingyu Sun 1,2*


1 Shanghai University of Traditional Chinese Medicine, Shanghai, China, 2 Key Laboratory of Liver and Kidney Diseases, Institute of Liver Diseases, Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, Shanghai, China




Edited by: 

Udo S. Gaipl, University Hospital Erlangen, Germany

Reviewed by: 

Arantzazu Alfranca, Hospital de la Princesa, Spain

Kang Xu, Hubei University of Chinese Medicine, China

*Correspondence: 

Mingyu Sun
 mysun248@hotmail.com

†These authors have contributed equally to this work

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 27 October 2021

Accepted: 31 March 2022

Published: 28 April 2022

Citation:
Wang Z, Song J, Azami NLB and Sun M (2022) Identification of a Novel Immune Landscape Signature for Predicting Prognosis and Response of Colon Cancer to Immunotherapy. Front. Immunol. 13:802665. doi: 10.3389/fimmu.2022.802665




Purpose

To construct an immune-related gene prognostic index (IRGPI) for colon cancer and elucidate the molecular and immune characteristics as well as the benefit of immune checkpoint inhibitor (ICI) therapy in IRGPI-defined groups of colon cancer.



Experimental Design

Transcriptional and clinical data of colon cancer samples were obtained from The Cancer Genome Atlas (TCGA) (n = 521). Immune-related genes were obtained from ImmPort and InnateDB databases. 21 immune-related hub genes were identified byweighted gene co-expression network analysis (WGCNA). the Cox regression method was used to construct IRGPI and validated with Gene Expression Omnibus (GEO) dataset (n = 584). Finally, the molecular and immune profiles in the groups defined by IRGPI and the benefit of ICI treatment were analyzed.



Results

8 genes were identified to construct IRGPI. IRGPI-low group had a better overall survival (OS) than IRGPI-high group. And this was well validated in the GEO cohort. Overall results showed that those with low IRGPI scores were enriched in antitumor metabolism, and collated with high infiltration of resting memory CD4 T cells and less aggressive phenotypes, benefiting more from ICI treatment. Conversely, high IRGPI scores were associated with cell adhesion molecules (CAMs) and chemokine signaling pathways, high infiltration of macrophage M1, suppressed immunity, more aggressive colon cancer phenotypes, as well as reduced therapeutic benefit from ICI treatment.



Conclusions

IRGPI is a promising biomarker to differentiate the prognostic and molecular profile of colon cancer, as well as the therapeutic benefits of ICI treatment.





Keywords: colon cancer, immune-related gene prognostic index, weighted gene co-expression network analysis (WGCNA), prognosis, signature



Introduction

Colon cancer, which is one of the major causes of death worldwide, has become the third most common cancer in men and the second most common cancer in women globally. Approximately 25% of colon cancer patients have been diagnosed with stage IV cancer. Another 25% of the patients with colon cancer are diagnosed in early stages, but their cancer still metasticizes (1). The five-year survival rate for patients with stage IV tumors is less than 10% (2). It is estimated that by 2030, the incidence of colorectal cancer (CRC) will increase by 60%, with more than 2.2 million new cases worldwide, resulting in more than 1.1 million deaths (1). Over the past decades, immunotherapy drugs have been extensively used in the treatment of cancer and shown clinical efficacy. Immune checkpoint inhibitors (ICIs) targeting programmed cell death-1 (PD-1) or cytotoxic T lymphocyte-associated protein-4 (CTLA-4) have achieved tumor regression in several cancers, such as melanoma, lung cancers, and Hodgkin lymphoma (3, 4). Furthermore, PD-1 and programmed cell death-ligand 1 (PD-L1) blockers appear to be a promising option for patients with colon cancer (5). A major limitation, however, is the low response rate of patients with colon cancer to ICI therapy. The tumor immune microenvironment (TME) has gained increasing attention as an indispensable component of immunotherapy (6). In fact, TME may be used as a major prognostic indicator, which in turn can improve precision targeted therapy (7). Hence, Identifying potential prognostic markers associated with the therapeutic benefit of immunotherapy could allow patients with colon cancer to receive more individualized therapies.

In this study, we sought to develop an immune-related gene prognostic index (IRGPI) that is capable of predicting not only the prognosis of conventional therapy but also immunotherapy. We then assessed the molecular and immunological characteristics of IRGPI. Its reliability was validated with multiple datasets, and IRGPI was a promising prognostic biomarker for patients receiving conventional treatment and immunotherapy.



Material and Methods

The flow chart of the whole study is presented in Figure 1.




Figure 1 | Flow chart of the whole study.




Collection of Sample Information

RNA-seq data of 521 colon cancer samples, including 480 cancer samples and 41 paracancerous tissue samples, and their clinicopathological information were downloaded from the TCGA database (https://portal.gdc.cancer.gov/projects/TCGA). RNA-seq data of 584 colon cancer samples (GSE39582) and the survival information were downloaded from the GEO database (https://www.ncbi.nlm.nih.gov/geo/) (8). The entire TCGA cohort and GSE cohort were used as the testing set and validation set, respectively. The lists of immune-related genes were downloaded from the ImmPort (https://www.immport.org/shared/home) and InnateDB (https://www.innateDBdb.com/) databases.



Differentially Expressed Immune-Related Genes (DEIRGs)

By analyzing RNA-seq data from colon cancer samples obtained through TCGA, a list of differentially expressed genes (DEGs) (false discovery rate (FDR) < 0.05, |log2FC| > 1) for tumor and normal tissues was determined using the limma package (9). The DGEs were compared and crossed with immune-related genes (IRGs) to obtain DEIRGs. The heatmap of DEIRGs was generated using pheatmap package in R. After extracting the list of immune-related genes from ImmPort and InnateDB, DEIRGs were selected and analyzed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis using clusterProfiler package of R (10).

We then constructed a co-expression network using the WGCNA package (11) to identify hub genes, as WGCNA analysis is biologically more significant compared with traditional methods (12). All crossover genes were reflected in the co-expression network. Scale-independent and average connectivity analyses were performed on modules with different power values to calculate the software threshold parameters. In this study, we set the scale irrelevance value to 0.9 to identify the hub genes. The adjacency matrix was transformed into a topological overlap matrix (TOM) describing the similarity of gene expression. 1-TOM represented the heterogeneity between genes. Based on the TOM-based similarity, a dynamic tree-cutting algorithm was used to group genes into different modules (clusters). Here, we set the cut height to 0.3 and the minimum module size to 30. The best cut-off value for overall survival (OS) was calculated for each hub gene using survminer and survival R packages (13). 21 immune-related hub genes significantly associated with survival were screened for further analysis (P < 0.05). To reveal relevant genetic alterations, somatic mutations of the 21 immune-related hub genes were analyzedusing maftools package in R (14).



Construction and Validation of the IRGPI

Among the 21 immune-related pivotal genes, those with significant effects on OS were identified. IRGPI was then constructed by multivariate Cox regression analysis. The risk score was calculated as below:

	

IRGPI was calculated by multiplying the expression data of certain genes for each sample by their weights in the Cox model and then adding them together. The prognostic ability of IRGPI was assessed by Kaplan-Meier analysis in the TCGA and GEO cohorts, respectively. To further verify the prognostic value of IRGPI, univariate and multivariate Cox regression analyses were performed.



Molecular and Immunological Characterization of Different IRGPI Groups and Comprehensive Analysis of ICI Treatment

First, differential expression analysis of all genes was performed by limma package in R, and samples with high (n = 226) and low (n = 227) IRGPI scores were obtained. Enrichment analysis was then performed by clusterProfiler package in R using KEGG and genomic-based gene set enrichment analysis (GSEA) methods to identify the signaling pathways(P < 0.05). Finally, gene mutations in the two IRGPI groups were analyzed using maftools package.

To clarify the immune characteristics of the 480 colon cancer samples, expression data was imported into CIBERSORT (http://cibersort.stanford.edu/) and iterated 1000 times to estimate the relative proportions of 22 immune cell species. We then compared the relative proportions of the 22 immune cell species and clinicopathological factors between the two IRGPI groups, and the results were presented as landscape plots. Moreover, we performed GSEA on certain gene signatures and compared the score between two IRGPI groups in order to understand the immune and molecular functions (15–18).

Widely used biomarkers and other published immune-related signatures for cancer immunotherapy were evaluated to compare them with our IRGPI, in order to determine the prognostic value of IRGPI for patients with colon cancer. We compared the prognostic value among IRGPI, TIDE, and T cell-inflamed signature (TIS) using timeROC package (19) in R. The TIDE score, which can be calculated online (http://tide.dfci.harvard.edu/), predicted the prognosis of patients with tumors treated with first-line anti-PD1 or anti-CTLA4 therapy more accurately than other biomarkers such as PD-L1 levels and mutational load (20) The TIS score, which can be calculated as the mean of the log2-scale normalized expression of 18 signature genes (21), can enrich the clinical benefit of immune checkpoint blockade (22). We also selected immune prognostic models constructed in previous studies such as “Zhang signature” (23) and “Deng signature” (24). In addition, ROC curve analysis was performed to obtain the area under the curve (AUC).



Statistical Analysis

An independent t-test was performed for continuous variables between the two groups. Categorical data were tested using the chi-square test. TIDE score between groups was compared by the Wilcoxon test. Univariate survival analysis was performed by Kaplan-Meier survival analysis with the log-rank test. Multivariate survival analysis was performed using the Cox regression model. A two-sided P < 0.05 was considered significant.




Results


Immune-Related Hub Genes

In differential expression analysis (480 tumors vs. 41 normal tissue samples), a total of 7762 DEGs were screened (Figure 2A). By crossing these genes with the list of immune-related genes, 651 differentially expressed immune-related genes were obtained. Compared with genes in normal tissue samples, 257 genes were upregulated and 394 downregulated in the tumor samples (Figure 2B).




Figure 2 | Screening for DEGs and enrichment analysis. (A) Volcano map of DEIRGs. (B) Venn diagram showing the intersection of DEGs and IRGs. (C) GO enrichment analysis of DEIRGs for BP, CC, and MF, respectively. (D) KEGG enrichment analysis of DEIRGs. DEGs, differentially expressed genes; DEIRGs, differentially expressed immune-related genes; IRGs, immune-related genes; GO, Gene Ontology; BP, biological process; CC, cellular component; MF, molecular function; KEGG, Kyoto Encyclopedia of Genes and Genomes.



The top 10 GO terms and 20 KEGG pathways were shown in Figures 2C, D. Functional enrichment analysis revealed that the most relevant signaling pathway for DEIRGs was “cytokine-cytokine receptor interaction”. The most enriched term in biological process (BP), molecular function (MF), and cellular component (CC) was “humoral immune response”, “receptor-ligand activity”, and “immunoglobulin complex”, respectively.

To extract immune-related hub genes, we performed WGCNA analysis on candidate genes. According to the scale-free network, the optimal soft-thresholding power was 5 (Figures 3A, B). A dendrogram of identified co-expressed genes in modules by using 651 DEGs (Figure 3C). Five modules were subsequently identified in terms of the average linkage hierarchical clustering and the optimal soft-thresholding power (Figure 3D). According to the Pearson correlation coefficient between a module and sample feature for each module, the yellow, brown, and blue modules closely correlated with colon cancer tumors. The genes in the yellow module were selected for further analysis. The network diagram showed the significant genes, and the two nodes were connected with lines to represent co-expression relationships. The genetic correlation in the yellow module was shown in Figure 3E. Two main clusters of genes exhibited good consistency in this module.




Figure 3 | WGCNA to mine differential immune gene modules. Analysis of IRGPI-related gene modules by WGCNA. (A) Analysis of the scale-independence of various soft-thresholding powers. (B) Mean connectivity analysis of various soft-thresholding powers. (C) Identification of co-expression modules. The branches of the tree diagram correspond to the five different gene modules. (D) Correlation of gene modules with tumor microenvironment correlation scores. Each cell contains the corresponding correlation coefficient and P-value. (E) Correlation analysis of each gene in the yellow module. WGCNA, weighted gene co-expression network analysis and IRGPI, immune-related gene prognostic index.





Survival Outcomes in Different IRGPI Groups

Kaplan-Meier survival analysis showed that the expression of 21 immune-related hub genes was strongly linked to OS in patients with colon cancer, as shown in Figure 4A. To select independent prognostic genes, multivariate Cox regression analysis for OS was performed among the 21 immune-related hub genes. As shown in Figures 4A, B, only eight genes (UCN, TRIM, RBCK1, TPM2, CD36, NMB, PPARGC1A, and LGALS4) significantly affected the OS in patients with colon cancer (P < 0.05). Following these results,we constructed a prognostic index for all cancer samples, with the following formula:

	




Figure 4 | Prognostic analysis of different colon cancer groups. (A) Kaplan-Meier survival analysis of the 21 immune-related hub genes. (B) Univariate Cox analysis of 21 immune-related hub genes. (C) Heat map of 8 genes in IRGPI score. (D) Univariate Cox analysis of clinicopathological factors and IRGPI scores, and multivariate Cox analysis of factors significant in univariate Cox analysis (P < 0.05). (E) Kaplan-Meier survival analysis of IRGPI groups in the TCGA cohort and the GEO cohort. IRGPI, immune-related gene prognostic index; TCGA, The Cancer Genome Atlas; and GEO, Gene Expression Omnibus.



The heatmap of the 8 genes presented well-distinguished clusters between the normal and tumor samples (Figure 4C). Age and stage were significantly associated with the prognosis of colon cancer as shown by univariate Cox regression analysis. Multivariate Cox regression analysis revealed that IRGPI was an independent prognostic factor, after being adjusted for other clinicopathologic factors (Figure 4D).

Taking the median IRGPI as the cutoff value, IRGPI-low group had a better OS than IRGPI-high group (P = 0.002). The role of IRGPI was then validated by the GSE39582 (n = 585) colon cancer dataset. Patients in the IRGPI-low group had a significantly better prognosis than those in the IRGPI-high group, which was consistent with the result of the TCGA dataset (P = 0.022; Figure 4E).



Molecular Characteristics of Different IRGPI Groups

GSEA analysis was carried out to explore the gene pathways enriched in different IRGPI groups. IRGPI-high group was enriched in cell adhesion molecules (CAMs) and chemokine signaling pathways, while IRGPI-low group was enriched in antitumor metabolisms, such as ascorbate and aldarate metabolism and butanoate metabolism (P < 0.05; Figure 5A).




Figure 5 | GSEA analysis and mutation analysis of IRGPI groups. (A) Set of genes enriched in IRGPI groups (P < 0.05). (B) Significantly mutated genes in the colon cancer samples of different IRGPI groups. Mutated genes are sorted by mutation rate; the arrangement of samples (columns) emphasizes the mutual exclusivity between mutations. Mutation rates are shown on the right, and the total number of mutations is shown above. Color coding indicates mutation type. GSEA, genomic-based gene set enrichment analysis; IRGPI, immune-related gene prognostic index.



Subsequently, we analyzed gene mutations to further understand the immunological nature of the IRGPI subpopulation (Figure 5B). To gain further biological insight into the immunological nature of the IRGPI groups. Missense variations were the most frequent mutation type. Most of the 21 immune-associated hub genes had missense mutations and frame shift mutation.In fact, mutations of APC, TTN, TP53, KRAS, and MUC16 were the 5 most prevalent mutations in the IRGPI-low group, whereas mutations of APC, TP53, TTN, KRAS, and SYNE1 were the 5 most prevalent mutations in IRGPI-high group.



Immune Characteristics of Different IRGPI Groups

The composition of immune cells in different IRGPI groups was analyzed using Wilcoxon test. The test compared the fraction of immune cells in different IRGPI groups. Here, we found that resting memory CD4 T cells and gammadelta T cells (γδ T cells) were more abundant in the IRGPI-low group, while neutrophils were more abundant in the IRGPI-high group (Figure 6A). The abundance ratios of 22 immune cells were displayed in Figure 6B. Consequently, the correlations between the abundance ratios of immune cells were analyzed using Kaplan-Meier survival analysis in overall survival. Seven immune cell types associated with survival were presented in the survival analysis performed on 22 immune cells. The relative proportion of naive B cells, plasma cells, resting memory CD4 T cells, regulatory T cells (Tregs), M1 macrophages, resting dendritic cells and activated mast cells were significantly related to OS (P < 0.05). Higher abundance ratios of M1 macrophages, naive B cells, plasma cells, resting memory CD4 T cells, and Tregs were associated with poorer OS, while a higher proportion of activated memory dendritic cells resting and activated mast cells were related to better OS (Figure 6C).




Figure 6 | TME landscape of colon cancer and characterization of different IRGPI groups. The proportions of TME cells in the high and low IRGPI groups. (A) The correlation of IRPGI scores with 22 immune cells. (B) Characteristics associated with the immune landscape. (C) Kaplan-Meier survival analysis of the correlation of immune cell abundance ratios in the IRGPI group. (*P < 0.05; **P < 0.01). TME, tumor immune microenvironment; IRGPI, immune-related gene prognostic index.



We then applied certain gene signatures to define the immune and molecular function between different IRGPI groups (19). We further investigated whether the prognostic value of IRGPI resulted from better immune control or less aggressive cancer growth. We found that patients with a lower score had a better outcome, with more resting memory CD4 T cells and γδ T cells infiltration. Less cytolytic activity, dendritic cells, plasmacytoid dendritic cells and plasmacytoid dendritic cells had a favorable prognosis. Therefore, we proposed that the prognostic value of IRGPI might result from both better immune control and less aggressive cancer growth. Collectively, IRGPI statistically correlated with the infiltration levels of most immune cells, implying that our IRGPI could potentially reflect the state of TME. In a nutshell, IRGPI was statistically associated with the levels of infiltration of immune cells, and immune function, which means that our IRGPI could potentially reflect the status of TME.



Relationship Between IRGPI Groups and Other Immune and Molecular Subtypes

Features related to the immune landscape, including clinicopathological characteristics of different IRGPI groups, could be found in Figure 7A. The information about microsatellite instability (MSI) status of patients and chemotherapy were analyzed in relation to IRGPI (Figure S1). EGFR and KRAS status were analyzed in relation to IRGPI (Table S1). In conclusion, IRGPI was an independent prognostic factor for other clinicopathologic factors. Colon cancer immune subtype classification described the immune landscape according to the tumor and stromal compartments and summarized six immune subtypes: wound healing(C1), IFN-γ dominant(C2), inflammatory(C3), lymphocyte depleted(C4), immunologically quiet(C5) and TGF-β dominant(C6) (25, 26). The proportion of each group was approximately the same, with C2 being more in the high-risk group (Figure 7B). A unified transcriptomic classification identified four biologically distinct consensus molecular subtypes (CMSs) (27, 28): CMS1 (MSI immune subtype, 14%), characterized by BRAF mutation enriched, hypermutated and hypermethylated tumors, with a strong immune activation; CMS2(canonical subtype, 37%), commonly CIN tumors with upregulation of WNT and MYC signaling; CMS3 (metabolic subtype, 13%), encompassed epithelial tumors with metabolic deregulation, enriched in KRAS mutations; and CMS4 (mesenchymal subtype, 23%), defined by strong activation of epithelial-emesenchymal transition, angiogenesis, and stemness pathways (28). CMS4 was the subtype with the worst outcome (27).




Figure 7 | Immunological and molecular subtype distribution of different IRGPI groups. (A) Heat map of IRGPI grouped clinical factors for colon cancer patients. (B) Heat map and table showing the distribution of colon cancer immune subtypes (C1, C2, C3, and C4) between the IRGPI groups. (C) Heat map and table showing the distribution of molecular subtypes (CMS1, CMS2, CMS3, and CMS4) between the IRGPI groups. IRGPI, immune-related gene prognostic index; CMS, consensus molecular subtypes. *P < 0.05.



As shown in Figure 7B, the IRGPI-low group included 79% of C1, 15% of C2, 2% of C3, and 4% of C4 samples in our study, whereas the group with high IRGPI score included 73% of C1, 24% of C2, 2% of C3, and 1% of C4 samples (P = 0.033). As shown in Figure 7C, the IRGPI-low group comprised 20% of CMS1, 41% of CMS2, 23% of CMS3, and 17% of CMS4 samples, while the IRGPI-high group comprised 20% of CMS1, 36% of CMS2, 7% of CMS3, and 37% of CMS4 samples. There were more CMS2 and CMS3 samples in the IRGPI-low group, while more CMS4 subtypes in the IRGPI-high group (P = 0.001).



Benefits of ICI Treatment in Different IRGPI Groups

The potential efficacy ICI treatment in different IRGPI groups can be assessed with TIDE algorithm. A higher TIDE score indicated higher potential for immune evasion, meaning that patients were less likely to benefit from ICI treatment (29). In our results, the IRGPI-low group had a lower TIDE score than the IRGPI-high group, implying that IRGPI-low patients could benefit more from ICI therapy than IRGPI-high patients (Figure 8A). Furthermore, a higher TIDE score prediction score was associated with a worse outcome. Therefore, the IRGPI-low group with a low TIDE score might had a better outcome than the IRGPI-high group with a high TIDE score. We also found no difference in microsatellite instability (MSI) score between the two groups. The IRGPI-low group had a lower T cell exclusion score and T cell dysfunction compared with the IRGPI-high group.




Figure 8 | Immune response to ICI therapy and the prognostic value. (A) TIDE, MSI, and T cell exclusion and dysfunction score for different IRGPI groups. Scores were compared between the two IRGPI groups (ns, not significant; ***P < 0.001). (B) Kaplan-Meier survival analysis of the IRGPI groups in TIDE, TIS, the colon cancer cohorts of Deng et al. and Chen et al. (C) Time-dependent ROC curve analysis. ICI, immune checkpoint inhibitor; MSI, microsatellite instability; TIS, T cell-inflamed signature; IRGPI, immune-related gene prognostic index; ROC, receiver operating characteristic.



In addition, the predictive performance of IRGPI was compared with other signatures through ROC curves. Here, the AUC at five-year of IRGPI was 0.722, compared with widely used biomarkers and other published immune-related features for cancer immunotherapy, achieving superior performance. (Figure 8B). The AUC was 0.696, 0.690, 0.684, 0.722 and 0.654 for 1-year, 2-year, 3-year, 5-year, and 7-year survival, respectively (Figure 8C). Overall, these results indicated that IRGPI was a highly reliable index and superior to other signatures.




Discussion

ICI therapy is an effective treatment for patients with colon cancer (30). Because the overall response rate to ICI therapy remains very low (31), it is critical to identify patients who can benefit the most from these treatments. Complex cellular and molecular interactions between the tumor and host immune system influence tumor progression and patient survival (32). After years of evaluating different prognostic markers in colon cancer, we still have not found validated biomarkers for predicting response to immunotherapy and OS. This highlights the need to identify prognostic biomarkers for use in immunotherapy in colon cancer.

There is growing evidence that cancer evolution is strongly dependent on the complex TME. The main immune parameters associated with survival are defined as the “immune environment” (32, 33), which is the type, functional localization, density, and location of adaptive immune cells in different tumor areas (32–35). Several soluble factors such as cytokines, chemokines, and cellular metabolites are also included (36). WGCNA can correlate modules with specific clinical features, from which genes performing key functions can be identified. In our study, based on the colon cancer immune gene datasets, we used WGCNA to identify 21 immune-related hub genes affecting patients’ OS and constructed IRGPI based on 8 independent OS prognostic factors (UCN, TRIM58, RBCK1, TPM2, CD36, NMB, PPARGC1A, and LGALS4). IRGPI is a valid biomarker for predicting the prognosis of colon cancer. Patients with low IRGPI score had better survival, and patients with high IRGPI score had poorer survival in the TCGA and GEO cohorts.

IRGPI was composed of 8 genes UCN, TRIM58, RBCK1, TPM2, CD36, NMB, PPARGC1A, and LGALS4. Urocortins (UCNs) are adrenergic releasing factor-related peptides that regulate gastrointestinal motility and visceral pain in response to stress (37). UCNs can inhibit the growth of colon cancer tumor cells by inducing apoptosis through PUMA and p53 targets (38). TRIM58 expression was markedly inhibited in CRC and negatively related to CRC progression (39). Hypermethylation of TRIM58 down-regulation of its mRNA expression correlates with prognosis of various digestive tract tumors, suggesting that high expression is linked to bad outcome (40). RBCK1 is associated with the sensitivity and stemness of chemotherapeutic drugs in CRC (41). TPM2 (β -Tropomyosin), encoded tropomyosin β chain, was identified as a fibroblast-specific biomarker of poor prognosis in CRC (42). CD36 regulates cell-attachment-to-extracellular matrix attachment, stromal cell fate, TGFβ activation, and immune signaling, which is an early marker of cancer invasion and metastasis in breast, prostate, ovarian, liver, and colon cancer (43). PPARGC1A has an essential function in the modulation of mitochondrial biogenesis and metabolism and protects against tumorigenesis by regulating the fate enterocytes (44, 45). LGALS4 inhibits tumor cell infiltration (46), and LGALS4 upregulation prolongs disease-free survival in CRC (47). Detailed links between these genes are yet to be elucidated. In addition, more research is warranted to uncover the mechanism of action of these genes in colon cancer.

To further understand the immunological nature of IRGPI groups, we investigated gene mutations in different IRGPI groups. The mutation landscape showed that APC and TP53 gene mutation were more frequent in both high and low risk groups, and the mutation rates were greater in the IRGPI-high group than in the IRGPI-low group for APC (74% vs 45%) and TP53 (62% vs 45%). Mutations in the tumor suppressor gene APC, found in approximately 80% of human colon cancer, disrupt intestinal stem cell (ISC) homeostasis and lead to unrestricted activation of the WNT pathway (48). TP53 mutation leads to loss of function, genome-wide ploidy, and local oncogene amplification in the colon (49). There is growing evidence that TP53 mutations affect the TME (50). Specific mutant p53 proteins are capable of producing non-cell-autonomous effects, such as secreting higher levels of interferon-β (51), inducing paracrine effects, mediating the M1 polarization pattern in neighboring macrophages (52), and reprogramming neighboring macrophages (53). Thus, patients in the IRGPI-high group with high APC and TP53 mutations have a worse prognosis than patients in the IRGPI-low group with low APC and TP53 mutations, which is consistent with our survival results.

Considering the importance of immune cells in tumor immune infiltration, we further evaluated the relative proportion of 22 immune cells in each colon cancer specimen and assessed the immune function. Some evidence suggests that the interaction between tumor and microenvironment plays a crucial role in the progression of colon cancer and the probability of response to immunotherapy. Previous studies found an association between reduced resting memory CD4 T cell infiltration and poor prognosis (54). Indeed, γδ T cells are a subset of cytotoxic T cells that produce TNF-α, leading to tumor elimination through their powerful effector function. They can recruit other immune cells and increase the high antitumor activity in colon cancer. In addition, neutrophils play a key role in tumorigenesis and tumor promotion and metastasis by increasing angiogenesis, cell motility, migration, and invasion. Neutrophils can amplify DNA damage in cancer cells through reactive oxygen species(ROC), promoting liver metastasis. M1 macrophages have pro-inflammatory and tumoricidal properties (55). However, the prognostic significance of macrophages in the microenvironment of CRC is not fully understood. Several studies have assessed the prognostic significance of macrophages in CRC, but the results are conflicting (56–65). Colon cancer progression is usually associated with a systemic inflammatory response, and multiple mechanisms of inflammatory mediators support tumor growth and spread (66, 67).Different tumor-associated macrophages (TAM) subpopulations have opposing functions and specific infiltration sites, hence the role of TAM in the prognosis of colon cancer has not been fully defined (68). Furthermore, IRGPI-low samples were enriched for stronger anti-tumor metabolism and inhibition of tumor metastasis, while IRGPI-high samples had more immunosuppressive cells and signals associated with tumor and metastasis, suggesting that the IRGPI-high group was characterized by immunosuppression and active tumor progression.

IRGPI groups could distinguish different molecular and immunological subtypes of colon cancer. Thorsson et al. developed a new worldwide immune classification of solid tumors from transcriptional profiles of more than 10,000 patients from all TCGAs (69). According to their classification, colon cancer immune subtypes were mainly composed of C1, C2, C3, and C4. Among them, colon cancer was dominated by C1, with increased expression of angiogenic genes associated with adaptive immune infiltration. In C1, the proportion of the IRGPI-low group was higher than the IRGPI-high group, suggesting that IRGPI was associated with adaptive immune infiltration. The International CRC Subtype Consortium has developed a unified transcript classification based on four biologically distinct CMS, which is widely accepted (27): CMS1, CMS2, CMS3, and CMS4. Among them, CMS2 was activated with WNT and MYC signaling with an intermediate prognosis. CMS3 epithelial cells had a marked metabolic disorder with an intermediate prognosis. CMS4 had prominent TNF-β activation and a poor prognosis. In our study, the proportion of CMS2 and CMS3 was higher in the IRGPI-low group than IRGPI-high group, respectively. Conversely, CMS4 was lower in the IRGPI-low group than IRGPI-high group. It was clarified that patients with low IRGPI scores had active immunity and a good prognosis, whereas patients with high IRGPI scores had immunosuppressive features and a poor prognosis, which was consistent with our previous findings.

To Assess the response to ICI therapy in patients with colon cancer, we forecasted the probability of the IRGPI model using TIDE and TIS scores. The TIDE score was a newly developed immunotherapy response prediction method for forecasting the effectiveness of anti-PD1 and anti-CTLA4 therapy more accurately than TMB or PD-L1 expression (70). A higher TIDE score indicated poorer tumor response to ICI therapy and a worse prognosis (20). In our study, TIDE scores were higher in the IRGPI-high group than the IRGPI-low group, suggesting a large immune escape and poor outcome with high IRGPI scores. This suggested that IRGPI was a valid biomarker for predicting response to immunotherapy. The low IRGPI score group may be more sensitive to immunotherapy. As for TIS score, it was described as a biomarker for predicting prognosis of patients with different types of cancer (21). The clinical trial assay, running on the nCounter Analysis System, contained genes associated with antigen presentation, chemokine expression, cytotoxic activity, and adaptive immune resistance (71). Our IRGPI score was more sensitive compared to the TIDE and TIS scores, and hence better. In addition, we compared IRGPI score with Zhang’s signature and Deng’s signature in terms of predicting immune prognosis and consistently found that IRGPI score had a higher sensitivity. In conclusion, our study developed a reliable immune-related risk signature that could predict survival and response to ICI therapy in patients with colon cancer. To our knowledge, this is the first IRG prognostic model based on WGCNA to differentiate the prognostic, molecular, and immunological profile for colon cancer. It played an important role in differentiating immune and molecular features and predicting patient prognosis. However, the study still has some limitations. First, the data were based on retrospective datasets, and a prospective study of this IRGPI-based signature would be necessary. Second, all expression data were sequencing data downloaded from public databases, and the results need to be validated by new methods and external experiments with fresh specimens. Finally, indirect assessment of IRGPI’s ability to predict response to immunotherapy would require further studies in large-scale multicenter studies.
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Introduction

Immune checkpoint inhibitors (ICIs) have now become the standard therapy for malignancies like non-small cell lung cancer and classical Hodgkin’s lymphoma. ICIs are associated with unique immune-related adverse events (irAEs) caused by dysregulated immune activation. Treatment of lower gastrointestinal (GI) tract irAEs, such as colitis, is more common. However, for upper gastrointestinal tract irAEs, there is a lack of consensus in terms of globally standardized disease classification and treatment guidelines. Here, we report a case of sintilimab-induced acute erosive hemorrhagic gastritis.



Case Presentation

A 54-year-old man with metastatic NSCLC (PT2N2M1 stage IV) underwent treatment with eight courses of sintilimab + bevacizumab, followed by maintenance therapy with sintilimab alone. However, he presented with epigastric pain and melena at the end of the first sintilimab treatment, and the symptoms occurred repeatedly after regular treatment with acute erosive hemorrhagic gastritis. Repeat esophagogastroduodenoscopy (EGD) showed severe hemorrhagic gastritis; symptomatic relief and improvement in EGD images were noted for as long as he was being treated with steroids, methylprednisolone sodium.



Conclusion

As far as we are aware, we here describe the first case of sintilimab-associated acute erosive hemorrhagic gastritis, an upper gastrointestinal toxicity event. Throughout the treatment progression, differential diagnosis, multidisciplinary discussion, and the use of immunosuppressants were instrumental in clarifying the diagnosis and were crucial to the prognosis of the patient and continued treatment with ICIs.
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Introduction

Currently, immune checkpoint inhibitors (ICIs) are a hot topic in the field of oncology research and the mainstay of metastatic malignancies because immunotherapy of malignancies improves the survival of patients in whom conventional therapy has failed (1, 2). Immune checkpoint blockade enhances antitumor immunity by blocking immune innate downregulatory factors such as cytotoxic T-lymphocyte antigen 4 (CTLA-4) and programmed cell death 1 (PD-1) or its ligand (PD-L1). Sintilimab, a recombinant and fully human immunoglobulin G4 (IgG4)-type anti-programmed cell death receptor-1 (PD-1) monoclonal antibody, activates T-cell function by binding with PD-1 and blocking the binding of PD-1 to PD-L1 and PD-L2, thus relieving the immunosuppressive effect, enhancing the immunosurveillance and killing ability of T cells against tumors, and generating an immune response against the tumor (2, 3). ICIs have revolutionized the treatment of metastatic cancer, and although their unique immune-related adverse events (irAEs) in the lower GI tract, such as colitis, are commonly discussed, irAEs in the upper GI tract are discussed sparingly. Furthermore, the clinical manifestations of upper GI toxicity are less well described in the previous literature, and currently, there is no uniform classification standard for ICI-associated gastritis (2, 4–6).

As treatment with sintilimab is becoming more common in immune therapy, cases of sintilimab-induced upper gastrointestinal tract irAE are limited. While sintilimab-associated upper gastrointestinal toxicity events are rarely recognized, here we report a case due to sintilimab-induced acute erosive hemorrhagic gastritis.



Case Presentation

A 54-year-old male was diagnosed as having lung cancer. He underwent video-assisted thoracoscopic surgery for left upper lung cancer in the Second Affiliated Hospital of the University of South China, and his postoperative diagnosis was polymorphic adenocarcinoma of the left upper lung (T2aN2M0 stage IIIA). Immunohistochemical staining showed the following: CK (+), CK7 (+), TTF1 (+), Napsin A (part+), Vim (+), Syn (−), CgA (−), CD56 (−), P40 (−), CK5/6 (−), and Ki67 (50%+). After the surgery, he was started on the TP chemotherapy regimen, which included the administration of carboplatin (40 mg, days 1–3) + paclitaxel (400 mg, day 1). Four cycles of this TP chemotherapy regimen were administered, with each cycle lasting about 21 days. However, about 178 days postoperatively, he was diagnosed with brain metastases [pT2N2M1 stage IV, epidermal growth factor receptor/anaplastic large-cell lymphoma kinase/ROS1 negative, Kirsten rat sarcoma virus (KRAS) mutation 71.8%, KRAS amplification 2.4, cyclin D1 gene amplification 2.6, cyclin-dependent kinase inhibitor 2A mutation 9.1%, and PD-L1 tumor proportion score 60%], after which he received eight courses (approximately 21 days per course) of bevacizumab (1,100 mg) + sintilimab (200 mg) from 2020 to 2021. In April 2021, he was started on sintilimab maintenance therapy. Bevacizumab was discontinued. About 10 days later, he soon visited our hospital for epigastric pain. He underwent gastroscopy on day 419, which showed squamocolumnar junction (SCJ) blurred, local mucosal hyperemia edema with erosion and opaque white mucus covering the mucosal surface, and localized hemorrhage. A large amount of opaque white mucus was attached to the mucosal surface of the gastric antrum and body, and the gastric mucosa was diffusely hyperemic with spontaneous hemorrhage (Supplementary Figure 1). Colonoscopy showed no abnormalities. The patient was treated with oral ilaprazole (5 mg, once daily) and gastric protection with sucralfate oral suspension (1 packet, twice daily). Repeat esophagogastroduodenoscopy (EGD) performed in May showed improvements, and repeat colonoscopy still showed no abnormalities. Then, he stopped the oral drug treatment without permission from the doctors after the symptoms subsided (Supplementary Figure 2).

After treatment with three courses of sintilimab alone, he had recurrent epigastric pain and black tarry stools, which were worse than before. Repeat EGD showed that the entire gastric mucosa was evidently edematous and hyperemic and showed adhesion of opaque mucus, diffuse erosion of the white moss, and active localized hemorrhaging was extensively observed. The gastric antrum was found to have a necrotic mucosa with exfoliation of large flakes (Figure 1). The Carbon 14 breath test was negative, and tests for cytomegalovirus and Epstein–Barr virus revealed a previous infection, but not a current infection. The patient was also negative for tuberculosis immunoglobulin G (IgG) antibodies, HBV, HCV, syphilis antibodies, and HIV (Supplementary Table 1). Initially, he was treated with esomeprazole (40 mg every 6 h via an intravenous pump), oral rebamipide (100 mg, thrice daily), sucralfate oral suspension (10 ml, twice daily), and rehabilitative new liquid (10 ml, thrice daily, taken orally). However, the symptoms of the patient did not subside and were aggravated even with consuming a small amount of water or other fluids. After regular treatment for acute erosive hemorrhagic gastritis, his fecal occult blood test was still positive, indicating that the upper GI lesion still existed.




Figure 1 | Gastroscopy of acute erosive hemorrhagic gastritis for the first time (day 502). The esophageal mucosa was smooth with good contraction; the whole gastric mucosa was evidently edematous and hyperemic with opaque mucous adhesions on the surface. Diffuse erosion of white moss was seen, and active oozing of blood was extensively observed. The gastric antrum was found to have a necrotic mucosa with exfoliation of large flakes.



After three days of the abovementioned regular treatment for acute gastritis, his EGD revealed that the whole gastric mucosa was hyperemic and edematous, with erosion of the attached diffuse white moss and active oozing of blood. Small flaps of mucosal necrosis and stripping could be visualized at the posterior wall of the gastric antrum, indicating a relatively healed mucosa compared with previous EGD findings (Figure 2). Pathologic findings of the biopsy specimens from the gastric antrum showed severe atrophic gastritis with erosion, atrophy, and loss of intrinsic glands; focal aggregation of lymphocytes in the lamina propria and mucosal muscular layer; multiple neutrophil infiltration; and the formation of small abscesses (Figure 3). Considering that bevacizumab has already been discontinued for almost 2 months, it can be concluded that the current presentation was not an effect of bevacizumab; we confirmed that his gastritis was associated with the immune checkpoint inhibitor sintilimab.




Figure 2 | Gastroscopy of acute erosive hemorrhagic gastritis after regular treatment (day 511). The esophageal mucosa was smooth with good contraction, and his EGD showed the whole gastric mucosa was hypermic and edematous, with diffuse erosion of white moss and active oozing of blood. Small flaps of mucosal necrosis and stripping could be seen at the posterior wall of the gastric antrum, which showed a relatively more healed condition than seen in the previous EGD.






Figure 3 | Pathologic findings of the biopsy specimen showed severe atrophic gastritis with erosion, atrophy, and loss of intrinsic glands; focal aggregation of lymphocytes in the lamina propria and mucosal muscular layer; multiple neutrophil infiltration; and the formation of small abscesses.



We suspended sintilimab administration and simultaneously changed the regimen to steroid therapy as follows: intravenous methylprednisolone sodium succinate drip (100 mg, once daily for 4 days; 70 mg, once daily for 3 days; and 40 mg, once daily for 3 days), followed by oral methylprednisolone tablets as maintenance therapy (32 mg once daily for a week; Supplementary Figure 3). His symptoms gradually subsided after this treatment. Re-examination of EGD on day 526 showed markedly relieved edematous and hyperemic gastric mucosa and no signs of active oozing of blood compared to previous EGD findings (Figure 4). The patient began to resume the next course of sintilimab treatment (200 mg, 42 days per cycle) starting in October (day 598). Approximately half a month later (day 613), his EGD revealed that the entire gastric mucosa was hyperemic and edematous with white opaque mucus attachment; however, no erosion, ulcer, or mass was identified (Supplementary Figure 5).




Figure 4 | Gastroscopy of acute erosive hemorrhagic gastritis after steriod treatment (day 526) showed marked improvements. The esophageal mucosa was smooth with good contraction. The whole gastric mucosa was hyperemic and edematous, with scattered flaky erosion (particularly in the gastric antrum) and partial bleeding. The gastric mucosa showed yellow–green bile and some white opaque mucus. Compared with the previous EGD findings, the mucosa as seen in this EGD was basically healed.





Discussion

Notably, ICIs are becoming an important component in treating metastatic malignancies. However, there are various organ-specific irAEs associated with the administration of ICIs that limit their widespread use, and in patients with severe irAEs, treatment with ICIs needs to be suspended or permanently discontinued; this greatly hampers the continuity of the treatment. Adverse events associated with ICIs are considered to arise after the inhibition of auto-regulatory signals, which leads to autoimmune-like events. There are grading criteria for ICI-associated colitis and diarrhea; although their diagnosis, disease classification, and treatment have already been established, patients with a certain severity may even require ICIs to be permanently discontinued. Thus far, there are no uniform criteria for grading the severity of ICI-associated gastritis, and the reports on ICI-associated gastritis are not only few but also lacking in terms of indications for therapy.

According to the 2021 guidelines of the Chinese Society of Clinical Oncology, the combination of PD-1/PD-L1 inhibitor and platinum-based chemotherapy is the first-line treatment regardless of PD-L1 expression in squamous and non-squamous NSCLC without mutational cancer drive genes. Administering a single PD-1/PD-L1 inhibitor has become the standard second-line option in patients with a PD-L1 tumor proportion score of ≥50% (7). The combination of Sintilimab + pemetrexed or carboplatin has been approved by the Chinese National Medical Products Administration as the first-line treatment of EFGR/ALK-negative, advanced non-squamous NSCLC. The ORIENT-11 study, which was a Chinese phase III study, showed that compared with the chemotherapy group patients, the sintilimab + chemotherapy group patients had significantly longer PFS (median 8.9 months vs. 5.0 months, P <0.00001) and improved ORR (51.9% vs. 29.8%, P = 0.00003). The supplementation of standard chemotherapy (pemetrexed and a platinum-based drug) with sintilimab in Chinese patients having previously untreated locally advanced or metastatic non-squamous NSCLC markedly prolonged their PFS with a manageable safety profile (7, 8). Additionally, the combination of anti-vascular endothelial growth factor (VEGF) agents and immune checkpoint blockade could have synergistic antitumor activity along with favorable tolerance in the tumor microenvironment, and notably, clinical evidence supports that a combination of an antiangiogenic agent and immunotherapy offers increased efficacy (9–11). Herbst et al. evaluated the safety and tolerability of pembrolizumab + ramucirumab in patients with advanced NSCLC and reported that the objective response rate was 30% and the disease control rate was 85% (12). In the IMpower150 clinical trial, the addition of atezolizumab to bevacizumab + chemotherapy significantly improved PFS and OS in patients with metastatic non-squamous NSCLC, and this outcome was unaffected by PD-L1 expression and EGFR or ALK genetic alteration status of the patients (13).

Bevacizumab is a recombinant humanized monoclonal antibody that binds to human VEGF and blocks its biological activity as an inhibitor of tumor angiogenesis. The adverse effects of bevacizumab affecting the digestive system typically manifest as diarrhea, nausea, vomiting, and abdominal pain. When the patient was first diagnosed with acute erosive hemorrhagic gastritis in April, we considered that bevacizumab may have induced the condition. Then, bevacizumab was discontinued, and the patient was treated with sintilimab alone as maintenance therapy. However, he was again diagnosed with acute erosive hemorrhagic gastritis two months later, and considering that it had already been two months since bevacizumab was stopped, bevacizumab was not considered to have caused this complication. Notably, the diagnostic process of ICI-related acute erosive hemorrhagic gastritis has exclusiveness; the patient’s colonoscopy showed no abnormalities, which did not support the diagnosis of ICI-related colitis or inflammatory bowel disease (IBD). Additionally, the patient did not have a history of Helicobacter pylori infection or non-steroidal anti-inflammatory drug use, and his histopathology findings showed inflammatory cell infiltration, which was identified on the basis of the presence of lymphocytes in the lamina propria. Combined with the strong immunogenicity of PD-1, we hypothesized that his gastritis was triggered by sintilimab.

After the diagnosis of irAEs was clarified, the patient was advised to withhold ICI therapy and was started on periodic steroid de-escalation therapy (2, 14, 15). In most cases, acute erosive hemorrhagic gastritis can heal and the bleeding can stop without any intervention. However, in some cases, mucosal erosion may develop into ulcers, which usually respond well to drug therapy. During treatment progression, our patient responded well to steroids instead of regular drug therapy, which can further support our diagnosis to be correct.

Previous studies have suggested that the histopathological patterns of ICI-associated gastritis can be divided into three types: chronic active gastritis, lymphocytic gastritis, and focal enhancing gastritis (5, 16, 17). The pathological findings of the gastric antrum in our case show severe atrophy of the gastric sinus mucosa with lymphocytic and neutrophil infiltration, with visibly evident local abscess formation but no signs of apoptotic bodies. Immunostaining identified these lymphocytes as predominantly CD3-positive T cells, CD4-positive helper T cells, and CD8-positive cytotoxic T cells, which is consistent with the pathological findings of ICI-associated gastritis (Supplementary Figure 4). Given that EGD images have features nonspecific to ICI-associated gastritis, immunostaining may greatly help diagnose upper GI disorders induced by ICIs. Interestingly, the spectrum of clinical presentations of ICI-related gastritis is limited and nonspecific, and endoscopic features range from mild inflammation to severe hemorrhagic gastritis.

Although checkpoint inhibitor-induced gastritis has been reported with PD-1 like nivolumab (18–20) and pembrolizumab (21), to our knowledge, the effects of sintilimab on the upper GI tract have not been described so far. We reported here a rare case of acute erosive hemorrhagic gastritis induced by sintilimab, suggesting a presentation consistent with the potent immunogenic effects shown by other ICIs. A few cases of acute erosive hemorrhagic gastritis caused by ICIs have been reported till date, and our case had more extensive and severe lesions than similar cases reported previously (18, 20–22). Therefore, we believe that this case report not only makes a case for adding a new subtype of ICI-associated gastritis but also provides a reference for future grading and treatment guidelines for ICI-associated gastritis.

Of course, this study has certain limitations: (1) interleukin-17 has been reported to be elevated in the serum of patients with ipilimumab-induced colitis, suggesting that cytokines may be involved in the pathophysiological process of immune-related adverse events; however, we did not perform the interleukin-17 relevant tests for in this case (23) (2). Patients with genetic polymorphisms associated with IBD may be more prone to ICI-associated, gastrointestinal tract-related immune adverse reactions, and it is believed that patients with IBD susceptibility genes should be considered for use in helping diagnosis as early as possible, in which case we did not refine the relevant tests (3). Although early administration of infliximab can improve the prognosis of patients with ICI-related colitis, it has been suggested that the addition of infliximab in patients with severe ICI-related colitis should be considered only when the effect of glucocorticoids is poor at 48 h after administration (15), and furthermore, it has also been suggested that diffuse lesions of ICI-associated colitis should be treated with biologics as early as possible (2, 14). Treatment with infliximab was not considered given the high price of infliximab, the lack of consensus guidelines for ICI-associated gastritis, and the fact that the clinical symptoms gradually resolved with glucocorticoids in this study.



Concluding Remarks

Taken together, early detection, early diagnosis, and early treatment are critical for irAEs to avoid the associated complications and enable the patient to continue ICIs. Early diagnosis and early use of immunosuppressive agents, such as glucocorticoids and infliximab, in treatment can be beneficial for patients. This case report will help standardize the treatment of ICI-associated gastritis, deepen our understanding of various types of irAEs, and help clinicians make the correct diagnosis and administer treatment promptly.
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Supplementary Figure 1 | Gastroscopy (day419) showed squamocolumnar junction blurred. Local mucosa was hyperemic and edematous. Flaky erosion was noted, and the surface was covered with white mucus. Oozing of blood was noted. A large amount of white opaque mucus was attached to the mucosal surface of the gastric antrum and body, and the gastric mucosa was diffusely hyperemic with spontaneous hemorrhaging.


Supplementary Figure 2 | Gastroscopy (day 449) showed an improved condition than seen on day 419.


Supplementary Figure 3 | Timeline of hospitalization and agents used. (A) Immunostaining shows CD3 positivity (B) CD4+ (C) CD8+ (D) HE4x10 (E) HE10X10 (F) HE20X10.


Supplementary Figure 4 | IHC (A–C) Immunostaining shows mainly CD3-positive (A) and CD4-positive (B) lymphocytes with CD8-positive cells (C–F) Histopathology shows inflammatory cell infiltration based on lymphocytes in the lamina propria. (D) Stomach (hematoxylin–eosin, 4x10, bar 100 μm). (E) Stomach (haematoxylin–eosin, 10x10, bar 100 μm). (F) Stomach (haematoxylin–eosin, 20x10, bar 100 μm).


Supplementary Figure 5 | Gastroscopy (day 613): Esophageal mucosa was smooth with good contraction. The whole gastric mucosa was hyperemic and edematous, with white opaque mucous attachments but no erosion, ulcer, or mass.


Supplementary Table 1 | Laboratory data Carbon 14 breath test was negative, and cytomegalovirus and Epstein–Barr virus detection showed previous infection, not current infection. Tuberculosis IgG antibody,HBC, HCV, syphilis antibody, and HIV were also negative.
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Colon adenocarcinoma (COAD) is one of the leading causes of cancer-associated deaths worldwide. Patients with microsatellite instability-high (MSI-H) tumors were shown to highly benefit from immune checkpoint inhibitors (ICIs) than patients with microsatellite stable (MSS) tumors. Furthermore, the infiltration of immune cells and the expression of cancer stem cells (CSCs) in COAD were associated with the anti-tumor immune response. However, the potential mechanisms showing the relationship between microsatellite instability and CSCs or tumor-infiltrating immune cells (TIICs) have not been elucidated. Accumulating evidence reveals that achaete-scute family bHLH transcription factor 2 (ASCL2) plays a crucial role in the initiation and progression of COAD and drug resistance. However, the specific biological functions of ASCL2 in COAD remain unknown. In this study, we performed weighted gene co-expression network analysis (WGCNA) between MSS and MSI-H subsets of COAD. The results revealed that ASCL2 was a potential key candidate in COAD. Subsequently, the single-cell RNA-seq revealed that ASCL2 was positively associated with CSCs. Further, ASCL2 was shown to indirectly affect tumor immune cell infiltration by negatively regulating the expression of DUSP4. Finally, we inferred that the immunotherapy-sensitive role of ASCL2/DUSP4 axis on COAD is partly attributed to the activation of WNT/β-catenin pathway. In conclusion, this study revealed that ASCL2 was positively correlated to CSCs and tumor immune infiltration in COAD. Therefore, ASCL2 is a promising predictor of clinical responsiveness to anti-PD-1/PD-L1 therapy in COAD.




Keywords: colon adenocarcinoma, single-cell RNA-seq, microsatellite stable, microsatellite instability-high, immunotherapy



Introduction

Colon adenocarcinoma (COAD) is one of the leading causes of cancer-associated deaths worldwide (1). Conventional therapy for COAD includes surgery, targeted therapy, and chemotherapy. Despite progress in the treatment of COAD, the prognosis remains poor (2). Therefore, novel therapeutic strategies with high efficacy are urgently required.

An increasing number of new effective anti-tumor therapies have been developed (3). The activation of anti-tumor immune surveillance by immune checkpoint inhibitors is an attractive strategy (4). Immune checkpoint inhibitors (ICIs) such as programmed cell death-1 (PD-1) and programmed death-ligand 1 (PD-L1) inhibitors have made a significant breakthrough in COAD treatment (5).

Microsatellites are highly polymorphic DNA sequences located throughout the human genome. They display a high degree of inter-individual variation (6). Microsatellite instability (MSI) may occur due to mutations or epigenetic changes in DNA mismatch repair (MMR) genes, thus impairing the function of the DNA MMR system (7). High microsatellite instability (MSI-H) is the hallmark of tumors with a mismatch DNA repair deficiency (dMMR) (8). Immune checkpoint inhibitors were shown to be effective in dMMR/MSI-H subsets of COAD. However, ICIs were ineffective in microsatellite instability-low or microsatellite stable (MSI-L/MSS) and mismatch repair proficient (pMMR) subsets (9). However, the specific mechanism by which MSI-H/dMMR influences the efficacy of ICIs in COAD remains unknown.

Achaete-scute family bHLH transcription factor 2 (ASCL2) is a transcription factor that is over-expressed in colon cancer. Previous studies have shown that ASCL2 can affect anti-tumor drug sensitivity (10). Furthermore, recent studies have revealed that ASCL2 is associated with immune infiltration in colorectal cancer. Microsatellite stable colorectal cancer samples overexpressing ASCL2 were shown to have low CD8+ T cell infiltration (11). Moreover, a vaccine targeting ASCL2 was shown to affect the efficacy of anti-PD-1 in colorectal cancer (12). Nevertheless, the potential mechanism behind the association of ASCL2 with immune infiltration and immunotherapy in COAD remains unknown.

In this study, we performed multiple methods between dMMR/MSI-H and pMMR/MSS of COAD. Meanwhile, ASCL2 might have an effect on tumor immune cell infiltration through an indirect mechanism by negatively regulating the expression of DUSP4. Finally, we inferred that immunotherapy-sensitive role of ASCL2/DUSP4 axis on COAD is attributed, at least partly, to the activation of WNT/β-catenin pathway. In brief, our findings elucidated that ASCL2 correlated with CSCs and tumor immune infiltration in COAD. ASCL2 might serve as a promising predictor of clinical responsiveness to anti-PD-1/PD-L1 therapy in COAD.



Materials and Methods


Cell Culture

Human colon cancer cell line, HCT116 cells, were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS). The cells were grown in a humidified atmosphere supplemented with 5% CO2 at 37°C.



Plasmid and siRNA Transfection

Two different small interfering RNAs (siRNAs) for specific inhibition of ASCL2 expression and a negative control siRNA were synthesized by Research cloud biology Co., Ltd. (Shandong, China). The ASCL2 gene was inserted into pcDNA3.1 by Boshang Biotechnology (Shandong, China). The empty vector was used as the negative control. Subsequently, exponentially growing untreated cells were plated 24 h before transfection. ASCL2-specific siRNA and pcDNA3.1-ASCL2 were transiently transfected with HCT116 cells using lipofectamine 2000 (Invitrogen, USA), and the cells were subsequently cultured for 48 hours. After that, total proteins were extracted for western blot analysis.



Western Blotting

Total protein was extracted from the HCT116 cells using RIPA buffer (Beyotime, China). Total proteins were separated in SDS-PAGE and then transferred onto PVDF membranes. After blocking with 5% nonfat milk for two hours at room temperature, the membranes were incubated overnight with the primary antibodies ASCL2 (1:1000, Abways Technology), DUSP4 (1:1000, ABclonal) and c-myc(1:1000, Proteintech) at 4°C. Subsequently, the membranes were incubated with the corresponding secondary antibodies, and visualization was done using enhanced chemiluminescence (ECL, Thermo Fisher Scientific).



Immunohistochemistry Analysis

For IHC analysis, the COAD and adjacent tissue paraffin-embedded slides were deparaffinized and rehydrated using xylene and a graded series of ethanol (100%, 95%, 80%, 75%), then washed with PBS three times for 5 minutes each time. Then, EDTA antigen restore solution was used to repair antigens on slices in a microwave oven at the condition of high heat for 5 min, heat preservation for 10 min, and high heat for 5 min followed by natural cooling, and washed with PBS three times for 5 minutes each time. Then immersed in 3% H2O2 solution at room temperature to abrogate endogenous peroxidase activity. The slides were incubated in 5% BSA to block non-specific binding of antibody for 1 hour, then incubated in a humidified chamber overnight at 4°C with the primary antibodies anti-ASCL2 (1:200 dilution; Bioss, Beijing, China). After PBS washes, the slides were subsequently incubated with goat anti-rabbit HRP secondary antibody for 60 min at room temperature, followed by PBS washes again. For a color reaction, slides were incubated with the DAB solution (Biyuntian Biotechnology Co., Ltd.). Subsequently, the slides were then counterstained with hematoxylin, dehydrated with graded alcohol series, covered-slipped with neutral balsam.



Data Acquisition and Selection

The transcriptome profiles of COAD were acquired from the TCGA database (https://portal.gdc.cancer.gov/), containing 473 COAD tissues and 41 non-tumor tissues. Microarray dataset GSE39582 was downloaded from the gene expression omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). The GPL570 dataset contained 519 samples, including 444 COAD tissues with pMMR and 75 COAD tissues with dMMR. The single-cell RNA sequencing data of human colon cancer samples (accession number GSE166555) were generated using 10× genomics. For accurate results, we used MSI patient as a benchmark, selected data source of C18.9 without lymph node metastasis samples for subsequent analysis.



Construction of Weighted Gene Co-Expression Network Analysis

The raw microarray data, GSE39582, were processed and normalized using R software (version 4.0.5) to identify significant mRNAs associated with the MMR status of COAD. The genes were ranked by SD values from large to small, and the top 25% genes were chosen for WGCNA analysis using R package “WGCNA” (13). β = 3 was selected as the soft threshold. After that, the minimum number of genes in a module was set at 100, with a total of six modules. Then, the Pearson correlation coefficient was calculated to determine the degree of association between the MMR status and the module. In general, the module with the absolute correlation coefficient ranked first among all the selected modules was considered related to the clinical trait. Finally, 736 genes that were most relevant to MSS/pMMR and MSI-H/dMMR were identified in the blue module.



Identification of Differentially Expressed Genes Between MSS/pMMR COAD and MSI-H/dMMR COAD

Differentially expressed genes (DEGs) were identified by comparing MSI-H/dMMR COAD tissues with MSS/pMMR COAD tissues using the R software. Adjusted P value < 0.05 and |log FC| > 1 were set as the cut-off values. The analysis revealed 179 DEGs, including 91 upregulated and 88 downregulated DEGs.



Functional and Pathway Enrichment Analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was performed to annotate pathways in the KEGG pathway database and identify the potential biological mechanism of hub genes,. KEGG pathway enrichment was performed using R package “clusterProfiler” with P < 0.05 (R version 4.0.5) (14).



Identification of Hub Genes From Protein–Protein Interaction Network

The STRING database is a functional protein association database for forecasting protein-protein interactions (15). Cytoscape (version 3.8.2) was used to display the PPI network after the DEGs were uploaded to STRING (16). CytoHubba (version 0.1) was used to detect candidate hub genes based on the density of the maximum neighborhood component (DMNC) algorithm (17).



Processing of Single-Cell RNA-Seq Data

Single-cell RNA (scRNA) sequencing data was extracted from the human derived COAD with MSI and MSS group. For accurate results, we used MSI patient as a benchmark, selected data source of C18.9 without lymph node metastasis samples for subsequent analysis. The Seurat package in R software was used to organize and analyze the scRNA-seq data (18). Quality control was carried out as follows: 1) Genes expressed in less than ten cells were excluded; 2) cells expressing less than 200 unique gene counts were excluded. After that, the top 1000 highly variable genes were selected using “vst” of Seurat. Dimensionality reduction of scRNA-seq data was performed using the t-distributed stochastic neighbor embedding (tSNE) algorithm (19). An adjusted P value < 0.05, | log FC | > 0.5, pct 1≥0.5 and pct 2 < 0.5 were considered the cut-off values for identifying marker genes. In addition, different cell clusters were annotated using the SingleR algorithm (20).. Finally, the CellMarker database was used for manual verification and correction (21).



Correlation Analysis of ASCL2/DUSP4 With MSI and Immune Infiltration Cells in Pan-Cancer

The correlation between ASCL2/DUSP4 and MSI score and immune cells in several cancer types were analyzed in “Gene+” module of Sangerbox. In terms of colon cancer, to make reliable immune infiltration estimations, we utilized the immunedeconv, an R package which integrates TIMER algorithms. It mainly calculated the infiltration scores of six immune infiltration cells: CD4+ T cell, CD8+T cell, neutrophil, dendritic cell, B cell and macrophage.



Data Acquisition of Spatial Transcriptomic Dataset

The spatial transcriptomics dataset for colon cancer was obtained from the 10X Genomics website. The Visium Gene Expression Library (T1T2-E8) was prepared as described in the Visium Spatial Reagent Kits User Guide (CG000239 Rev D). Sequencing data were processed using Space Ranger.



Gene Set Enrichment Analysis

The GSEA was performed using the GSEA v4.1.0 software. COAD samples were classified into high-and low-expression groups using the median expression values of ASCL2 and DUSP4 as the cut-off values. The procedure followed the detailed protocol from the Broad Institute Gene Set Enrichment Analysis website (22). A gene set was considered significantly enriched at NOM p-value less than 0.05 and FDR q-value less than or equal to 0.1 (23).



Wnt/β-Catenin Pathway Inhibitor Response Predictions

To predict drug-sensitivity of ASCL2 and DUSP4, the pRRophetic package of R software was implemented to extrapolate half-maximal inhibitory concentration (IC50) values by building ridge regression model with ten-fold cross-validation. Wnt/β-catenin pathway inhibitor drug XAV939 and its genetic profiles were obtained from the Genomics of Drug Sensitivity in Cancer (GDSC).



Statistical Analyses

The boxplots for the two groups were analyzed using Wilcoxon test. Further, correlation analysis was carried out using Spearman correlation test. For RNAseq data of Pan-cancer, expression levels were TPM-normalized. The statistical analyses were performed using R software (version 4.0.5). A p-value <0.05 was considered statistically significant.




Results


Weighted Co-Expression Network Construction

Data obtained from the GSE39582 were preprocessed using R to obtain 21,654 genes used to construct the WGCNA networks. A total of 5,414 genes were used for cluster analysis using the WGCNA package. β = 3 was set as the soft threshold power (Figures 1A, B). The cluster dendrogram constructed based on the selected threshold identified nine color modules (Figures 1C, D). There were 195 genes in the black module, 736 genes in the blue module, 527 genes in the brown module, 278 genes in the green module, seven genes in the grey module, 187 genes in the pink module, 229 genes in the red module, 2196 genes in the turquoise module, and 419 genes in the yellow module. Finally, the mRNAs in the nine color modules were used to analyze the relationship between the modules and the traits (pMMR status and dMMR status). The blue module showed a high correlation with the pMMR and dMMR status compared with other modules (Figure 1E), indicating that genes in the blue module play significant roles in the treatment of COAD patients with PD-1/PD-L1 inhibitors. Details of specific gene names in blue module can be found in Supplementary Table 1.




Figure 1 | Construction of co-expression modules using WGCNA (A, B) The most fit soft-thresholding power of WGCNA was 3. (C) Hierarchical clustering tree showing co-expression modules. (D) The cluster dendrogram of genes in GSE39582. (E) Heatmap showing the correlation between 9 modules and MMR status of COAD. The blue module showed the strongest correlation with pMMR and dMMR status (p = 1×10-45, r = -0.57).





Identification of Hub Genes and Functional Enrichment Analysis

The microarray dataset, GSE39582, revealed 179 DEGs (Figure 2A; Supplementary Table 2). After that, the 736 genes identified in the blue module were intersected with the 179 DEGs. In total, 92 common genes were identified through a comprehensive analysis of the two datasets (Figure 2B). Further, the KEGG pathway analysis revealed 18 signaling pathways that were concentrated on the overlapped 92 DEGs. The genes were mainly enriched in the Wnt signaling pathway, protein processing in the endoplasmic reticulum, chemokine signaling pathway, and colorectal cancer-related pathways (Figure 2C).




Figure 2 | Overlapping genes and enrichment analysis. (A) Heatmap of DEGs in the GSE39582 dataset. (B) A Venn diagram showing overlapping genes between dMMR/pMMR DEGs and WGCNA-MEblue genes. (C) The 18 significantly enriched pathways associated with the overlapping genes as determined through KEGG enrichment analysis.





PPI Network Construction, Hub Gene Selection, and Hub Gene Expression in Pan-Cancer

The PPI network of the hub genes, including 33 nodes and 64 edges was constructed. Subsequently, the top ten hub genes (HOXC6, APCDD1, ASCL2, ZIC2, RNF43, FOXD1, OSR2, MLH1, AMFR, and WIF1) were selected based on the DMNC scores via the cytoHubba (Figure 3A). The scoring file is detailed in Supplementary Table 3. Immediately, we analyzed the expression of the top three genes, which tie for first place (HOXC6, APCDD1, and ASCL2) in multiple cancer types to explore possible roles of the genes in carcinogenesis. The results revealed that HOXC6, APCDD1, and ASCL2 were significantly upregulated in COAD compared with the adjacent non-tumor tissues, as shown in Figures 3B–D. Moreover, ASCL2 was highly expressed in COAD compared with HOXC6 and APCDD1 in multiple tumor types. As shown in Supplementary Figures 4A, B, high mRNA expression of ASCL2 was detected in human colon cancer cell lines and colon cancer tissues. Meanwhile, by immunohistochemistry, colon cancer tissues were found to express stronger ASCL2 than normal colon tissues (Supplementary Figures 4C, D). Taken together, ASCL2 may be a crucial regulator of carcinogenesis in COAD.




Figure 3 | PPI network and hub gene selection. (A) Top ten hub genes identified using the cytoHubba from Cytoscape based on DMNC scores. The darker the color, the higher the score. The expression levels of (B) HOXC6, (C) APCDD1, and (D) ASCL2 in multiple human cancers based on TCGA cancer and normal data. *p < 0.05, **p < 0.01, and ***p < 0.001.





Single-Cell RNA-Seq Profiling of the Microsatellite Status

The single-cell RNA sequencing data of human colon cancer samples were generated using 10× genomics. For accurate results, we used MSI patient as a benchmark, selected data source of C18.9 without lymph node metastasis samples for subsequent analysis. The pathological stage and grade of the MSI patient were pT1 N0 and G2, respectively. The pathological stage and grade of the MSS patient were pT3 N0 and G2. Microsatellite status was determined by immunohistology for mismatch repair protein deficiency. We analyzed the single-cell RNA-seq data to identify the molecular features in the microsatellite status of colon cancer. A total of 4196 cell samples were acquired from two groups consisting of MSS-COAD and MSI-COAD. The number of detected genes and the sequencing count of each cell were illustrated in a quality control chart, as shown in Figure 4A. The number of genes detected was positive correlated with the sequencing depth using Pearson’s R = 0.67 (Figure 4B). In addition, the cells were mapped into two dimensions based on PC_1 and PC_2 components. The two correct independent cell subpopulations indicated the preferable clustering efficiency during the principal component analysis (PCA) procedure (Figure 4C). A total of 50 principal components (PCs) were selected for subsequent analysis (Figure 4D). Afterward, the tSNE algorithm was applied, and cells in COAD with MSS or MSI were classified into 17 separate clusters (Figure 4E). There were significant differences between the two groups in terms of the distribution of cells (Figures 4F, G).




Figure 4 | Identification of 17 cell clusters in COAD by single-cell sequencing analysis. (A) A total of 4,196 cells identified after quality control. (B) Genes correlated with sequencing depth, with a Pearson’s correlation coefficient of 0.67. (C) Comparison of batch effects between groups. (D) The 50 PCs with P value < 0.05 identified using PCA. (E) The 17 cell clusters classified using the tSNE algorithm. (F, G) The distribution of cells between MSS and MSI in COAD patients.





Single-Cell RNA-Seq Screening of Microsatellite Status-Associated Marker Genes

Further, a total of 3911 unique marker genes from all 17 clusters were identified. Then, the adjusted P-value < 0.05, | log FC] | > 0.5, pct 1≥0.5 and pct 2 < 0.5 were considered the cut-off criteria for further screening to identify relevant marker genes. Ultimately, a total of 3166 marker genes (1968 unique genes) were identified for further analysis. The clusters were annotated using singleR and CellMarker according to the expression patterns of the marker genes. Cluster 0, containing 951 cells, was annotated as CD4+ T cells, clusters 1 and 14, containing 728 cells, were annotated as CD8+ T cells, cluster 2, containing 436 cells, was annotated as enterocytes, cluster 3, containing 385 cells, was annotated as B cells, cluster 4, containing 287 cells, was annotated as cancer stem cells, cluster 5, containing 284 cells, was annotated as monocytes, cluster 6, containing 246 cells, was annotated as epithelial cells, clusters 7, 8, 10, 12 and 13, containing 575 cells, were annotated as plasma cells, cluster 9, containing 111 cells, was annotated as fibroblasts, cluster 11, containing 98 cells, was annotated as goblet cells, cluster 15, containing 51 cells, was annotated as endothelial cells, while cluster 16, containing 44 cells, was annotated as mast cells (Figure 5A). The cells, especially the CD4+ T cells, CD8+ T cells, B cells, cancer stem cells, and enterocytes, were significantly altered in the MSI group compared to the MSS group. Then, we examined the expression of ASCL2 in the above 17 different cell types. As illustrated in Figure 5B, ASCL2 was highly expressed in cancer stem cells (cluster 4). mRNA expression-based stemness index (mRNAsi) is involved in maintaining cancer stem-like properties in specific tumor types. The OCLR algorithm constructed by Malta et al. (24) revealed that mRNAsi in the ASCL2-high expression group was significantly higher than that of the ASCL2-low expression group (Figure 5C). In previously Figures 4F, G, we identified that the cancer stem cells in the MSS group were significantly increased compared with the MSI group. This implies that ASCL2-related cancer stem cell signature could affect the efficacy of colon cancer immunotherapy.




Figure 5 | Annotation of MSS/MSI COAD single-cell data set. (A) The 17 cell clusters were annotated into major types using singleR and CellMarker. (B) t-SNE plots of single-cell sequencing results showing that ASCL2 was expressed in cancer stem cells. (C) The distribution of mRNAsi in different groups, where the abscissa represents samples from different groups, and the ordinate represents the distribution of mRNAsi scores. The red dots represent the group with high expression of ASCL2, while blue dots represent the group with low expression of ASCL2.





Identification of DEGs in COAD

The genes were annotated based on Ensembl and the TCGA databases. Based on the given threshold (|log FC| >2 and adjust P -value < 0.05), 1570 differentially expressed genes (DEGs) were identified between 473 COAD tissues and 41 normal tissues, of which 582 DEGs were upregulated and 988 DEGs were downregulated (Supplementary Figure 1; Supplementary Table 4).



The Enrichment of Candidate Genes in T Cells

The persistence of T cells in vivo may play a paramount role in the efficacy of immunotherapy with anti-PD-1/PD-L1. The Venn diagram identified five common genes (ASCL2, DUSP4, MT1E, RNF43, and TGFBI) in the four different gene expression datasets obtained by diverse data analysis methods, such as WGCNA, differential gene expression analysis, and single-cell sequencing analysis (Figure 6A). As shown in Figures 6B–E, only DUSP4 was highly expressed in CD4+ T cells (cluster 0) and CD8+ T cells (clusters 1 and 14). Based on this finding, we hypothesized that DUSP4 could enhance T cell expression, thus improving immunotherapy with anti-PD-1/PD-L1.




Figure 6 | The expression profile of DUSP4, MT1E, RNF43, and TGFBI is displayed on tSNE projection. (A) The Venn diagram showing the top 5 common genes (ASCL2, DUSP4, MT1E, RNF43 and TGFBI) included in 4 different gene expression datasets. (B) t-SNE plots of single-cell sequencing results showing that DUSP4 was expressed in CD4+ T cells (cluster 0) and CD8+ T cells (cluster 1 and 14). (C) t-SNE plots of single-cell sequencing results demonstrating that MT1E was expressed in enterocyte (cluster 2), epithelial cells (cluster 6), fibroblasts (cluster 9) and goblet cells (cluster 11). (D) t-SNE plots of single-cell sequencing results indicating that RNF43 was expressed in enterocyte (cluster 2) and cancer stem cells (cluster 4). (E) t-SNE plots of single-cell sequencing results demonstrating that TGFBI was expressed in enterocyte (cluster 2), cancer stem cells (cluster 4), monocytes (cluster 5), fibroblasts (cluster 9) and goblet cells (cluster 11).





Correlation Between the Expression of ASCL2 and DUSP4 With MSI and Immune Landscape in Pan-Cancer

Microsatellite instability occurs in multiple cancer types and acts as a predictive biomarker for immunotherapy efficacy. Therefore, we determined the correlation between the expression of ASCL2 and DUSP4 with MSI in 32 cancer types. As shown in Figure 7A, the expression of ASCL2 was negatively correlated with MSI in COAD. In contrast, the expression of DUSP4 was positively correlated to MSI in COAD (Figure 7B). Notably, ASCL2 and DUSP4 had the highest association with MSI in COAD compared to the other cancer types. On the other hand, tumor-infiltrating immune cells (TIICs) are components of the tumor microenvironment that influence sensitivity to immunotherapy in multiple cancers. Hence, we explored the correlation between the expression of ASCL2 and DUSP4 with TIICs in Pan-cancer. The results revealed that ASCL2 was highly correlated to the infiltration levels of CD4+ T cells, CD8+ T cells, B cells, neutrophils, and dendritic cells in the vast majority of cancer types. Furthermore, the expression of ASCL2 was inversely correlated to the immune cell infiltration level of CD4+ T cells, CD8+ T cells, B cells, neutrophils, and dendritic cells in COAD (Figure 7C). However, data from DUSP4 with diametrically opposed results in COAD (Figure 7D). Hence, the above results suggested that ASCL2 and DUSP4 expression were closely related to the extent of immune infiltration in multiple cancer types, including COAD. Moreover, there might be a mutually antagonistic effect between ASCL2 and DUSP4 in COAD.




Figure 7 | Association of ASCL2 and DUSP4 expression with MSI and immune infiltration in Pan-cancer. Radar plots showing the association of (A) ASCL2 and (B) DUSP4 expression with MSI across 32 different cancer types. The red curve indicates the correlation coefficient. (C) Association of immune infiltration with ASCL2. (D) Association of immune infiltration with DUSP4. Positive correlations are shown in red, whereas negative correlations are shown bluish violet. *p < 0.05, **p < 0.01, and ***p < 0.001.





Relationship Between the Immune Cell Infiltrates and the Expression of ASCL2 and DUSP4 in COAD Patients

The expression of six main infiltrating immune cell types, (CD8+ T cells, CD4+ T cells, B cells, neutrophils, dendritic cells, and macrophages) was determined and compared between ASCL2 and DUSP4 in COAD patients. The ASCL2 low expression group contained a higher proportion of CD8+ T cells (P = 5.06e-10), neutrophils (P = 1.08e-13), dendritic cells (P =5.74e-13), B cells (P=1.67e-02), CD4+ T cells (P = 4.89e-03), and macrophages (P = 4.89e-02) compared with the ASCL2 high expression group (Figure 8A). Conversely, the DUSP4 high expression group had a higher proportion of CD8+ T cells (P = 9.75e-10), neutrophils (P = 3.31e-16), dendritic cells (P =5.36e-15), B cells (P=4.89e-03), and CD4+ T cells (P = 3.03e-02) compared with the DUSP4 low expression group. However, there were no significant differences observed in the expression of macrophages (P = 5.89e-01) (Figure 8B).




Figure 8 | Heatmap showing immune cell infiltration in COAD patients with high or low ASCL2 and DUSP4 expression. (A) Comparison of immune infiltration between the high-and low-expression of ASCL2 in COAD patients. (B) Comparison of immune infiltration between the high-and low-expression of DUSP4 in COAD patients. *p < 0.05, **p < 0.01, and ***p < 0.001.





Transcription Factor ASCL2 Regulated the Expression Level of DUSP4

The scRNA-seq analysis showed no significant enrichment of ASCL2 in CD4+ T cells and CD8+ T cells. However, the expression of ASCL2 was highly associated with the infiltration levels of CD4+ T cells and CD8+ T cells in various tumors, including COAD. JASPAR is a database for eukaryotic transcription factor binding profiles (25). The JASPAR database predicted six potential binding motifs on the promoter region of DUSP4 for binding the transcription factor ASCL2 (Figure 9A). Correlation analysis of ASCL2 and DUSP4 showed a negative correlation between ASCL2 and DUSP4 (r = -0.520, p<0.001) (Figure 9B). Further, we knocked down the expression or elevated expression of ASCL2 using siRNA or pcDNA3.1-ASCL2 transfection into HCT116 cells to validate the results. As shown in Figure 9C, ASCL2 inhibition by siRNA or overexpression using a pcDNA3.1-ASCL2 plasmid was shown to increase or decrease the expression of DUSP4, respectively. These results suggested that ASCL2 negatively regulates DUSP4. Next, we carried out spatial transcriptomics analysis for the colon cancer tissues (Figure 9D). The results showed the enrichment of ASCL2 in colon cancer tissue is higher, while enrichment of DUSP4 is lower (Figures 9E, F). The gene expression patterns of ASCL2 and DUSP4 revealed by the spatial transcriptomics were consistent with the gene microarrays.




Figure 9 | 
DUSP4 expression was negatively regulated by ASCL2 in COAD samples. (A) Predicted ASCL2 binding sites within the region of DUSP4 promoter. (B) A scatter plot showing the association of ASCL2 with DUSP4 in COAD. (C) ASCL2 was upregulated in pcDNA3.1-ASCL2 group. DUSP4 expression was lower in pcDNA3.1-ASCL2 group than in the control group. ASCL2 expression was lower in si-ASCL2-1 and si-ASCL2-2 groups compared to control group. The decrease in ASCL2 expression was accompanied an increase in DUSP4 expression. (D) HE staining of colorectal cancer sections. Spatial transcriptomics expression of (E) ASCL2 and (F) DUSP4 in cancer tissue. Each dot represents a different locus at which gene expression was profiled.





GSEA and Drug IC50 Values Analysis of ASCL2 and DUSP4 in COAD

We performed GSEA comparing colon cancer samples with high expression and low expression of ASCL2 and DUSP4 using TCGA dataset to identify pathways correlated with ASCL2 and DUSP4. The GSEA results revealed that ASCL2 and DUSP4 were all enriched in the WNT/β-catenin pathway. Further, as shown in Figure 10A, ASCL2 was positively associated with the WNT/β-catenin pathway. However, DUSP4 was negatively associated with the WNT/β-catenin pathway (Figure 10B). In addition, DUSP4 was positively correlated with the T cell receptor signaling pathways (Figure 10C). XAV939 is an inhibitor of WNT/β-catenin pathway, to investigate the effect of ASCL2 and DUSP4 in WNT/β-catenin pathway, the IC50 values of XAV939 on ASCL2 and DUSP4 were calculated. The prediction process was implemented by R package “pRRophetic” where the samples’ half-maximal inhibitory concentration (IC50) was estimated by ridge regression and the prediction accuracy. The results of the IC50 values indicated a significant increase in the drug sensitivity of both ASCL2-LOW and DUSP4-HIGH to WNT pathway inhibitor in colon cancer (Figures 10D, E). Finally, we transfected ASCL2 over-expression and siRNA plasmids in colon cancer cells, and found ASCL2 positively regulates the expression of c-Myc expression, which is a key gene of the Wnt signaling pathway by western blot (Supplementary Figure 3). These results showed that the ASCL2 and DUSP4 were essential effectors in the WNT/β-catenin pathway.




Figure 10 | GSEA enrichment and drug IC50 values analysis of ASCL2 and DUSP4 in COAD (A) WNT/β-catenin pathway was enriched in ASCL2-related COAD in the Hallmark category. (B, C) WNT/β-catenin pathway and T cell receptor signaling were differentially enriched in DUSP4-related COAD in the Hallmark/KEGG category. NES, normalized enrichment score. (D) IC50 values of Wnt pathway inhibitor was lower in ASCL2 low expression group compared to ASCL2 high expression group. (E) IC50 values of Wnt pathway inhibitor was higher in DUSP4 low expression group compared to DUSP4 high expression group.






Discussion

Colon adenocarcinoma patients, especially those with dMMR/MSI-H, show significantly higher sensitivity to ICIs than COAD patients with pMMR/MSS (26, 27). However, metastatic colon cancer patients with MSI-H/dMMR treated with anti-PD-1 show an overall response rate (ORR) of about 33% (28). Therefore, it is important to investigate the underlying molecular mechanisms behind immunotherapy sensitivity. In this study, the differential gene expression and WGCNA analysis conducted between dMMR/MSS and pMMR/MSI-H of COAD revealed 92 hub genes. Furthemore, the PPI network and contrast analysis of the hub genes revealed that ASCL2 was highly correlated with the microsatellite status and abnormal expression of the hub genes. Therefore, we hypothesized that ASCL2 might serve an important role in regulating microsatellite instability status and immunotherapy sensitivity in COAD.

The single-cell RNA-seq analysis revealed that the number of CD4+ T cells, CD8+ T cells, B cells, and cancer stem cells (CSCs) were altered significantly in the MSI group compared with the MSS group. Moreover, ASCL2 was highly expressed in CSCs. Accumulating evidence reveals that CSCs in tumors contributes to chemo and radio-resistance, metastasis, and tumor invasion (29, 30). The PD-1/PD-L1 signaling plays a crucial function in stemness maintenance of CSCs (31). On the other hand, T cell activity can be suppressed by CSCs (32). A previous study revealed that blockade of the PD-1/PD-L1 pathway with PD-1 orPD-L1 antibodies could inhibit the tumorigenic effect of colon cancer stem cells (33). Therefore, targeting CSCs with anti-PD-1/anti-PD-L1 shows promising therapeutic value. This study revealed that ASCL2 was highly expressed in colon cancer stem cells. In addition, mRNAsi showed higher expression in the ASCL2-high expression group than in the ASCL2-low expression group. Therefore, we inferred that an ASCL2-related cancer stem cell signature was likely to affect the efficacy of colon cancer immunotherapy.

Tumor-infiltrating immune cells (TIICs) are a part of the complex tumor microenvironment (TME). They can be effectively targeted by drugs and are correlated with clinical outcomes (34, 35). Colon adenocarcinoma is infiltrated by various TIICs, including T cells, B cells, NK cells, macrophages, and neutrophils. Previous studies have demonstrated that the density and type of TIICs within COAD affect treatment response and correlate to the prognosistic value (36–38). Several studies reveal that the tumor immune environment influences response to immunotherapeutics (39, 40). A previous study showed that an increased CD8+ T cell density in post-treatment serial biopsies from responding melanoma patients treated with pembrolizumab (41). Further, the number of tumor-infiltrating CD4+ and CD8+ T cells in patients with MSI-H colorectal cancer who benefit from pembrolizumab immunotherapy was significantly higher than in the MSS colorectal cancer (42). Although TIICs and MSI play vital roles in the efficacy of immunotherapy with ICIs, the potential correlation between TIICs and MSI in COAD immunotherapy remains poorly understood. In the present study, ASCL2 expression was significantly correlated with the infiltration levels of CD4+ T cells, CD8+ T cells, B cells, neutrophils, and dendritic cells in various cancer types, including COAD. We revealed potential binding motifs on the promoter region of dual-specificity protein phosphatase 4 (DUSP4) towards transcription factor ASCL2. Moreover, the expression of ASCL2 was negatively associated with DUSP4 in COAD. In other words, ASCL2 could negatively regulate the expression of DUSP4 by binding specifically to the DUSP4 promoter region.

DUSP4 is involved in multiple cellular processes such as cell proliferation and immune response (43). Research shows that DUSP4 is a vital regulator of tumor development. However, it is not clear how DUSP4 affects the clinical and biological effects of tumors. Different tumor types showed different results (44–46). Previous studies revealed that the expression of DUSP4 was negatively associated with distant metastases in colorectal cancer (47). On the other hand, DUSP4 was highly in MSI-H than in MSS tumors (48). In this study, the single-cell RNA sequencing analysis revealed that DUSP4 was highly expressed in CD4+ T cells and CD8+ T cells. Moreover, DUSP4 expression was significantly correlated with the infiltration levels of CD4+ T cells, CD8+ T cells, B cells, neutrophils, and dendritic cells in various cancer types. The expression of ASCL2 was significantly correlated with the infiltration levels of CD4+ T cells, CD8+ T cells, B cells, neutrophils, and dendritic cells in various cancer types, including COAD. This implies that ASCL2 can indirectly affect the tumor immune microenvironment by regulating the expression of downstream target gene DUSP4. This revealed that the ASCL2 could affect immunotherapy response by direct regulation of colon cancer stem cells and indirect regulation of tumor-infiltrating immune cells.

The WNT/β-catenin signaling pathway is a tightly controlled pathway that regulates homeostasis and embryogenesis. Dysregulation of the WNT/β-catenin pathway is associated with several cancer types (49, 50). Previous studies revealed that the WNT/β-catenin pathway was aberrantly activated in colon cancer stem cells. Inhibition of the target proteins can block the signaling pathways, thereby affecting the stemness and proliferation of CSCs (51). Meanwhile, a recent study revealed that activation of the WNT/β-catenin pathway in colon cancer stem cells contributes to chemoresistance (52). Furthermore, the WNT/β-catenin pathway might play a vital role in the immunoregulation of the tumor microenvironment (53). Spranger et al. (54) found that overactivation of the WNT/β-catenin pathway reduced infiltration of T cells into tumor-immune microenvironment in a mouse model of primary melanoma, which subsequently decreased the efficacy of the ICIs. In addition, another study reported that overactivation of the WNT/β-catenin pathway could reduce the levels of interferon-γ (IFN-γ), thus suppressing the cytotoxic function of T lymphocytes (55). These findings indicate that the WNT/β-catenin pathway could be involved in immunosuppression and anti-tumor immune responses. Further, this study revealed that ASCL2 and DUSP4 were enriched in the WNT/β-catenin pathway. In addition, ASCL2 was positively correlated with the WNT/β-catenin pathway. However, DUSP4 was negatively regulated with the WNT/β-catenin pathway. Therefore, it was deduced that the immunotherapy-sensitive role of the ASCL2/DUSP4 axis on COAD is partly attributed to the activation of the WNT/β-catenin signaling.



Conclusion

In conclusion, ASCL2 was highly expressed in COAD. In addition, ASCL2 plays a significant role in microsatellite instability status, cancer stemness, and immune cell infiltration of COAD. Furthermore, the ASCL2/DUSP4 axis was identified as a downstream regulator of COAD. The ASCL2 could be used as a predictor of therapeutic response to anti-PD1/PD-L1 therapy in COAD. However, these results need to be validated in large clinical trials.
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Purpose

To evaluate the cost utility of camrelizumab plus standard chemotherapy versus standard chemotherapy alone as a first-line treatment for advanced nonsquamous non-small cell lung cancer (NSCLC) from the perspective of the Chinese health care system and to provide a reference for health decision-making.



Methods

A Markov model consisting of three health states was designed to evaluate the cost utility of these two treatment regimens for NSCLC patients with the incremental cost-effectiveness ratio (ICER) as the primary output indicator. Clinical data were derived from a published phase III clinical trial (CameL; ClinicalTrials.gov; NCT03134872). One-way sensitivity analysis and probabilistic sensitivity analysis were performed to assess the model uncertainty.



Results

Base case analysis showed that the ICER of camrelizumab plus chemotherapy compared with chemotherapy alone was $43,275.43 per QALY. It was higher than the willingness-to-pay (WTP) threshold of $31,510.57 per QALY in China, which has a standard of three times the GDP per capita recommended by the WHO. One-way sensitivity analysis showed that the utility value of PFS had the greatest influence on the results, and the other sensitive parameters were the cost of subsequent second-line therapy in the two group, the pemetrexed price, the cost of adverse event management and the utility value of PD. The probability sensitivity analysis showed that the probabilities of the cost-effectiveness of camrelizumab plus standard chemotherapy were 27.1%, 66.7% and 88.0% when the WTP values were $40,000, $50,000 and $60,000 per QALY, respectively.



Conclusions

Taking three times the GDP per capita in China as the WTP threshold, the camrelizumab plus standard chemotherapy regimen does not have a cost-effectiveness advantage compared with the standard chemotherapy regimen alone as a first-line treatment for advanced NSCLC.





Keywords: nonsquamous NSCLC, camrelizumab, chemotherapy, first-line treatment, cost-utility analysis



Introduction

Lung cancer is a kind of malignant tumor that seriously endangers human health, ranking first in incidence and mortality among malignant tumors in China (1). Non-small cell lung cancer (NSCLC) is the most common type of lung cancer, accounting for 85% to 90% of cases in China (2, 3). Most cases of lung cancer are found in an advanced stage when they are first diagnosed, and they lose the opportunity for surgery. From 2012 to 2014, the proportion of stage IIIA-IV lung cancer in China was 64.6% (2, 3). Over the past decade, the treatment of NSCLC has focused on systemic chemotherapy to extend the survival and improve the quality of life of advanced-stage patients. For example, based on histology, pemetrexed combined with platinum-based chemotherapy and maintenance therapy with pemetrexed is often used. With the development of molecular biology, lung cancer has ushered in the era of targeted therapy. Moreover, the development of immune checkpoint inhibitors (ICIs) in recent years has become a new milestone in cancer treatment, allowing untreated or multiline NSCLC patients to benefit from this treatment (4).

As a humanized immunoglobulin G4 monoclonal antibody, camrelizumab binds to the programmed cell death 1 (PD-1) receptor, blocks the binding of PD-1 and its ligand to reactivate T cells, and plays an antitumor role (5–8). Based on the results of CameL (9), camrelizumab has been approved in addition to pemetrexed and carboplatin as a first-line treatment for advanced or metastatic nonsquamous NSCLC and has been included in the Chinese Society of Clinical Oncology NSCLC guidelines for first-line treatment recommendations. The CameL study showed that the median overall survival (mOS) of camrelizumab plus chemotherapy as first-line treatment for advanced nonsquamous NSCLC was 27.9 months. Although the success of breaking through the two-year mark will bring good survival benefits to patients, high prices may bring a heavy socioeconomic burden to patients and the healthcare system. There is no uniform conclusion about its economic impact at present (10, 11), and the systematic review showed that checkpoint inhibitors as a first-line treatment for NSCLC has no economic advantage versus conventional chemotherapy regardless of PD-L1 level (12). Therefore, a cost-utility evaluation was performed to compare camrelizumab plus standard chemotherapy with standard chemotherapy alone as a first-line treatment for advanced nonsquamous NSCLC from the perspective of the Chinese health care system in this study. Information on these factors is required by healthcare decision makers to choose more reasonable treatments (13, 14).



Materials and Methods


Clinical Data

Data were derived from CameL (9), which was a randomized, open-label, multicenter, phase III clinical trial conducted in 52 hospitals in China. The inclusion criteria were as follows: patients histologically or cytologically diagnosed with stage IIIB-V NSCLC, with measurable lesions, without prior systemic antitumor therapy, without epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK) alterations, without active brain metastasis, and with an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1. A total of 412 patients were randomly divided (1:1) into a camrelizumab (200 mg) plus pemetrexed (500 mg/m2) with carboplatin (area under curve [AUC], 5 mg/mL per min) group (n=205) or a pemetrexed (500 mg/m2) with carboplatin (AUC 5 mg/mL per min) group (n=207), with a treatment cycle every 21 days. Patients in the two groups received 4-6 cycles of the above treatment and then maintenance therapy. The total camrelizumab exposure was up to a maximum of 34 cycles. The median progression-free survival (mPFS) was 11.3 months vs 8.3 months (hazard ratio [HR] =0.6, 95% confidence interval [CI]: 0.45-0.79, P =0.0001), and the mOS was 27.9 months vs 20.5 months in the camrelizumab plus chemotherapy group vs the chemotherapy alone group (HR=0.73, 95% CI: 0.55-0.96, P = 0.0117). Severe treatment-related adverse events occurred in 74 (36%) patients in the camrelizumab plus chemotherapy group and in 27 (13%) patients in the chemotherapy alone group.



Model Structure

In this study, cost-utility analysis was carried out by constructing and simulating a Markov model run in TreeAge Pro 2011 (TreeAge Software Inc, Williamstown, MA, USA). According to the progression of the tumor, the structure of the model was composed of three independent states: PFS state, progression survival state, and death. All patients were in a progression-free state when they were enrolled, and the death state was an absorbed state, as shown in Figure 1. The cycle period of the model was 21 days. The model simulation showed that almost all patients in the two groups died after 10 years. Therefore, the time limit of this study was set at 10 years (15–17). The output indicators of the model were the cost and quality-adjusted life years (QALYs) of the two groups, and then the incremental cost-effectiveness ratio (ICER) was calculated.




Figure 1 | Markov model structure of camrelizumab plus chemotherapy versus chemotherapy alone as first-line treatment for advanced nonsquamous NSCLC and bubble diagram for NSCLC.





Transition Probability

Engauge Digitizer software (version 12.1, https://github.com/markummitchell/engauge-digitizer/releases) was used to extract the PFS and OS curve data from the CameL study, a Weibull distribution was used to fit and extrapolate the Kaplan-Meier (KM) curves of the two groups, and R software (version 4.1.0, https://cran.r-project.org/mirrors.html) was used to obtain the scale parameter (λ) and shape parameter (γ) of the function, as shown in Table 1. The transition probability was calculated according to the principle of DEALE (p = 1 – e–rt) (18). We assumed that the probability of transitioning from the PFS state to death was the local natural death rate.


Table 1 | Parameters for Weibull survival curve fitting.





Utility

Since the CameL study did not collect utility data, this study quoted the utility value of Chinese patients with metastatic nonsquamous NSCLC from published literature. The utility of PFS was 0.804, and the utility of progressive disease (PD) was 0.321 (19, 20).



Cost Inputs

From the perspective of the Chinese health care system, this study considered only direct medical costs, including drug costs, drug management costs, disease management costs, and the cost of handling adverse events of level 3 and above. The adverse event processing cost was equal to the incidence of grade 3 and above adverse reactions times the processing cost of a single event. Table 2 shows the grade 3 or more treatment-related adverse events in CameL with an incidence greater than 3% (9). Reactive cutaneous capillary hyperplasia (RCCEP) was the most common immune-related adverse event of camrelizumab, but most of the cases were grade 1, with only 2 cases of grade 3 (<1%) and no grade 4-5 adverse events. The incidence was reported; therefore, the cost calculation was not included in this article.


Table 2 | Incidence rate of TRAEs.



The price of the drug in this study is the median value of the bid-winning price of each province (21), and other costs come from the charging standard of a tertiary hospital in Fujian Province in China. The price of camrelizumab is the latest price after medical insurance negotiations in 2020. Based on the actual situation, there is no room for further increase, so only the impact of the decline in the price of camrelizumab on the results is considered. According to the “Guidelines for the Evaluation of Chinese Pharmacoeconomics (2020)”, all costs and output are discounted at an annual discount rate of 5% (22). The average exchange rate of Chinese Yuan renminbi for the entire year of 2020 is 6.8974 yuan per US dollar. It is assumed that the corresponding cost is incurred when the treatment is started in each cycle; therefore, the cost is not adjusted for the half cycle. The average body surface area is 1.71 m2, which was calculated from the average height and weight data of Chinese adults obtained in the “Report on Nutrition and Chronic Disease Status of Chinese Residents (2020)” (23) and the sex ratio of patients in the CameL study according to Xu Wensheng’s formula. The dose range and the lower limit of the treatment course were selected for the drug dosage and course of treatment. Referring to the other studies, it is assumed that docetaxel was used as the subsequent second-line chemotherapy, and nivolumab and camrelizumab as the immunotherapy, which is commonly used in China (10). The drug management cost was equal to the hospitalization cost plus the chemotherapy drug preparation injection cost. The two groups of patients were hospitalized for 3 days per cycle, the hospitalization cost per cycle was $55.67, and the chemotherapy drug preparation injection cost was different. The cost of drug administration in the chemotherapy alone group in the PFS state (>4 cycles) was the same as the cost of drug administration in the camrelizumab plus chemotherapy group in the PFS state (>34 cycles) (24, 25). The cost details are shown in Table 3.


Table 3 | Model parameters and distribution.





Sensitivity Analysis

One-way sensitivity and probabilistic sensitivity analyses were used to evaluate the stability of the model results. One-way sensitivity analysis is used to analyze the influence of different parameters on ICERs in a certain range, and the results are presented by a tornado diagram. When the value range of the parameter can not be obtained, the variation range is ±25%. Considering the actual situation, the price of camrelizumab does not have the possibility of increasing, so only the impact of the price decline on ICER was analyzed. The probabilistic sensitivity analysis was performed using a bivalent Monte Carlo simulation. Assuming that each parameter follows a certain probability distribution, 1,000 repeated samples were taken, and ICER values of different treatment regimens were calculated based on each sample. The results of probabilistic sensitivity analysis are presented as an incremental cost-effectiveness scatter plot and an acceptability curve (26–28).




Results


Base Case Analysis

The analysis results of the Markov model established in this study showed that within the 10-year study period, both camrelizumab plus chemotherapy and first-line chemotherapy alone had clinical benefits in the treatment of advanced NSCLC. Compared with chemotherapy alone, camrelizumab plus chemotherapy could add 0.34 QALYs, with an incremental cost of $14,818.05 and a calculated ICER of $43,275.43 per QALY, as shown in Table 4. In 2020, the Chinese per capita GDP was $10,503.52 (29), so the willingness-to-pay (WTP), which is three times the per capita GDP according to the WHO, was $31,510.57. The ICER value was higher than the WTP, indicating that chemotherapy combined with camrelizumab was not economical compared with chemotherapy alone.


Table 4 | Basic analysis results.





Sensitivity Analysis


One-Way Sensitivity Analysis

The results of one-way sensitivity analysis showed that the utility of PFS had the greatest influence on the results, and the other sensitive parameters were the cost of subsequent second-line therapy in the two group, the pemetrexed price, the cost of adverse event management and the utility value of PD. However, ICER generated when all parameters change within a certain range does not intersect with WTP, so the model is robust. The analysis results are shown in Figure 2.




Figure 2 | Tornado diagrams for one-way sensitivity analysis Effe_PD, utility of PD; Effe_PFS, utility of PFS; C_Peme, cost of pemetrexed; C_drug_6, cost of subsequent second-line therapy in the chemotherapy group; C _drug_7, cost of subsequent second-line therapy in the camrelizumab plus chemotherapy group; C_adverse_2, cost of adverse reactions in the chemotherapy alone group; C_adverse_1, cost of adverse reactions in the camrelizumab plus chemotherapy group; C_PD_1, cost of the PD-1 inhibitor camrelizumab; TX, discount rate (%); C_Car, cost of carboplatin; C_disease_1, cost of disease management in the first 18 cycles; C_disease_2, cost of disease management after 18 cycles; C_pretreat, cost of chemotherapy pretreatment; C_DA_5, cost of drug administration in the chemotherapy alone group in the progression survival state (≤34 cycles); C_DA_4, cost of drug administration in the chemotherapy alone group in the progression-free survival state (≤4 cycles); C_DA_3, cost of drug administration in the camrelizumab plus chemotherapy group in the progression-free survival state (>34 cycles); C_DA_2, cost of drug administration in the camrelizumab plus chemotherapy group in the progression-free survival state (>4 cycles and ≤34 cycles); C_DA_1, cost of drug administration in the camrelizumab plus chemotherapy group in the progression-free survival state (≤4 cycles).





Probabilistic Sensitivity Analysis

The bivalent Monte Carlo simulation was used for probabilistic sensitivity analysis, as shown in Figures 3, 4. The scatter points are in the first quadrant of the coordinate axis, indicating that camrelizumab combined with chemotherapy can result in more QALYs but at a higher cost. As shown in Figure 4, when the WTP values were $40,000, $50,000 and $60,000 per QALY, the probabilities of the cost-effectiveness of camrelizumab combined with chemotherapy were 27.1%, 66.7% and 88.0%, respectively.




Figure 3 | Cost-effectiveness scatter plot.






Figure 4 | Cost-effectiveness acceptability curve.







Discussion

The main research and development direction of new antitumor drugs in the world is the development of drugs with strong targeting and few side effects. In recent years, tumor immunotherapy represented by ICIs has been the most eye-catching among the many approved new antitumor drugs, in addition to the targeted drugs of various small molecule tyrosine kinase inhibitors and large molecule monoclonal antibodies. Camrelizumab, a PD-1 inhibitor independently developed in China, was approved in June 2020 in combination with pemetrexed and carboplatin for the first-line treatment of unresectable locally advanced or metastatic nonsquamous NSCLC without EGFR and ALK alterations and was included in the first-line treatment recommendation of NSCLC and treatment guidelines of the Chinese Society of Clinical Oncology. On December 28, 2020, it was officially included in the medical insurance drug list with a price reduction of more than 80%. So far, the economic evaluations of camrelizumab have been inconsistent (10, 11), in order to determine the economic efficiency, we established a Markov model to evaluate the two treatment schemes from the aspects of cost and effectiveness.

The results of the basic analysis showed that compared with chemotherapy alone, the ICER of camrelizumab combined with chemotherapy was $43,275.43 per QALY, which was higher than the WTP of $31,510.57 and meant that camrelizumab combined with chemotherapy was not economic. This is different from the previous study which established a partitioned survival model (PSM) for patients and found that the ICER of camrelizumab plus chemotherapy compared with chemotherapy was $-7,382.72 per QALY (10). This may be related to the structural assumption adopted by PSM that the survival functions (i.e. PFS and OS) is independent, resulting in inaccurate predictions of PFS and OS. We established a Markov model which is classic in the economic evaluation of antitumor drugs. Our results are consistent with that of another study based on the same clinical trial (11). And the conclusion is consistent with the systematic review, which showed that ICIs as a first-line treatment for NSCLC has no economic advantage versus chemotherapy regardless of PD-L1 level, but they may be economic in developed countries (12). Of course, the WTP varies from country to country. In European and American countries, the WTP for oncology drugs is significantly higher than that for general drugs and can reach $180,000.

One-Way sensitivity analysis showed that all parameters within the floating range would not reverse the result and the utility value of PFS had the greatest influence on the ICER. The cost of subsequent second-line therapy in the two group also had a significant impact on the results which might be related to the longer duration of the progressive state in terms of the OS of patients. The probability sensitivity analysis results showed that when the WTP values were $40,000, $50,000 and $60,000 per QALY, the probabilities of the cost-effectiveness of camrelizumab combined with chemotherapy were 27.1%, 66.7% and 88.0%, respectively. Considering the uneven regional economic development levels in China, if the WTP is set separately based on the per capita GDP of each province in 2020, then camrelizumab plus chemotherapy can be economical compared with chemotherapy alone in economically developed areas, including Beijing, Shanghai, Jiangsu, Fujian, Tianjin and Zhejiang (29). In addition, the survival time of patients in the final stages of life is more valuable to the patients themselves and society. Therefore, the choice of threshold is also an important factor affecting the economy of the result. It can be questioned whether accepting a higher ICER should be considered in antitumor drugs.

In the CameL study, the PFS times of PD-1-positive patients in the camrelizumab plus chemotherapy group and the chemotherapy alone group were 15.4 and 9.9 months, respectively (HR=0.56, 95% CI 0.39-0.82, one-sided P =0.0011). As of January 2021, the OS was 23.7 months in the chemotherapy group and not yet mature in the camrelizumab plus chemotherapy group. The better survival benefit of camrelizumab in PD-1-positive patients than in all patients may increase the probability of the cost-effectiveness of camrelizumab plus chemotherapy, and further studies may be conducted to determine whether PD-1 testing can help patients choose more cost-effective treatment options.

There are some limitations to this study. First, the survival data were derived from a phase III clinical trial rather than from a prospective real-world study. Second, according to the individual patient, the follow-up treatment plan is different in reality. Third, the utility values of this study were derived from a study of the utility values of NSCLC in the Chinese population, but the difference in the utility values caused by different treatment methods was not reflected. However, the one-way sensitivity analysis results of this study showed that the utility values in the PFS states had the most significant impact on the ICER results. Therefore, it is necessary to refine and measure the effectiveness value of different treatment methods and different states in Chinese patients with NSCLC in the future.

This study may be biased when it comes to real-world decision-making, we look forward to combining the Chinese economic development level with the social average WTP and starting real-world trials of NSCLC as soon as possible to improve the accessibility of new drugs to help cancer patients in the future.



Conclusions

From the perspective of the Chinese health care system, the camrelizumab plus standard chemotherapy regimen was unable to be cost-effective compared with the standard chemotherapy regimen alone as a first-line treatment for advanced NSCLC if three times the GDP per capita in China is taken as the WTP threshold. However, if the WTP is set separately based on the per capita GDP of each province in 2020, the camrelizumab plus standard chemotherapy regimen can be economical compared with chemotherapy alone in economically developed areas, including Beijing, Shanghai, Jiangsu, Fujian, Tianjin and Zhejiang.
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Characteristics Overall (n=44) MSI(n=14) MSS(n=30) p-value

Sex
Male 24 6 18 0.342
Female 20 8 12

Age (years)® 71.1+142 81.4+85 66.3+138  0.001

Tumor size (cm)® 5 (3.6, 6) 5.25(4.63,7.25) 4.5(3.155.5) 0.351

Tumor location
Colon 30 18 17 0.019
Rectum 14 1 13

Pathological general types
Mass type 10 2 8 0.462
Ulcer type 34 12 22

Differentiation grade
Well or Moderate 29 7 22 0.177
Poor or 15 7 8

Mucinous

AJCC-TNM stage
= 16 7 9 0.313
n-1v 28 7 21

T stage
T1-2 5 1 4 1.000
T3-4 38 12 26

N stage
Negative 20 9 11 0.112
Positive 24 5 19

M stage
Negative 29 " 18 0.314
Positive 15 3 12

“Data are presented in mean + standard deviation (SD).

“data are presented in median (25th, 75th percentiles).

MSI, microsatellite instability; MSS, microsateliite stability; AJCC, American Joint
Committee on Cancer.
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A Trial of SHR-1210 (an Anti-PD-1 Inhibitor) in Combination with
FOLFOX4 in Subjects with Advanced HCC Who Have Never Received

Prior Systemic Treatment

Phase Il Study of Camrelizumab in Combination with Chemotherapy in

Recurrent/Metastatic Nasopharyngeal Carcinoma

A Study to Evaluate SHR-1210 in Subjects with Advanced HCC
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Neoadjuvant Anti-PD-1 Antibody SHR-1210 and Radiation in

Resectable Esophageal Squamous Cell Carcinoma

A Trial of SHR-1210 (an Anti-PD-1 Inhibitor) in Combination with

Apatinib in Patients with Advanced HCC (RESCUE)

Famitinib Plus Anti-PD1 Therapy for Advanced Urinary System Tumors,

Advanced Gynecological Tumors

SHR-1210 in Combination with GEMOX in Patients with Advanced BTC
A Study of SHR-1210 in Combination with Capecitabine + Oxaliplatin or
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Resource

Source

Identifier

Deposited Data

Solid tumor samples

Immune cell from healthy individuals
Pan-cancer tumor samples (21 types)

Sorted PD-1"*"29CDg* T cells from NSCLC

Sorted PD-1"""eICDg* T cells from HCC, flow cytometry, and RNA-

seq results

Sorted PD-1""**/"*9CDg* T cells from breast cancer
Anti-PD-1/anti-PD-1 combined with anti-CTLA4 treated melanoma
(Gide)

Anti-PD-1 treated melanoma (Riaz)

Anti-PD-1 treated gastric cancer

Anti-PD-L1 treated urothelial cancer

Anti-PD-1/PD-L1 treated NSCLC (Jung)

Anti-PD-1 treated NSCLC (Cho)

ScRNA-seq of immune cells in melanoma TME

ScRNA-seq of T cells in NSCLC TME

Anti-PD1/anti-CTLA4 combination therapy treated mouse model of
breast cancer

Human genome (GRCH38/hg38)

Software and Algorithms
STAR version 2.5.4b
Stringtie, version v1.3.4d
Metascape
CellPhoneDB

MSigDB

CIBERSORT

quanTlseq

R packages/scripts
Codes used for scoring
DESeq?2 (1.26.0)

limma (3.41.16)
singscore (1.10.0)

Seurat (3.1.0)
edgeR (3.27.13)

fgsea (1.12.0)
pROC (1.156.3)
survival (3.1-12)
survminer (0.4.8)
biomaRt (2.42.0)

immunophenoscore

CCLE

DICE

TCGA

Thommen et al. (13)
Kim et al. (14)

Guo et al. (15)
Gide et al. (16)

Riaz et al. (17)

Kim et al. (18)
Mariathasan et al. (5)
Jung et al. (19)

Cho et al. (20)
Sade-Feldman et al. (21)
Guo et al. (22)

Hollern et al. (23)

Genome Reference
Consortium

Dobin et al. (24)
Pertea et al. (25)
Zhou et al. (26)
Efremova et al. (27)
Newman et al. (28)
Finotello et al. (29)

This paper
Love et al. (30)

Ritchie et al. (31)
Foroutan et al. (32)

Butler et al. (33)
Robinson et al. (34)

Sergushichev (35)
Robin et al. (36)

Durinck et al. (37)

Charoentong et al. (38)

https://portals.broadinstitute.org/
https://dice-database.org/
http://firebrowse.org/

SRA: SRP108393

GEO: GSE111389

SRA: SRP189910
ENA: ERP105482

SRA: SRP094781

ENA: ERP107734
http://research-pub.gene.com/IMvigor210CoreBiologies/
GEO: GSE135222

GEO: GSE126044

GEO: GSE120575

GEO: GSE99254

GEO: GSE124821

http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/
human

https://github.com/alexdobin/STAR
https://ccb.jhu.edu/software/stringtie/
https://metascape.org/
https:/github.com/Teichlab/cellphonedb
http://www.gsea-msigdb.org/gsea/msigdb
https://cibersort.stanford.edu/
https://github.com/icbi-lab/quanTlseq

https://github.com/Liulab/PD1highCD8Tscore
https://bioconductor.org/packages/release/bioc/ntm/DESeq?2.
html
https://bioconductor.org/packages/release/bioc/html/limma.html
https://www.bioconductor.org/packages/release/bioc/html/
singscore.html

https://satijalab.org/seurat/
https://bioconductor.org/packages/release/bioc/ntml/edgeR.
html
http://bioconductor.org/packages/release/bioc/html/fgsea.html
https://cran.r-project.org/web/packages/pROC/index.html
https://cran.r-project.org/web/packages/survival/index.html
https://cran.r-project.org/web/packages/survminer/index.html
https://bioconductor.org/packages/release/bioc/ntmi/biomaRt.
html

https://tcia.at/tools/toolsMain
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Related issues Results Score
1. Is there any previous conclusive report on this ADR? No 0
2. Does the ADR occur after the use of suspicious drugs? Yes 2
3. Does the ADR get remission after drug withdrawal or anti-drug application? Yes B
4. Is the ADR repeated after the use of the suspected drug again? Yes )
5. Is there any other reason that can cause the ADR alone? No 2
6. Does the ADR recur after placebo? Unknown 0
7. Does the drug reach a toxic concentration in the blood or other body fluids? Unknown 0
8. Does the ADR aggravate with the increase of dose or alleviate with the decrease of dose? Yes 1
9. Has the patient ever been exposed to the same or similar drugs and had similar reactions? No 0
10. Is there any objective evidence to confirm the reaction? No b
r

Total score

Naranjo’s score: = 9 points, definite; 5 — 8 points, probable, 1 — 4 points, possible; < 0 points, doubtful.
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Gene Dataset Type Endpoint PROBE ID N COX P HR [95% CI]

BMP2 GSE13213 LUAD os A_23_P143331 17 2.69E-05 0.68 [0.57 - 0.81
BMP2 GSE31210 LUAD RFS 205290_s_at 204 0.0140761 0.67 [0.49 - 0.92]
BMP2 GSE31210 LUAD RFS 205289_at 204 0.00186833 0.61[0.45 - 0.83]
BMP2 GSE3141 NSCLC oS 205289_at 111 0.0215927 1.34[1.04-1.71
NFIX GSE13213 LUAD oS A_24_P858698 17 0.00181017 0.57 [0.40 - 0.81
NFIX GSE13213 LUAD oS A_23_P165295 17 0.0261232 0.71[0.53 - 0.96]
NFIX GSE31210 LUAD RFS 209807_s_at 204 0.00254395 0.49 [0.31 - 0.78]
NFIX GSE31210 LUAD RFS 228278_at 204 0.000193836 0.51[0.36 - 0.73]
NFIX GSE31210 LUAD oS 209807_s_at 204 0.00972759 0.45 [0.25 - 0.82]
NFIX GSE31210 LUAD os 228278_at 204 0.0016013 0.48 [0.30 - 0.76]
NFIX GSE8894 NSCLC RFS 229834 _at 138 0.040562 0.00 [0.00 - 0.59]
LOXL2 GSE31210 LUAD os 202998_s_at 204 0.0153133 1.78 [1.12 - 2.84]
LOXL2 GSE31210 LUAD RFS 228808_s_at 204 0.044394 0.69 [0.48 - 0.99
LOXL2 GSE31210 LUAD RFS 204 2.51E-05 2.12[1.49 - 3.00]
LOXL2 GSE3141 NSCLC oS m 0.00150164 1.95 [1.29 - 2.95]
LOXL2 GSE3141 NSCLC oS _ m 0.0220928 1.41[1.05 - 1.89
LOXL2 GSE8894 NSCLC RFS 202998_s_at 138 0.0103412 1.26 [1.06 - 1.49
LOXL2 GSE8894 NSCLC RFS 202997_s_at 138 0.000366017 221 [1.43-3.41
PTX3 GSE31210 LUAD os 229760_at 204 0.0484883 0.76 [0.58 - 1.00]
PTX3 GSE31210 LUAD RFS 229760_at 204 8.07E-05 0.67 [0.54 - 0.82]
PTX3 GSE31210 LUAD RFS 229759_s_at 204 0.000904115 0.75 [0.63 - 0.89]
RTKN2 GSE31210 LUAD RFS 230469_at 204 0.0162189 0.71[0.54 - 0.94]
RTKN2 GSE3141 NSCLC os 230469_at m 0.0421692 0.84 [0.70 - 0.99]

OS, Overall Survival: RFS, Relapse Free Survival: NSCLC, Non-small cell lung cancer; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma.
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Study name (year) Phase Population Sample size Median age Male/Female Intervention arm Control arm
sicl
KEYNOTE 024 (2016/2019) Ll squ/non-squ PD-L1250% 154/151 65/66 187/118 PEM CT
KEYNOTE 042 (2019) 1l squ/non-squ PD-L121% 637/637 63/63 902/372 PEM CT
IMpower 110 (2019) 1l squ/non-squ PD-L121% 277/277 NG/NG 389/165 ATE CT
MYSTIC (2020) 1} squ/non-squ 374/372 65/64 506/240 DUR CT
CheckMate 026 (2017) I squ/non-squ PD-L1>1% 271/270 63/65 332/209 NIV CT
CheckMate 227 part1 (2019) 1} squ/non-squ PD-L1>1% 396/397 64/64 532/261 NIV CT
EMPOWER-LUNG1 (2020) 1} squ/non-squ 356/354 63/64 606/104 CEM CcT
SICI+CT
KEYNOTE 021G (2016/2019) Il non-squ 60/63 63/63 48/75 PEM+CT CT+Mpem
KEYNOTE 189 (2018/2020) 1} non-squ 410/206 65/64 363/253 PEM+CT CT+Mpem
KEYNOTE 407 (2018/2020) 1l squ 278/281 65/65 455/104 PEM+CT CT
IMpower 130 (2019) 1l non-squ 483/240 64/65 415/308 ATE+CT CT
IMpower 132 (2018/2020) 1l non-squ 292/286 64/63 384/194 ATE+CT CT+Mpem
IMpower 131 (2020) 1} squ 343/340 65/65 557/126 ATE+CT CT
CAMEL (2019) L} non-squ 205/207 59/61 295/117 CAM+CT CT
ORIENT-12 (2020) 1l squ 179/178 64/62 327/50 SIN+CT CT
ORIENT-11 (2020) 1l non-squ 266/131 61/61 303/94 SIN+CT CcT
CheckMate 227 part1 (2019) 1} squ/non-squ PD-L1<1% 177/186 64/64 255/108 NIV+CT CT
CheckMate 227 part2 (2019) 1} squ/non-squ 377/378 63/64 528/227 NIV+CT CcT
Lynch (2012) I squ/non-squ 68/66 61/62 98/36 IPI+CT CcT
Govindan (2017) 1l squ 388/361 64/64 635/114 IP+CT CcT
DICI
MYSTIC (2020) 1l squ/non-squ 372/372 66/64 516/228 DUR+TRE CcT
CheckMate 227 part1 (2019) 1] squ/non-squ PD-L1>1% 396/397 64/64 515/278 NIV+PI CT
CheckMate 227 part1 (2019) Ll squ/non-squ PD-L1<1% 187/186 63/64 263/110 NIV+PI CT
DICI+CT
CheckMate 9LA (2020) I squ/non-squ 361/358 65/65 503/216 NIV+IPI+CT CT
Others
CCTG BR.34 (2020) 1} squ/non-squ 151/150 65/63 162/139 DUR+TRE+CT DUR+TRE

Data are expressed as intervention/control unless indicated otherwise.
Squ, squamous; Non-squ, non-squamous; NG, not given; PEM, pembrolizumab; CEM, cemiplimab; SIN, sintilimab; ATE, atezolizumab; NIV, nivolumab; DUR, durvalumab; TRE,
tremelimumab; CAM, camrelizumab; IPI, ipiimumab; CT, chemotherapy; CT+Mpem, CT followed by maintenance with pemetrexed.
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Characteristics

Total n

Age, median (range)
Sex

Male

Female

Cancer type n (%)
Adenocarcinoma
Squamous

Others

Agent

PD-(L)1
PD-(L)1+CTLA-4
Smoking history, n (%)
Current/former

Never
PDL1_expression
>1%

0%

Unknown

Gene, n (%)

PTPRD mutation
PTPRT mutation
PTPRD/PTPRT mutation
PTPRD/PTPRT wild-type

Rizvi2015

34
62.5 (41-80)

16 (47%)
18 (63%)

34 (100%)
0 (0%)
0 (0%)

34 (100%)
0 (0%)

28 (82%)
6 (18%)

24 (70%)
6 (18%)
4(12%)

3(9%)
2 (6%)
5 (15%)
29 (85%)

Hellmann2018

75
66 (42-87)

37 (49%)
38 (51%)

59 (79%)
16 (21%)
0 (%)

0 (0%)
75 (100%)

60 (80%)
15 (20%)

45 (60%)
25 (33%)
5 (7%)

16 (21%)
9 (12%)
22 (29%)
53 (71%)

Rizvi2018

240
66 (22-92)

118 (49%)
122 (51%)

186 (78%)
34 (14%)
20 (8%)

206(86%)
34(14%)

193 (80%)
47 (20%)

43 (18%)
41 (17%)
156 (65%)

30 (18%)
23 (10%)
47 (20%)
193 (80%)

Pooled Cohort

349
65 (22-92)

171 (49%)
178 (51%)

279 (80%)
50 (14%)
20 (6%)

240 (0%)
109 (100%)

281 (80%)
68 (20%)

112 (32%)
72 21%)
165 (47%)

49 (14%)
34 (10%)
74 (21%)
275 (79%)
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Rizvi2015

Parameter Univariable Analysis Multivariable Analysis

HR (95%Cl) P value HR (95%CI) P value
Age 265 vs. <65 y 0.82 (0.33-2.01) 0.66 1.05 (0.33-3.38) 0.93
Male vs. female 1.75 (0.75-4.07) 0.20 1.09 (0.36-3.36) 0.88
Current or former vs. never smoker 0.60 (0.22-1.64) 0.32 0.67 (0.16-2.91) 0.60
TMBzmedian vs. <median 0.21 (0.08-0.55) 0.002 0.20 (0.06-0.67) 0.01
PD-L1 status >1% vs. <1% 0.38 (0.14-1.01) 0.05 0.98 (0.33-2.98) 0.98
PTPRD/PTPRT mutant vs. wild 0.16 (0.02-1.17) 0.07 0.23 (0.03-2.04) 0.18
Lines of therapy >3 vs. <3 1.24 (0.563-2.91) 0.62 1.79 (0.46-6.93) 0.40
Hellmann2018
Parameter Univariable Analysis Multivariable Analysis

HR (95%Cl) P value HR (95%Cl) P value
Age 265 vs. <65 y 0.89 (0.51-1.55) 0.67 0.71(0.37-1.36) 0.31
Male vs. female 1.08 (0.59-1.80) 0.92 1.03 (0.55-1.91) 0.94
Current or former vs. never smoker 0.70 (0.36-1.36) 0.29 0.78 (0.37-1.64) 0.51
TMB=median vs. <median 0.49 (0.28-0.87) 0.02 0.59 (0.28-1.22) 0.16
PD-L1 status 21% vs. <1% 0.86 (0.47-1.59) 0.63 1.04 (0.52-2.07) 0.92
PTPRD/PTPRT mutant vs. wild 0.47 (0.24-0.92) 0.03 0.59 (0.24-1.47) 0.25
Rizvi2018
Parameter Univariable Analysis Multivariable Analysis

HR (95%Cl) P value HR (95%Cl) P value
Age >65 vs. <65 y 1.14 (0.86-1.52) 0.35 1.12 (0.69-1.81) 0.66
Male vs. female 1.09 (0.83-1.44) 0.54 0.88 (0.53-1.44) 0.60
Current or former vs. never smoker 0.69 (0.49-0.97) 0.03 0.59 (0.30-1.17) 0.13
TMB=median vs. <median 0.65 (0.49-0.86) 0.003 0.94 (0.52-1.69) 0.84
PD-L1 status >1% vs. <1% 0.58 (0.36-0.92) 0.02 0.52 (0.31-0.88) 0.01
PTPRD/PTPRT mutant vs. wild 0.64 (0.44-0.92) 0.02 0.43 (0.20-0.92) 0.03
Lines of therapy >3 vs. <3 1.37 (1.00-1.88) 0.05 1.25 (0.70-2.20) 0.45
All NSCLC in pooled cohort
Parameter Univariable Analysis Multivariable Analysis

HR (95%Cl) P value HR (95%Cl) P value
Age 265 vs. <65 y 1.06 (0.83-1.35) 0.64 0.95 (0.67-1.35) 0.78
Male vs. female 1.13 (0.89-1.44) 0.31 1.00 (0.71-1.41) 0.99
Current or former vs. never smoker 0.70 (0.52-0.93) 0.01 0.63 (0.41-0.97) 0.04
TMB=median vs. <median 0.56 (0.44-0.72) <0.001 0.62 (0.42-0.92) 0.02
PD-L1 status >1% vs. <1% 0.60 (0.43-0.84) 0.003 0.67 (0.47-0.96) 0.03
PTPRD/PTPRT mutant vs. wild 0.54 (0.39-0.73) <0.001 0.52 (0.31-0.87) 0.01
lines of therapy >3 vs. <3 0.88 (0.69-1.12) 0.30 0.80 (0.56-1.13) 0.21
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Radiotherapy
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Progression free survival

adjusted HR

0.160
0217

0.536

0.126
0.207

0.562

0.610

0.477

0.129
0.224

0.569

0.587

1
0.406

95%Cl

0.050-0.515
0.077-0.612

0.359-0.800

0.038-0.415
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0.375-0.841
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0.002
0.004

0.002

0.001
0.003

0.005

0.015

0.000

0.001
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0.011

0.000

Overall survival

adjusted HR

CEA(ng/ml)
<35 1
>35 0.611
CEA
Up 1
Down 0.543
NSE
Up 1
Down 0.619
CEA
Up 1
Down 0.620
NSE
Up 1
Down 0.578

FCOG, Eastern Cooperative Oncology Group; PS, performance status; NLR, neutrophil-to-lymphocyte ratio; CEA, carcinoembryonic antigen;

95%Cl
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0.339-0.871

0.386-0.994
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NSE, neuron-specific enolase.
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0.011
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Disease control rate Objective response rate

0Odds ratio 95%Cl P Odds ratio 95%Cl P
ow Age (years) Age (years)
>63 1 >63 1
<63 3.103 1.035-9.306 0.043 <63 2273 1.100-4.697 0.027
6W Age (years) Age (years)
>63 1 0.976-9.162 0.055 >63 il 1.122-5.028 0.024
<63 2.991 <63 2375
CEA NLR
Up 1 1.287-13.758 Up 1 1.464-6.483 0.003
Down 4.209 0.017 Down 3.081
12w NLR NLR
Up 1 0.962-22.796 0.056 Up 1 1.660-7.001 0.002
Down 4.682 Down 3.304
CEA CEA
Up 1 s Up il 0.023
Down 7.267 508-35.006 0.013 Down 2.469 1.134-56.375

NLR, neutrophil-to-lymphocyte ratio; CEA, carcinoembryonic antigen.
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0.068
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0.002
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ECOG, Eastern Cooperative Oncology Group; PS, performance status; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; Hb, hemoglobin; CEA, carcinoembryonic
antigen; NSE, neuron-specific enolase.
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Characteristics No. of patients(N = 151) Percentage(%)
Agelyears), median(IQR) 63(54-69)

> 63 81 53.6

<63 70 46.4
Gender

Female 36 23.8

Male 118 76.2
Tumor histology

Squamous 50 33.1

Non-Squamous 101 66.9

Adenocarcinoma 92 60.9
Others’ 9 6.0

Stage
Recurrence 29 19.2
Advanced 122 80.8

[1[1] 29 19.2

v 93 61.6
ECOG PS

0-1 147 97.4

2 4 26
Smoking history

Never 60 39.7

Now/ever 91 60.3
No. of metastasis sites

0 32 21.2

1 72 47.4

2 33 219

>3 14 9.3
Mutation type*

EGFR 28 18.5

KRAS 7 4.6

Wild-type 116 76.8
Degree of differentiation

Low 116 76

Moderate/high 35 23.2
PD-1 inhibitor type

Pembrolizumab 70 46.4

Sintilimab 66 43.7

Toripalimab 15 9.9
Combination regimen

Chemotherapy 105 69.5

Anti-angiogenic therapy 18 1.9

Both 28 18.5
Lines of therapy

1 61 40.4

2 49 32.5

>3 41 27.2
Radiotherapy

No 85 56.3

Yes 66 43.7
Best response

CR 0 0.0

PR 46 30.5

SD 88 58.3

PD 17 1.3

*fadenosquamouscarcinomal(n = 3), Sarcomatoid carcinoma(n = 2), otherwise(n = 4).

*ALK mutation(n = 0).

ECOG, Eastern Cooperative Oncology Group; PS, performance status.
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Observation indexes No. of patients(N = 151) Percentage(%)
NLR, median(IQR) 2.96(2.13-4.54)

> 2.96 75 49.7

<2.96 76 50.3
PLR, median(IQR) 158.62(115.89-229.23)

> 1569 75 49.7

<159 76 50.3
PAR(*1019), median(IQR) 5.14 (3.98-6.42)

2515 75 49.7

<5.15 76 50.3
Hb(g/L), median(IQR) 129.00(118.00-140.00)

> 130 75 49.7

<130 76 50.3
LDH(U/L), median(IQR) 206.00(181.00-258.00)

> 245 42 27.8

<245 109 722
CEA(ng/ml), median(IQR) 4.88(2.61-17.23)

>35 97 64.2

<35 54 35.8
NSE' (ng/mi), median(IQR) 16.47(13.08-22.13)

>16.3 72 50.7

<16.3 70 49.3
N =142.

NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; PAR, platelet-to-
albumin ratio; Hb, hemoglobin; LDH, lactate dehydrogenase; CEA, carcinoembryonic
antigen; NSE, neuron-specific enolase.
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ID Description Count P value
hsa05206 MicroRNAs in cancer 16 1.18E-05
hsa03013 RNA transport 10 0.000399544
hsa04350 TGF-beta signaling pathway 7 0.00044901
hsa04218 Cellular senescence 9 0.000470354
hsa04360 Axon guidance 9 0.001362992
hsa05226 Gastric cancer 8 0.001552477
hsa04151 PI3K-Akt signaling pathway 13 0.002058027
hsa04390 Hippo signaling pathway 8 0.002161407
hsa04933 AGE-RAGE signaling pathway in diabetic complications 6 0.003489698
hsa05166 Human T-cell leukemia virus 1 infection 9 0.004929187
hsa04550 Signaling pathways regulating pluripotency of stem cells 7 0.005076892
hsa04015 Rap1 signaling pathway 8 0.012196648
hsa05215 Prostate cancer 5 0.014040933
hsa00533 Glycosaminoglycan biosynthesis - keratan sulfate 2 0.017456577
hsa04974 Protein digestion and absorption 5 0.017798661
hsa05211 Renal cell carcinoma 4 0.018587208
hsa05224 Breast cancer 6 0.02124233
hsa04216 Ferroptosis 3 0.022153401
hsa05202 Transcriptional misregulation in cancer 7 0.023095703
hsa05165 Human papillomavirus infection 10 0.023906377
hsa04934 Cushing syndrome 6 0.0267241
hsa01521 EGFR tyrosine kinase inhibitor resistance 4 0.028904446
hsa04010 MAPK signaling pathway 9 0.029244879
hsa05161 Hepatitis B 6 0.032232807
hsa04110 Cell cycle 5 0.035980455
hsa05225 Hepatocellular carcinoma 6 0.03750644
hsa04614 Renin-angiotensin system 2 0.044544163

KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Gene HR HR.95L HR.95H P value
RTKN2 0742284429 060197367 0915299456 0.005305366
BMP2 1.288159834 1.044214828 1.589094231 0.018085515
ANLN 1.344766746 1.088990666 1.660618091 0.005923755
SLC2A1 1.389067051 1.124226954 1.716296931 0.002327596
COL1A2 1.281970754 1.040016495 1.680214374 0.019931627
CALU 1.301912007 1.055942536 1.60517719 0.013531776
MSI2 0.808993441 0656396957 0.997064931 0.046864172
COLBAT 1.262426589 1.023801232 1.556670224 0.029256551
MME 1.253713201 1.017413308 1.544895058 0.033839712
SNX30 0.797756898 0646015773 0985140141 0.035812917
NFIX 074784094 0606606233 0921958993 0.006511941
PTX3 1.490910274 1.208082379 1.839951881 0.000198204
LOXL2 1.660877052 1.344818347 2051215756 2.47E-06

SLC16A1 1.270724346 1.036424381 1.580138822 0.021876855
ERO1A 1.295617838 1.05112084 1.596986301 0.015214925
FZD3 081542587 0661816109 1.004688976 0055360497
FSCN1 1.285122696 1.04084388 1.586732051 0.019693861
COL1A1 1.309300819 1.061681099 1.614673781 0.011750581
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Pre-anti- No pre-anti- P

VEGF VEGF value
(n=35) (n=70)
Characteristics at Start of ICI
Age-median (range), years 69 (41-83) 71 (46-83) 0.104
Sex-n. (%)

Male 21 (60) 49 (70) 0.381

Female 14 (40) 21(30)

ECOG PS>2 -2. (%) 3(8.6) 14 (20) 0.167
Smoking history-2. (%)

Current or former 26 (74.3) 54 (77.1) 0.81

Never 9(25.7) 16 (22.9)
Histology-2. (%)

sq. 5.7 (26) 32(45.7)  <0.001

Non-Sa. 94.3 (74) 38 (54.3)

Driver oncogen-n. (%)

With 28 (80) 47 67.1)  0.069

Without 6(17.1) 10 (14.3)

Unknown 1(2.9) 13(18.6)

PD-L 1 expression-n

0% 4 (11.4) 3(4.2 0.347

<50% 5(14.3) 12 (17.1)

>50% 5(14.3) 14 (20)

Unknown 21 (60) 41 (58.6)
Corticosteroids and/or 5(14.9) 6(8.6) 05
immunosuppressive agents -n. (%)

Autoimmune disease -n.(%) 3(8.6) 34.3 0.398
ANC -(mean+SD, cells/rmm®) 4138 + 5095 + 3014  0.088

1857

ALC -(mean+SD, cells/mrm?) 1275+ 518 1236 + 573 0.23
AMC -(mean+SD, cells/mm?®) 536 + 260 544 + 301 0.89
Treatment history prior ICI therapy

Platinum-based chemotherapy -n. (%) 34 (97.1) 66 (94.3) 0.663
Anti-angiogenic -n. (%)

Bevacizunab 31(88.6)

Ramucirumab 9(25.7)

History of radiation -n.(%) 14 (40) 44 (62.9) 0.037
Information ofiCl therapy

Information of ICI therapy

Treatment line ofiCl-median (range) 3 (2-8) 3(2-13) 0.346
ICI-n.(%)

Nivolurmab 30 (85.7) 61 (87.1) 1

Pembrolimmab 5(14.3) 9(12.9)
irAE 12 (34.3) 30 (429 0527

VEGF, vascular endothelial growth factor; ICI, immune checkpoint inhibitor, ECOG PS,
Eastem Cooperative Oncology Group performance status; Sq. squamous cell carcinoma;
PD-L1, programmed death ligand 1; ANC, absolute neutrophil count; ALC, absolute
lymphocyte count; AMC, absolute monicyte count.
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ORR PFS os
OR (95%Cl) P value HR (95%Cl) P value HR (95%CI) P value

Age, < 70y Reference Reference Reference

>70y 1.12 (0.45-2.79) 0.803 0.77 (0.49-1.19) 0.237 1.14 (0.70-1.86) 0.605
Gender

Female Reference Reference Reference

Male 0.60 (0.17-2.09) 0.42 1.06 (0.58-1.92) 0.86 1.23 (0.59-2.57) 0576
ECOG PS

<2 Reference Reference Reference

=2 0.51 (0.13-1.97) 0.328 226 (1.20-4.29) 0.012 4.50 (2.22-9.11) <0.001
Smoking history

Never Reference Reference Reference

Current or former 1.60 (0.39-6.66) 0.516 0.83 (0.42-1.65) 0.599 1.03 (0.46-2.31) 0.948
Histology

Sq. Reference Reference Reference

Non-Sq. 1.71 (0.60-4.91) 0317 0.67 (0.39-1.17) 0.162 0.54 (0.29-1.02) 0.057
Corticosteroid and/or inunnosuppressive agents

2.01 (0.46-8.69) 0.352 1.13(0.57-2.23) 0.734 1.24 (0.58-2.65) 0.584

History of radiation 1.00 (0.39-2.55) 0.993 0.76 (0.49-1.18) 0.228 0.98 (0.59-1.63) 0.934
History of anti- VEGF 0.30 (0.09-0.96) 0.043 1.83 (1.05-3.20) 0.033 1.47 (0.76-2.82) 0.249

PFS, progression free survival: OS, overall survivat ORR, overall response rate; HR, hazard ratio; OR, Odds Ratio; Cl, confidence intervat ECOG PS, Eastem Cooperative Oncology Group
performance status; Sq. squamous cell carcinoma; VEGF,vascular endothelial growth factor.
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Patients pretreated Patients pretreated
with anti-VEGF (n=35) without anti-VEGF (n=70)

Patients treated with ICls (n=105)
+ Nivolumab n=91
+ Pembrolizumab n=14

f———————» Patients continued ICls
(n=7)

[, Patients who were not received
salvage chemotherapy

Patients received salvage (n=40)

chemotherapy after ICis

8)

Patients treated with Patients treated without
anti-VEGF after ICls anti-VEGF after ICls
(n=16) (n=42)
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Variables

Sex

Male vs. Female
Age

265 vs. <65
Smoking status

Never vs. Current
Performance status

0-1vs. 2-4
Histology

Squamous vs. Non-squamous
Brain metastasis

Yes vs. No
PD-L1 expression

Positive vs. Negative
EGFR/ALK mutation

Positive vs. Negative
Treatment lines

First-line vs. Subsequent-line
Steroid use

Yes vs. No
Combined with chemotherapy

Yes vs. No

Immune checkpoint inhibitors types

Pembrolizumab vs. Nivolumab
Pembrolizumab vs. Atezolizumab
Nivolumab vs. Atezolizumab

HR, hazard ratio; Cl, confidence intervals.
"Multivariable analysis is by Cox proportional hazards model.

Univariate
HR (95% CI) p-value
1.04 (0.58-1.87) 0.890
1.12 (0.63-1.99) 0.706
2.41 (0.86-6.74) 0.093
0.22 (0.1-0.51) <0.001
0.90 (0.38-2.13) 0.813
1.70 (0.94-3.08) 0.079
0.46 (0.18-1.19) 0.111
1.26 (0.68-2.33) 0.463
0.78 (0.39-1.54) 0.468
2.97 (1.59-5.57) 0.001
0.60 (0.32-1.10) 0.100
0.90 (0.46-1.75) 0.748
0.63 (0.27-1.51) 0.304
0.58 (0.26-1.33) 0.198

bAdjusted for covariate factors, including in Table S2 in the appendix.
The bold values mean that it is a significant difference in the statistical analysis.

Multivariate

HR (95% CI)®

1.39 (0.48-4.05)
0.48 (0.16-1.51)
1.86 (0.41-8.34)
021 (0.05-1.01)
0.78 (0.15-4.05)
0.94 (0.32-2.73)
0.21 (0.05-0.80)
0.74 (0.21-2.64)
1.26 (0.26-6.03)
2.88 (0.92-9.07)

0.38 (0.11-1.30)

p-value

0.542

0.210

0.419

0.051

0.765

0.905

0.022

0.638

0.770

0.071

0.123
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Characteristics Immune checkpoint inhibitors n = 79 (%) Chemotherapy n = 79 (%) p-value®
Age 0.370
Mean (SD) 63.9 (10.2) 64.2 (10.2)
Age group 0.983
30-39 1(1.3) 1(1.3)
40-49 5(6.3) 5(6.3)
50-59 22 (27.8) 19 (24.1)
60-69 28 (35.4) 32 (40.5)
70-79 18 (22.8) 16 (20.3)
80-89 5(6.3) 6(7.6)
Sex 1.000
Male 52 (65.8) 52 (65.8)
Female 27 (34.2) 27 (34.2)
Performance status 1.000
0-1 69 (87.3) 69 (87.3)
2-4 0(12.7) 0(12.7)
EGFR/ALK mutation 1.000
Positive 20 (25.3) 20 (25.3)
Negative 59 (74.7) 59 (74.7)
Treatment lines 1.000
First-line 30 (42.9) 30 (42.9)
Second-line 13 (16.5) 13 (16.5)
Third-line and over 36 (45.6) 36 (45.6)
Histology 0.526
Squamous 12 (15.2) 15 (19)
Non-squamous 67 (84.8) 64 (81)
Tumor stage® 0.598
n 789 9(11.4)
v 72 (91.1) 70 (88.6)
Brain metastasis 0.602
Yes 25 (31.6) 22(27.8)
No 54 (68.4) 57 (72.2)
PD-L1 expression <0.001
Positive 42 (53.16) 8(22.8)
Negative 7 (8.86) 6(7.6)
Missing 30 (38) 55 (69.6)

“p-value was calculated using Student t test with continuous variables and chi-square or Fisher exact test with category variables.

bTumor stage, represents the stage at the initial diagnosis of a cancer patient.





OPS/images/fimmu.2021.666909/im1.jpg





OPS/images/fimmu.2021.666909/table1.jpg
Baseline Characteristics

Median age-yoars.
Male sex (%)
ECOG" scoro (%)

o

1

Smoking status (%)

Non-squamous
PD-L1 TCIIC3 WT (%)

Endpoints.
intervontions.

Follow-up time (m)
0S (m), HR (95%C)

PFS (m), HR (95%C)

ORR (%)

IMpower110 IMpower130
Mozo  Chemo  Atozor  Chemo
Ghomo
oo )
o 6 o 6
08 697 50 5
0 .8 2 W
650 632 58 &
s 873 £
B4 126 " 7
o o 1
07 03 3 o
93 607 100 100
EXE 200 180
os PFSand 08
Nob Neq AP AeoiTC? 1O
S:67°
157 192
202vs. 131 1731, 169
050(040,089)  084(051,139)
81v6.50 641546
0630045089 051(034,077)
3831s.286 NE

Purtormance-sttus vataton of o Eastam Coopacati Oncobgy Group.
pczoizumab (1200 mg ntaveroush).
4P pomalroxe 500 mo/” Q3 + st (75 Q3 csbogiati AUC=G Q3W: GP: gomotabio 125047 + st 7Smg/n) o ganotabin (1000 i) carbopatn

AUC=5 Q3.

IMpower131
Mozos  Chomo
Chemo.

s 340
o
816 815
35 24
662 7.4
%07 %20
03 68
0 03
100 100
o o
187 29
PFSand 0
NozoiCPIOR CP
268
2845102
048(029,081)
101551
041025069
61.7vs.318

IMpower132

Atozos  Chemo
Chemo

20 286
6 &
658 7.1
32 01
NE NE
873 05
127 105
o o
o 3
100 100
142 "o
PFSang 0S

AezorTCP TP

284
NEs. 269
0730031, 1.73)
108165
046(022.096)
7201550

ozo+ TC: Alezoizuma (1200 mg ronous) + Crbopiat (5 myimLimi Q3 + napockiars (100 g2, evry ook
$6204CP: teziasmob (1200 g inencusy) + reoptén (B g i GB) + parmsen 200’ SN, 175 g2 o Ao 0o, CoP: s pockve 100 mgin2, overy wesk
‘Atezo+ TC/TP: Atazolzumab (1200 g trawooush) + cariopiatin (6 mgymLimi Q3 o cisplatn (75mg/’) + pemetrexed (500 mo/m” Q3W).
BavsCP: bevacizmad (15m3g QOW) + Carbopatn (6mginLimi Q3] pociass 200m /i Q3W, 175 for ASan patents)PD-L1, pogrammed ool osthigand 1 TC,tuox
e (. irmuno col: ECOG, Eastom Cooperatv Oncobgy Group: OS, ovra sunvval: PFS, progycssion- 00 survval ORR, bioctho 10500050 fate; mDOR, meckan clon o
Sanonua: TSNS, 5% coniiahcs et/ IS S\ mcdwis.

IMpower1so
Mozwos  Chemo
Ghomo
a9 a7
& &
00 508
w01 51
509 549
705 08
205 192
o o
o o
03 %4
198 193
PFSand 08

Aez01BonCP  BoviCP

107
25215, 132
067 0.42-106)
164569
033022-051)
66915493





OPS/images/fimmu.2021.666909/table2.jpg
IMpower110

Atezo  Chemo

All cause AEs, n (%) 258 249
©02)  (94.7)
Grade 3-5 AEs, n (%) 97 149
(33.9) (66.7)
AE leading to any treatment 18 (6.3 43
withdrawal, n (%) (16.3)
AE related death, n (%) 2(0.7) 3(1.1)

Atezo, atezolizumab; Chemo, chemotherapy; AEs, adverse effects.
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Author

Wang
Sorich

Mielgo
Meyers

Mazzaschi
Kazandjian
Herrera

Ferreira
Chen

Al Darazi
Santa

Ruiz-
Bafnobre

Study period

2016-2019
NR

2015-2019
2010-2019

2015-2019
2013-2017
2014-2019

2015-2019
2015-2019
2015-2018
2015-2019

2015-2017

Data collection Country

retrospective
retrospective

retrospective
retrospective

prospective
retrospective
retrospective

retrospective
retrospective
retrospective
prospective

retrospective

China
Australia

Spain
Canada

Italy
Europe
Europe

Portugal
China
France
NR

Spain

Cancer type

NSCLC
NSCLC

NSCLC
Multiple

NSCLC
mNSCLC
SCCHN

lung cancer
aHCC
Multiple
Multiple

NSCLC

ICIs

NR
Atezo

Pembro

Nivo, Pembro, Ipi/
Nivo
Nivo,Pembro,Atezo
Atezo, Nivo, Pembro
ICls

Pembro,Nivo
Nivo,Pembro
ICls
ICls

Nivo

Sample size

216
1489

223
578

109
1368
190

120
108

259
70

1563

Outcome

PFS,08
PFS,08,
ORR
PFS,08,DCR
PFS,08,
ORR

PFS,08
PFS,08
PFS,08,
ORR

os

PFS,08

os

PFS,08,
ORR
PFS,08,DCR

Median follow-up (months)

NR
16.1 (14.7-15.4)

NR
23.5 (1.8-89.0)

17.3
NR
132

13
NR
15 (11.6-17.5)
NR

NR

NOS

6
7

[CeY

o~ o

NSCLC, Non-small Cell Lung Cancer; Atezo, atezolizumab; Nivo, nivolumab, Pembro, pembrolizuma; Ipi, piimumab; ORR, objective response rate; DCR, disease control rate; NR, not
reported; ICIs, immune checkpoint inhibitors; SCCHN, head and neck squamous cell carcinoma.
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Complications niCT Group nCRT Group P
Pneumonia

>Grade 2 18 9 0.29
>Grade 3 9 7 0.33
Anastomotic leakage

>Grade 2 2 1 0.55
>Grade 3 0 0 NA
Pleural efusion

>Grade 2 14 9 0.19
>Grade 3 7 9 0.56
Palsy of recurrent laryngeal nerve

>Grade 1 0 0 NA
Cardiac events

>Grade 1 8 4 0.20
>Grade 2 5 4 0.72
Chylothorax

>Grade 1 3 2 0.64
>Grade 2 0 2 0.15
>Grade 3 0 1 0.31
Postoperative blood transfusion 0.55
Grade 2 2 1

nICT, neoadjuvant chemotherapy and immunotherapy; nCRT, neoadjuvant chemoradiotherapy; NA, not applicable.
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Outcomes niCT group nCRT group P

Operative time (min) 300 (270, 382) 376 (330, 413) 0.003
Converted to open surgery in thoracic procedure 0 0 NA
Intraoperative blood loss (ml) 100 (50, 100) 100 (100, 150) 0.33
Lymph nodes moved number 39 (33, 49) 32 (27, 36) 0.013
Thoracic drainage tube stays (days) 8 (7, 11) 8(7, 10) 0.87
Thoracic drainage volume (ml) 1,235 (832, 1,625) 1,148 (550, 2,136) 0.75
ICU readmission (n) 1 0 0.31
30-day mortality (n) 0 1 0.31
30-day readmission (n) 2 4 0.39
postoperative hospital stays (days) 118, 14) 9(8, 11) 017
CCl 209 (12.2,31.4) 22.6 (8.7, 28.9) 0.36
Hospital cost (10,000 RMB) 8.9 (8.0, 10.3) 8.2(6.7,10.2) 0.095
Pathological response

pCR 6 14 0.03
pCR+MPR 1" 23 0.03

ICU, intense care unit; CCl, comprehensive complication index; niCT, neoadjuvant chemotherapy and immunotherapy; nCRT, neoadjuvant chemoradiotherapy; pCR, pathological
complete response; MPR, major pathological response; NA, not applicable.
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Characteristics Before PSM After PSM

niCT nCRT P niCT nCRT P

Number 52 35 32 32
Age 62 (56, 67) 59 (54, 65) 0.36 62 (55, 67) 60 (54, 65) 0.68
Male 39 29 0.38 21 27 0.08
BMI 22.0(20.3,22.7) 22.0(20.5, 23.7) 0.76 22.0(19.6, 22.8) 22.0(20.7,23.7) 0.46
ASA 0.16 0.72
<2 47 28 27 28

>3 5 7 5 4

Diabetes 5 0 0.07 3 0 0.07
Hypertension 10 3 0.17 7 2 0.07
Smoking history 30 21 0.83 15 21 0.13
FEV1 26(1.9,8.1) 2.6 (2.4, 3.0) 065 26(1.9,8.1) 2.6(2.4,3.0) 0.76
EF% 67.7 (64.1, 71.4) 66.3 (61.9, 69.4) 022 68.4 (64.1, 71.5) 66.3 (61.9, 69.4) 0.19
Preoperative Ho (g/L) 125 (112, 133) 126 (113, 135) 0.82 121 (105, 133) 127 (114, 133) 0.38
Preoperative albumin (g/) 40.2 (37.7, 43.2) 40.8 (38.1, 43.9) 0.48 39.7 (36.6, 44.0) 41.2 (39.2, 43.9) 0.18
Tumor location 0.012 0.51
Upper third 3 4 2 1

Middle third 30 28 29 28

Lower third 19 3 i 3

cTNM before necadjuvant therapy 0.12 0.43
<2 14 15 10 13

>3 38 20 12 19

Lymphadenectomy 0.07 0.27
2-field 43 23 25 21

3-field 9 12 7 "

Anastomotic position 1.00 1.00
Cervical 52 32 32 32

Thoracic 0 0 0 0

Route of gastric conduit 0.66 0.23
Posterior mediastinal 46 32 27 30

Restro-sternal 6 3 5 2

Procedure type 0.93 1.00
Robot-assisted 10 7 6 6

Video-assisted 42 28 26 26

ASA, American Society of Anesthesiologists; BMI, body mass index; niCT, neoadjuvant chemotherapy and immunotherapy; nCRT, neoadjuvant chemoradiotherapy; Hb, hemoglobin,
FEV/1, forced expiratory volume in 1 s; EF, ejection fractions; PSM, propensity score matching.
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Gide et al. pretreatment

HR 2.50%Cl 97.50%Cl P

Progression-free survival (n = 73)

Score (n, %)

Low (32, 43.8%)

High (41, 56.5%)
Age (mean + sd: 61.6 + 13.8)
Gender (n, %)

Female (26, 35.6%)

Male (47, 64.4)
Regimen (n, %)

Monotherapy (41, 56.2%)

Combined-therapy (32, 44.8)
Gide et al. on-treatment
Score (n, %)

Low (32, 43.8%)

High (41, 56.5%)
Age (mean + sd: 60.3 + 15.1)
Gender (n, %)

Female (5, 27.8%)

Male (13, 71.2%)
Regimen (n, %)

Monotherapy (9, 50.0%)

Combined-therapy (9, 50.0%)
Gide et al. pretreatment
Score (n, %)

Low (32, 43.8%)

High (41, 56.5%)
Age (mean + sd: 61.6 + 13.8)
Gender(n, %)

Female (26, 35.6%)

Male (47, 64.4)
Regimen(n, %)

Monotherapy (41, 56.2%)

Combined-therapy (32, 44.8)
Gide et al. on-treatment
Score(n, %)

Low (32, 43.8%)

High (41, 56.5%)
Age (mean + sd: 60.3 + 15.1)
Gender(n, %)

Female (5, 27.8%)

Male (13, 71.2%)
Regimen(n, %)

Monotherapy (9, 50.0%)

Combined-therapy (9, 50.0%)
Mariathasan et al.
Score (n, %)

Low (192, 55.2%)

High (156, 44.8%)
Gender (n, %)

Female (76, 21.8%)

Male (272, 78.2%)

Baseline ECOG (mean + sd: 0.67 + 0.57)

Smoking History (n, %)
Current (35, 10.1%)
Never (116, 33.3%)
Previous (197, 56.1%)

Received Platinum (n, %)
No (76, 21.8%)

Yes (272, 78.2%)

Jung et al.

Score (n, %)

Low (18, 66.7%)
High (9, 33.3%)

Age (mean + sd: 62.1 + 9.0)

Gender (n, %)

Female (5, 18.5%)
Male (22, 81.5%)

Ref
0.29
0.99

Ref
1.44

Ref
0.43

0.15 0.56 <0.001
0.97 1.02 0.559
0.74 2.8 0.286
0.22 0.85 0.015

Progression-free survival (n=18)

0.06
0.97

Ref
0.14

Ref
1.38

0.29
1.00

Ref
1.60

Ref
0.25

Ref
0.08
1.00

Ref
1.60

Ref
0.25

Ref
0.72

Ref
0.81
1.96

Ref
1.18
1.13

Ref
1.80

0.01 0.38 0.003
0.92 1.02 0.295
0.02 0.87 0.035
0.37 517 0.63

Overall survival (n=73)

0.13 0.64 0.002
0.97 1.03 0.938
0.67 3.83 0.294
0.09 0.7 0.008

Overall survival (n=18)

0.01 0.83 0.034
0.97 1.03 0.938
0.67 3.83 0.294
0.09 0.70 0.008

Overall survival (n=348)

0.56 0.94 0.016
0.60 1.10 0.183
1.58 2.51 0

0.75 1.87 0.472
0.78 1.75 0.589
1.26 2.58 0.001

Progression-free survival (n=27)

0.23
0.80

Ref
0.94

0.08 0.71 0.011
0.18 3.62 0.765
0.31 2.87 0.92
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Subgroup Number of studies Pooled results Heterogeneity test Publication Bias test
HR (95CI %) P 2 P P (Begg’s) P (Egger’s)
Overall survival All studies 10 3.332 (2.639-4.208) <0.001 64.2 0.003 0.859 0.939
Cancer type NSCLC 5 3.011 (2.303-3.936) <0.001 70.8 0.008 0.462 0.376
Multiple/other 5 4.107 (2.525-60681) <0.001 58.5 0.047 1 0.75
Sample size <200 4 3.571 (1.547-8.244) 0.003 82.8 0.001 0.734 0.388
>200 6 3.416 (2.892-4.036) <0.001 29.2 0.216 0.858 0.939
Study region Canada 3 4.659 (2.896-7.496) <0.001 48.9 0.141 1 0.874
Europe 5 3.001 (2.301-3.914) <0.001 33.6 0.198 1 0.747
Others 2 2.669 (1.174-6.069) 0.019 89.4 0.002 1 0.219
Progression-free survival  All studies 6 2.733 (2.000-3.733) <0.001 782 <0.001 0.707 0.021
Cancer type NSCLC 4 2.242 (1.717-2.929) <0.001 70.9 0.016 0.734 0.182
Muitiple/other 2 4.791 (2.997-7.659) <0.001 0.0 0.427 1
Sample size <200 2 4.492 (2.867-7.039) <0.001 4.9 0.305 1
>200 4 2.232 (1.704-2.922) <0.001 70.3 0.018 0.737 0.198
Study region Canada 3 3.760 (2.562-5.520) <0.001 33.1 0.224 1 0.481
Others 2 2.464 (1.476-4.114) <0.001 62.9 0.1

LIPI, lung immune prognostic index; NSCLC, non-small cell lung cancer; HR, hazard ratio.
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The types of
TiLs

CD8* cell
Thi cell
Th2 cell
Th17 cell

Treg Cell

NK cell

B cell

Reference

(30, 37-40)
(21, 25, 41, 52)
(63, 54)

(65-57)
(58-61)
(62, 63)
(64-66)
(67-69)
(70)
(71-76)
77,78
(79-83)

(84, 85)

Prognosis

Good
Good
Good
Poor
Good
Poor
Good
None
Poor
Good
Poor
Good

Poor

Tumor types

Colorectal cancer etc.

Colorectal cancer etc.

Hodgkin lymphoma; Breast cancer

Ovarian cancer; Pancreatic cancer; Gastric cancer

Esophageal squamous cell carcinoma; Gastric adenocarcinoma; Ovarian cancer; Squamous cervical cancer
Non-small cell lung cancer; Hepatocellular carcinoma

Nasopharyngeal carcinoma; Head and neck cancer; Urinary bladder cancer

Anal squamous cell carcinoma; Glioma; Glioblastomas

Ovarian carcinoma

Metastatic prostate cancer; Non-small cell lung cancer; Colorectal cancer; Mantle cell lymphoma

Infiltrating ductal carcinoma of breast; Digestive cancer

Hepatocellular carcinoma with lymphocytic infiltration; Melanoma; Ovarian cancer; Non-small cell lung cancer; Stage 1B
cervical squamous cell carcinoma

Qvarian cancer; Breast cancer
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Author Markers Sample size  Disease TiLs feature
(IMMR-MSI-H|  stage

PMMR-MSI-L/
MSS)
Liuetal (42) CD3, CD4, 167/163 -V dMMR group displayed higher CD8 cells (p < 0.01). CD56" cells CD4™* cell than pMMR group (both
CD8, CD56 p <0.08).
Flahec et al. CD3, CD4, 35/34 -V dMMR tumors have more numerous intraepithelial (CD3*, CD8*, FOXP3*) and stromal (CD8*)
(43) CD8, CD20, lymphocytes
CDB8, FOXP3
Michael- CD3, CD8, 32/70 Duke's TILs were most abundant in MSI-H colorectal cancers in which 23/32 (72%) scored as TILs positive.
Robinson CD20 stage A-  Only 5/40 (12.5%) MSS tumours and 9/30 (30%) MSI-L cancers were TILs positive (p < 0.0001).
et al. (44) D
Phillips et al. CD3, CD4, 26/138 NA MSI-H tumours showed significantly higher counts for CD3* and CD8* cells, but no differences were
(45) cb8 found in CD4 counts.
Dolcetti etal. ~ CD3, CD4, 18/37 Duke's  MSI cases carried significantly higher numbers of cytotoxic lymphocytes infiltrating within neoplastic
(46) CD8, CD56 A-D epithelial structures (p < 0.001)
Mlecnik etal.  CD8, CD20, 186/114 -V A significant increase in cytotoxic T cell, B cell in tumors from MSI patients. MSI tumors had higher
(47) CD68, IL-17, densities of Th1. The MSS patients showed a significantly increased Th17 infiltration in the core and
NKp46, invasive margin of tumor (p < 0.05)
CD45RO
Smedt et al. CD3, CD4, 29/27 (E\% An increased number of tumor-infiltrating cytotoxic T-lymphocytes (CD8*) in MSI compared with MSS
(48) CD8, CD20, tumors for both the tumor and peritumoral area. Quantification showed high numbers of intra-epithelial
CD68 CD3*, CD4*, CD8*, CD20* and CD68* cells in MSI compared with MSS cancers (all p <= 0.01).
Nestarenkaite CD8, CD20, 39/48 -V The CD8" densities within tumor-stroma interface zone (1Z) and the intratumoral densities were higher
et al. (49) CD68 in MSI than in MSS tumors, whereas no differences in IZ and intratumoral CD20" cell densities were
observed comparing MSI and MSS tumors
Gouvello et al. IL-17 10/11 -V Higher tumoral expression of Foxp3, IL-17, IL1-beta, IL-6 and TGF-B was associated with the MSS
(50) phenotype, and the IL-17 T/TN (colon cancers/autologous normal colon mucosa) ratio was higher in
MSS tissues than in MSI-H tissues.
Michel et al. CD3, CD8, 37/33 I-IVand  The elevated number of CD8" lymphocytes found in MSI-H colorectal cancers is paralleled by an
(51) FOXP3 NA enhanced infiltration with CD8" FOXP3* cells

Th, T helper; Treg, regulatory T cell; dMMR-MSI-H, mismatch-repair-deficient and microsatellite instability-high; pPMMR-MSI-L/MSS, mismatch-repair-proficient and microsatellite-stable
or have low levels of microsatellite instability; TILs, tumor infiltrating lymphocytes.
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FAT3*/LRP1B* FAT3*
Number 55 (10.87%) 53 (10.47%)
Age 63.5 (41-87) 63 (39-81)
Sex
Female 25 (45.45%) 25 (47.17%)
Male 30 (54.55%) 28 (52.83%)
Race
Asian 1(1.82%) 0
White 34 (61.82%) 36 (67.92%)
Black/African American 10 (18.18%) 8 (15.09%)
Other 0 0
Unknown 10 (18.18%) 9 (16.98%)
Stage
| 27 (49.09%) 26 (49.06%)
1 18 (32.73%) 15 (28.30%)
n 6 (10.91%) 10 (18.87%)
v 3 (5.45%) 2 (3.77%)
Unknown 1(1.82%) 0
pT stage
T 17 (30.91%) 18 (33.96%)
T2 29 (52.73%) 29 (54.72%)
T3 8 (14.55%) 5(9.43%)
T4 1 (1.82%) 1 (1.89%)
Unknown 0 0
pN stage
NO 37 (67.27%) 31 (568.49%)
N1 12 (21.82%) 12 (22.64%)
N2 6(10.91%) 9 (16.98%)
N3 0 0
Unknown 0 1(1.89%)
pM stage
MO 36 (65.45%) 37 (69.81%)
M1 3 (6.45%) 2 (3.77%)
Unknown 6 (29.09%) 4 (26.42%)
Neoplasm Cancer Status
Tumor Free 36 (65.45%) 35 (66.04%)
With Tumor 11 (20.00%) 11 (20.75%)
Unknown 8 (14.55%) 7 (18.21%)
New Neoplasm Event Post Initial Therapy Indicator
Yes 16 (29.09%) 17 (32.08%)
No 31 (56.36%) 29 (54.72%)
Unknown 8 (14.55%) 7 (18.21%)

LRP1B*

121 (23.91%)
66 (38-87)

71 (58.68%)
50 (41.32%)

2 (1.65%)

93 (76.86%)
11 (9.09%)
1(0.83%)

4 (11.57%)

69 (57.02%)
21 (17.36%)
26 (21.49%)
5 (4.13%)
0

44 (36.36%)
65 (53.72%)
7 (6.79%)
5 (4.13%)
0

77 (63.64%)

18 (14.88%)

24 (19.83%)
1(0.83%)
1(0.83%)

82 (67.77%)
5 (4.13%)
34 (28.10%)

69 (57.02%)
26 (21.49%)
26 (21.49%)

43 (35.54%)
64 (52.89%)
14 (11.57%)

277 (54.74%)
67 (40-88)

151 (54.51%)
126 (45.49%)

5 (1.81%)
217 (78.34%)
23 (8.30%)
0
32 (11.55%)

152 (54.87%)
66 (23.83%)
41 (14.80%)
17 (6.14%)
1 (0.36%)

88 (31.77%)
149 (53.79%)
25 (9.03%)
12 (4.33%)
3 (1.08%)

179 (64.62%)

54 (19.49%)

34 (12.27%)
1(0.36%)
9 (3.25%)

183 (66.06%)
15 (6.42%)
79 (28.52%)

164 (59.21%)
61 (22.02%)
52 (18.77%)

95 (34.30%)
146 (52.71%)
36 (13.00%)

p value p value p value
(FAT3*/LRP1B* vs WT)  (FAT3*vs WT)  (LRP1B* vs WT)
0.012" 0.085" o.181t
0.239 0.368 0.51
0.037 0.178 0.564
054 0.7 0.221
0.595 0.942 0.671
0.958 0.58 0.165
1 0.746 0.802

0.717 0.718 1
0517 0.869 0.906

Data are n (%) or median (range). Bold values represent statistical difierences. "Determined by Mann-Whitney test. Other statistical comparisons between groups were made by Fisher exact test.
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Reference Number of Area Type of ICIs dMMR/ Sample Sequencing TMB Cutoff Median TMB Outcome Score of

Patients msi Source Method (Range) NOs
(High/Low TMB)
Chen et al. 2020 (1, 24) 115(21/94) Western Anti-CTLA-4 0 Blood NGS 28muts/Mb 15.3muts/Mb os 7
and anti-PD-L1 (GuardantOMN) (0.96-85.4)
Le et al. 2015 (1, 28) 15(NA) Multtiple Anti-PD-1 60.0% Tumor WES NA 771muts os 7
areas (5-4025)
Lee et al. 2020 (1, 29) B3(NA) westen Immune checkpoint NA Tumor NGS 13.17muts/Mb 7.9mutsMb (NA) 0s 7
inhibitors (MSK-IMPACT)
Li et al. 2020 (1, 30) 403(NA) Multiple Immune checkpoint NA Tumor NA NA NA 0s T
areas inhibitors
Lin et al. 2020 (1, 31) 109 westemn Immune checkpoint NA Tumor NGS 11muts/Mb NA os 7
(39/70) inhibitors (MSK-IMPACT)
Peng et al. 2021 (1, 32) 398(NA) western Immune checkpoint NA Tumor NA NA 9.95muts/Mb 0s 7
inhibitors (0.05-188.32)
Samstein et al. 2019 (1, 110(22/88) westemn Immune checkpoint NA Tumor NGS 52.2muts/Mb 7.90muts/Mb os 8
9) inhibitors (MSK-IMPACT) (0-203.64)
Schrock et al. 2019 (1, 22(13/9) westemn Anti-PD-1L1 100% Tumor NGS 37-41muts/Mb 47.5muts/Mb ORR 7
19) (13-91)
Song et al. 2020 (1, 33) 109(87/22) Multtiple Anti-PD-1/L1 NA Tumor NGS 52.66muts/Mb NA 0s 9
areas (MSK-IMPACT)
Valero et al. 2021 (1, 34) 50(43/7) westemn Anti-PD-1L1 NA Tumor NGS 10muts/Mb NA ORR 9
(MSK-IMPACT)
Yarchoan et al. 2019 (1, 1141 (89/1052) westem Anti-PD-1L1 4.7% Tumor NGS 10muts/Mb TMB-H:48.285 ORR 7
35) (FoundationOne) TMB-L:3.48
Zaidi et al. 2020 (1, 36) 2083(392/1691) Multtiple Immune checkpoint 14.7% Tumor NGS 17muts/Mb NA 0s 7
areas inhibitors (AmpliSeq panel)
Zhou et al. 2021 (1, 37) 396(198/198) Multiple Immune checkpoint 21% Tumor NA 96muts 96muts os 9
areas inhibitors

TMB, tumor mutational burden; ICIs, immune checkpoint inhibitors; CTLA-4, cytotoxic T lymphocyte-associated antigen 4; PD-L1, programmed death-igand 1; PD-1, programmed cell death protein 1; dMMR, deficient mismatch repair;
microsatelite instabilty, MSI; NGS, next-generation sequencing; WES, whole-exome sequencing; muts/Mb, mutations per megabase; muts mutations; OS, overal survival; ORR, objective response rate/overall response rate; NOS,
Newcastio-Otiawa Scak: NA. not avalablb.
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author (year)

Schrock (2019)
Valero (2021)

Yarchoan (2019)

Overall, IV (I’ = 22.8%, p = 0.274)

OR (95% Cl)

81.00 (3.42, 1918.49)
3.42 (0.27, 43.70)
20.40 (10.27, 40.54)

19.25 (10.06, 36.82)
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%
author (year) HR (95% ClI) Weight

Chen (2020) 0.76 (0.46,1.25)  10.90

+H

Le (2015) 0.71(0.48,1.04) 1244
Lee (2020) : 0.38 (0.13, 1.16) 5.04
Li (2020) —— 1.09(0.79,1.49)  13.35
Lin (2020) _— 0.22 (0.09, 0.53) 6.58
Peng (2021) S 1.00(0.99,1.01) 1572
Samstein (2019) —.— 0.39 (0.14, 0.96) 5.96
Song (2020) _— 0.50 (0.17, 1.48) 5.12

Zaidi (2020) —_— 0.36 (0.24, 0.54) 12.18
Zhou (2021)

Overall, DL (I° = 82.7%, p = 0.000) <> 0.68(0.51,0.92)  100.00

—%—— 144(1.00,2.08)  12.71

NOTE: Weights are from random-effects model
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313 studies identified from PubMed and
Ovid MEDLINE databases

>| 58 duplicates

255 studies for initial screening through
titles and abstracts

94 Studies excluded:
8 animal studies

19 case reports

2 comments

62 reviews

3 not English language

A 4

161 studies for full-text screening

Studies excluded:

17 not clinical trials or cohort studies

12 not related to immunotherapy

34 not related to colon cancer

43 not related to tumor mutation burden
40 without adequate survival data

3 with number of patients less than 10

A 4

13 studies included in the analysis
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AST (IU/L) ALT (lU/L) BUN (mg/dL) Creatinine (mg/dL)
Vehicle 97.66 + 9.33 28.00 + 9.03 3233 + 1.41 0.1
SRE 100 mpk 90.00 + 30.54 19.33 + 3.93 28.66 + 2.50 0.1
SRE 300 mpk 74.00 +23.01 20.66 + 4.67 35.66 + 3.75 0.1
oPD-1 71.33 £ 16.47 23.33+5.88 35.40 + 5.60 0.1
SRE 300+aPD-1 82.00 + 32.56 2533 +8.71 30.53 + 4.78 0.1

Values are presented as the mean + SD of six mice. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen.
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Published Published Country Cases Gender Age

journal date
Oncolmmunology ~ 2019.9  China
EJC 20204 Belgium
EJSO 20206  China
INCCN 20207  America
Oncolmmunology ~ 202012~ China
Published Cases BRAF TMB
journal

Oncolmmunology 2 Wild

EJC |

type.
Wild
type
N/A

EJSO 5 Wild

type
Wild

type

IJNCCN 3 NA

Oncolmmunology 4

NA

Wild

type
Wild

type
Wild

type

High

High

NA
NA

NA

High

NA

N/A
NA
NA

NA

2 Mae

Female

1 Female

2 Male

Female

3 Male

Male

Female

4 Female

Female

Female

Male

Previous
treatment

None

FOLFOXIRI;4cycles SD

None

None
XELOX

None

FOLFOX; 8cycles

None

None
None
None

None

Personal or familial  Lynch Tumor  Distance  ¢TNM  MRF EMVI  Type of MMR

(vears)  history of cancer  syndrome  location  fromanal  stage pathology  (IHC)
verge
(cm)

27 Motherrectal cancer and  Yes Rectum 6.4 GT4DN2MO, +  +  Adenocarcinoma MSH2
endometrial carcinoma; [ 5]
mother's brother:colon MSH6.
cancer o

64 20 years ago: rectal Yes Rectum 1 CT4bN2MO, -+  Adenocarcinoma MSH2
cancer surgery; 9 years [ o)
ago: endometrial MSH6
carcinoma surgery 8]

27 Father, paternal Yes Rectum NA GT3N2MO, + -  Adenocarcinoma MSH2
grandfather and patemal [ [t
great-grandfather: colon
cancer

60 NA NA Descending ~ N/A cT4aN2Mo, NA N/A  Adenocarcinoma MSHG

colon [ 8

46 NA N/A Rectosigmoid  N/A cT4aN2Mo, NA N/A  Adenocarcinoma MSH2

junctions [ o
MSH6.
5]

81 10years ago: prostate  N/A Mid -rectum;  5:2 GTANTMO, ~~  Adenocarcinoma MSH2

cancer surgery lower rectum II; cT2NO o
Mol MSH6.
(3]

55 25 years ago: right-sided  N/A Lower rectum 3 CTANIMOJIl + - Adenocarcinoma PMS2
colon surgery 5]

38 NA Yes Mid -rectum  N/A GTANZMOJIl + - Mucinous MsH2

adenocarcinoma ()

51 NA Yes NA N/A CTANIMOJIl NA NA  NA N/A

19 NA Yes N/A NA CTANIMOJIl NA NA  NA N/A

49 NA Yes NA NA CTANIMOJIl NA NA  NA N/A

34 NA Yes NA N/A CT4bN2MO, NA NA  NA N/A

1]
Previous nIT strategy nIT  AEsduring  Radical YPTNM Adjuvant
treatment response T resection stage therapy
response evaluation after nIT

None Nivolumab 3mg/kg,q2w; Beycles PR Fatigue,  Yes YPTONOMO  None

grade 2 (PCR)
Nivolumab 3mg/kg,q2w; Boycles CR None No N/A None
None Ipiimumab 1mg/kg + Nivolumab 3mg/  CR None Yes YPTONOMO  nivolumab 3mg/
kg,q2w; 2cycles; Nivolumab3mg/ (pCR) kg, q2w .4
kg, Toycle months

None Toripalimab 240mg +XELOX PR Nausea,  Yes YPTONOMO  None

aBwidcycles grade 1 (pCR)

None Sintiimab200mg,q3w; Scycles + PR None Yes YPTONOMO  None

bevacizumab 500mg,q3w;dcycles (PCR)

None Pembrolizumab 200mg, q3w:11cycles CR Fatigie, ~ No N/A None

grade 2

sD Nivolumab 3mg/kg + Ipiimumab 1mg/  CR Fatigue and  No N/A None

kg, q3w:7cycles rash,grade
1

None Pembrolizumab +FOLFOX;7cycles PR Rash, Yes YPTONOMO  None

grade 1 (BCR)

None Pembrolizumab240mg +XELOX, PR N/A Yes YPTONOMO  N/A

qBw;2cydles (PCR)

None Pembrolizumab 200mg +jpiimumab  CR /A No N/A N/A

50mg,q3w; 4cycles

None Nivolumab 140mg,a3w; 12cycles PR N/A Yes YPTONOMO  N/A

(PCR)
None Pembrolizumab 200mg,q3widcycles PR A Yes TRG2(PR) NA

msI RAS
(NGS)

MSI- Wild type

MSl-  KRAS
H Mutation
(p.G12D)

MSI- N/A

MSI- Wid type

MSI-  KRAS
H Mutation
(p.G12D)

MSI- N/A

MSI- Wid type
msl- NA
MSl- NA

MS- KRAS
H  Mutation
MS- KRAS

H  Mutation
MSI- Wid type

Follow-up

NED (>1 year
after operatior)
NED (1 year
after niT)

NED (6
months after
operation)
NED

NED

NED (17
months after
nm

NED (12
months after
nim

NED (10
months after
nim

NA

NA
NA

NA

LACRC, Locally advanced colorectal cancer; niT, Necadjuvant immunotherapy; nCRT, Neoadjuvant chemoradiotherapy; EJC, European Joumal of Cancer; EJSO, European Journal of Surgical Oncology; JNCCN, Journal of the National
Comprehensive Cancer Network; MRF, Mesorectal fascia; EMVI, Extramural vascular invasion; MMR, Mismatch repair gene; IHC, Immunohistochemistry; MSI, Microsatelite instabilty; NGS, Next generation sequencing; TMB, Tumor mutation
burden; PR, Partial response; PD, Progressive disease; SD, Stable disease; pCR, Pathological complete response; cCR, Clinical complete response; NED, No Evidence of Disease; TRG, Tumor regression grade; AEs, Adverse effects; /A, not

available; +, Positive;-,

Negative.
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NCT number

NCT04130854

NCT04165772

NCT04304209

NCT03985891

NCT03299660

NCT04340401

NCT04230759

NCT04293419

NCT03127007

NCT05202314

Study Title Phase

of trial

INNATE: Immunotherapy I
During Neoadjuvant
Therapy for Rectal Cancer,
a Phase Il Randomized
Multi-center Trial of
Neoadjuvant Therapy With
and Without APX005M, an
Anti-CD40 Agonist,
APX005M, for Locally
Advanced Rectal
Adenocarcinoma

A Phase Il Study of I
Induction PD-1 Blockade in
Subjects With Locally
Advanced Mismatch Repair
Deficient Rectal
Adenocarcinoma

PD-1 Antibody Sintilimab +
Chemoradiotherapy for
Locally Advanced Rectal
Cancer

i

A Randomized, Prospective s
Clinical Trial of Safety and

Efficacy of JS001

Combined With

Chemotherapy in Patients

With Locally Advanced

Colon Cancer (Perioperative
Treatment)

Phase Il Trial PD-L1/PD-1 Il
Blockade Avelumab
(MSB0010718C) With
Chemoradiotherapy for

Locally Advanced

Resectable Rectal Cancer

A Phase Il Study of Total [}
Neoadjuvant Therapy Plus
SHR1210 for High-risk

Locally Advanced Rectal

Cancer and Biomarker

Screening Base on

Neoantigen

Radiochemotherapy +/- I
Durvalumab for Locally-

advanced Anal Carcinoma.

A Multicenter, Randomized,
Phase Il Trial of the German

Anal Cancer Study Group
(RADIANCE)

Phase Il Study of I
Durvalumab (MEDI4736)

Plus Total Neoadjuvant

Therapy (TNT) in Locally
Advanced Rectal Cancer

(The DUREC Trial)

A Phase Ib/Il Study to 7
Evaluate Safety and Efficacy

of Atezolizumab Combined

With Radio-chemotherapy

in a Preoperative Setting for
Patients With Localized

Rectal Cancer (R-IMMUNE)
Camrelizumab Combined I
With Neoadjuvant

Chemotherapy After Stent
Placement for Left-Sided
Obstructive Colonic Cancer
(NACSOC-02)

Number of  Condition
participants

58 LARC

30 MSI-H/
dMMR
LARC

25 LARC
(cohort A:
dMMR/
MSI-H;
Gohort B:
pPMMR/
MSS MSI-
L)

40 LACC

45 LARC

25 LARC

178 LASCC

58 LARC

54 LARC

20 Obstructive
colonic
cancer

Intervention

Experimental: APX005M(an anti-CD40
agoniston day 3 of SCRT(5Gy x 5
days) and on day 3 of cycles 1-5 of
mFOLFOX — the 6th cycle of only
mFOLFOX — Surgery; Active
Comparator: SCRT(5Gy x 5 days) + 6
cycle of mFOLFOX —Surgery

9 cycles of TSR-042 (a PD-1
antibody, 500mg; g3w); participants
who exhibit CR will proceed to W&a&W;
participants who do not have a CR
will received standard nCRT
—Surgery

Cohort A: 4 cycles of Sintilimab(a PD-
1 antibody) — Surgery or Wa&W — 4
cycles of Sintilimab + CapeOx
according to pathologic response;
Cohort B-arm 1: 4 cycles of
Sintilimab, nCRT with CapeOx —
Surgery or W&8W, — 4 cycles of
Cape0x; Cohort B-arm 2: 4 cycles of
nCRT with CapeOx — Surgery or
W8W — 4 cycles of CapeOx

Experimental: JS001(a PD-1 antibody)
in combination with FOLFOX for 6
cycles before and after operation.
Active Comparator: FOLFOX for 6
cycles before and after operation.

nCRT with capecitabine for 6 weeks
— 4 cycles of Avelumab(a PD-L1
antibody) — Surgery

3 cycles Capeox+SHR-1210(an anti-
PD-1 inhibitor) — nCRT with
capecitabine — 2 cycles CapeOx —
Surgery

Experimental: 5FU+Mitomycin C-
based radiochemotherapy
+Durvalumab (a PD-L1 antibody);
Active Comparator: 5SFU+Mitomycin C
-based Radiochemotherapy

6 cycles of mFOLFOX6 — nCRT with
capecitabine — Surgery. Patients will
receive durvalumab(a PD-L1
antibody, 1500mg;q4w) during
induction chemotherapy, nCRT and
waiting period until surgery

Experimental: nNCRT with 5-FU,
Atezolizumab (a PD-L1 antibodly,
1200mg) is given on day 1 of week 3,
6, 9 and 12. Surgery is planned
during week 15; Active Comparator:
nCRT with 5-FU. Surgery is planned
during week 15

Camrelizumab (a PD-1 antibody,
200mg) 2 cycles + mFOLFOX6 3
cycles or CapeOx 2 cycles — Surgery

Primary
outcome
measures

pCR rate

PCR rate;
cCR rate

pCR rate

PCR rate;
cCR rate;
ORR

PCR rate

PCR rate

DFS

PCR rate

Rate of

AEs; pCR

rate

PCR rate

IN

o

. Safety

. Acute

. RO

. Response as

. Overall

. Toxicity of

BoN 2o

. 3-year OS
. 3-year DFS

Trial
status

Secondary
outcome
measures

0os Recruiting

. DFS
. Rate of

resection
and
tolerability

. Disease

recurrence

. Development

of disease

. Clinical

imaging
response

. cCR rate

Recruiting

Recruiting
toxicities

TRG

resection

rate

. Surgical

complication

. Local

recurrence

. Distant

metastasis

. 3-year DFS
. DFs

Recruiting
0s

Recruiting
per structural

imaging

FDG

PET response

. Toxicity
. Rate of

downstaging

Recruiting
TNT+SHR-

1210

. Change of

TCR
repertoire

. DFS
. Surgical

complication
rate

. Major AEs
. Major AEs

Recruiting
cCR
0s

. Colostomy-

free survival

. locoregional

recurrence

. Distant

recurrence

. Quality of life
. questionnaires
. Tumor

Recruiting
downstaging

. TRG
. RO

resection
rate

. 3-year DFS
. Toxicity profile
. Surgical

complications

. NAR score

Recruiting

Recruiting

LARC, Locally advanced rectal cancer; LACC, Locally advanced colon cancer; LASCC, locally-advanced anal squamous cell carcinoma; nIT, Neoadjuvant immunotherapy; nCRT,
Neoadjuvant chemoradiotherapy; SCRT, Short-Course Radiotherapy; TNT, Total Neoadjuvant Therapy; dMMR, Deficient mismatch repair; pMMR, Proficient mismatch repair; MSI-H,
Microsatellite instability-high; MSI-L, Microsatellite instability-low; MSS, Microsatellite stability; ORR,Objective response rate; TRG, Tumor regression grade; CR, Complete response; pCR,
Pathological complete response; cCR, Clinical complete response; W&W, Watch & wait; NAR, Neoadjuvant rectal score; AEs, Adverse effects; OS, Overall survival; DFS, Disease free
survival: TCR, T Cell Receptor.





OPS/images/fimmu.2021.737076/fimmu-12-737076-g004.jpg
%

2
¥
= £ ._swau.nst
o 305 Koty
a
8 8
g H
22 R 2 8
w y
3 H
& __ & _
(om0 jo %) (10009 jo %)

Ausuorur onpeioy

Ausuoiun oneroy

1901 Luliojiod oAnEIY

SRE (ng/mL)





OPS/images/fimmu.2022.795972/table1.jpg
Study Year
NICHE (Phase 2020
)

NICOLE 2021
(Phase Il)

VOLTAGE-A 2020
(Phase Il)

NRG-GI002 2021
(Phase Il
NCT04231552 2021
(Phase Il)

AVANA (Phase 2021

)

Country

Cases

Netherlands  dMMR: 20

Japan

America

China

Italy

PMMR: 15

Nivolumab
group: 22 (MSI-
Hvs MSS=3 vs
19) Control
group: 22 (MSI-
H vs MSS=5 vs
17)

MSS: 37 (A1
group) MSI-H: 5
(A2 group)

Control group:
68
Pembrolizumab
group: 69

PMMR: 26
dMMR: 1

96 (MSI-H:1;
MSS:38;
Unknown:57)

Location Stage

Colon
cancer

Colon
cancer

Rectal
cancer

Rectal
cancer

Rectal
cancer

Rectal
cancer

Neoadjuvant therapy
strategy

dMMR/pMMR: Ipilimumab
(1mg/kg Day 1); Nivolumab
(Bmg/kg Day 1+15) —
surgery pMMR: Ipilimumab
(1mg/kg Day 1); Nivolumab
(Bmg/kg Day 1+15);
Celecoxib (200mg daily) —
surgery

Nivolumab group: nivolumab
2cycles— surgery; control
group: surgery

nCRT(50.4Gy+Cape)—Those
who did not progress were
enrolled— 5 courses of
nivolumab in the intermittent
period— Surgery— Adjuvant
chemotherapy with FOLFOX
or XELOX

FOLFOX * 4months— nCRT
(60.4Gy+Cape)
+/-Pembrolizumab (200mg
q3w*Beycles) — Surgery
(8~12 weeks after
radiotherapy)

SCRT(5x5Gy) — One week
later, Capox + Carrelizumab
(200mg g3w*2cycles) —
Surgery after 1 week

NCRT(50.4Gy+Cape) +
Avelumab 10 mg/kg q2w —
Surgery(8~12 weeks after
radiotherapy)

Efficacy

pathologic response: dMMR vs
PMMR = 100%(20/20) vs 27%
(4/15); MPR: dMMR vs pMMR

= 95%(19/20) vs 20%(3/15);
PCR in dMMR = 60%(12/20)

Nivolumab group: RO resection

rate = 100%; Down-staging
rate = 70%

MSS: MPR=38%(14/37),
PCR=30%(11/37); 1 case
adapted W8W strategy after
achieving cCR; MSI-H: pCR =
60%(3/5)

control group vs
pembrolizumab group: NAR
score: 14.08 vs 11.53
(p=0.26); pCR: 29.4% vs

31.9%(p=0.75); cCR: 13.6% vs

183.9%(p=0.95); Sphincter
preserving surgery: 71.0% vs
59.4%(p=0.15)

PCR: 48.1% [MSS vs MSI-H =

46%(12/26) vs100%(1/1)];

Down-staging rate: 70%; Anus

presenving rate: 89%; RO
resection rate: 100%

MPR=61.5%(59/96);
PCR=23%(22/96)

AEs

Grade 3-4
immunotherapy related
AEs =13%; Surgery
related complications
=10%

Nivolumab group: Delay
or surgical complications
=0 Grade 3 diarhea =
4.5%(1/22)

Grade 3 myasthenia,
interstitial nephritis and
grade 2 peripheral motor
neuropathy occurred, but
they could be relieved
without affecting the
subsequent surgery
Grade 3-4 AEs in
Pembrolizumab group:
During nCRT vs after nIT
=48.2% vs 37.3%

Grade 1-2 reactive skin
capillary hyperplasia
occured; Grade 3 AEs
occurred in 7 patients
(26%); Surgery related
complications =14.8%
Grade 3 ~ 4 non-immune
and immune related AEs:
8% and 4%, respectively

non-mCRC, Non-metastatic colorectal cancer; niT, Neoadjuvant immunotherapy; nCRT, Neoadjuvant chemoradiotherapy; SCRT, Short-Course Radiotherapy; dMMR, Deficient
mismatch repair; pMMR, Proficient mismatch repair; MSI-H, Microsatelite instability-high; MSS, Microsatellite stability; MPR, Major pathologic response; TRG, Tumor regression
grade; pCR, Pathological complete response; cCR, Clinical complete response; W&W, Watch & wait; NAR, Neoadjuvant rectal score; AEs, Adverse effects.
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Costs, US$ ACosts, US$ QALYs AQALYs ICER, US$/QALY

Chemotherapy 30,575.23 0 1.10 0 0
Camrelizumab plus Chemotherapy 45,393.28 14,818.05 1.44 0.34 43,275.43
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Subgroups and strategies Total population Combined positive score 210 Squamous cell carcinoma

Pembrolizumab  Chemotherapy ~ Pembrolizumab ~ Chemotherapy ~ Pembrolizumab  Chemotherapy

Costs ($)

PFS state(s) 3341267 14718.98 5005034 18178.71 39525.06 13985.27
PD state(§) 859.46 49857 842.62 517.55 90093 530.81
Total cost ($) 34272.16 15217.55 50892.96 13691.28 40434.99 14252.08
Incremental cost ($) 19054.61 / 3720168 / 26182.91 /
Effectiveness(QALYs)

PFS state (QALYs) 025 030 038 027 0.30 028
PD state (QALYs) 032 0.18 031 0.19 034 020
Total effectiveness (QALYs) 057 0.48 069 0.46 064 0.48
Incremental effectiveness (QALYs) 0,09 / 023 / 0.16 /

ICERs compared with PC alone ($/QALY) 202708.62 163165.26 163643.19
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Parameters Base Low High Distribution Source
value
Cost
Cost of camrelizumab, US$ 42451 31838 424.51 Gamma 1)
Cost of pemetrexed, US$ 393.99 187.78 402.11 Gamma 21)
Cost of carboplatin, US$ 11.96 3.84 2291 Gamma 21)
Cost of chemotherapy pretreatment, US$ 1.52 1.14 189 Gamma Local
charge
Cost of subsequent second-line therapy in the camrelizumab plus chemotherapy group, US$ 392.61 294.46 490.76 Gamma (10)
Cost of subsequent second-line therapy in the chemotherapy alone group, US$ 698.77 524.08 873.46 Gamma (10)
Cost of drug administration in the camrelizumab plus chemotherapy group in the progression-free survival state ~ 72.564  54.40 90.67 Gamma Local
(<4 cycles), US$ charge
Cost of drug administration in the camrelizumab plus chemotherapy group in the progression-free survival state 66.27 49.70 82.84 Gamma Local
(>4 cycles and <34 cycles), US$ charge
Cost of drug administration in the camrelizumab plus chemotherapy group in the progression-free survival state 65.58 49.19 81.98 Gamma Local
(>34 cycles), US$ charge
Cost of drug administration in the chemotherapy alone group in the progression-free survival state (<4 cycles), 71.85 53.89 89.82 Gamma Local
Us$ charge
Cost of drug administration in the chemotherapy alone group in the progression survival state 56.36 4227 7045 Gamma Local
(<34 cycles), US$ charge
Cost of disease management in the first 18 cycles, US$ 60.64 4548 75.80 Gamma Local
charge
Cost of disease management after 18 cycles, US$ 48.68 36.51 60.85 Gamma Local
charge
Cost of adverse reactions in the camrelizumab plus chemotherapy group, US$ 120.06 90.05 150.08 Gamma Local
charge
Cost of adverse reactions in the chemotherapy alone group, US$ 80.32 60.24 100.40 Gamma Local
charge
Utility values
Utility of PFS 0.804 0.536 0.883 Beta (19, 20)
Utility of PD 0.321 0.05 0473 Beta (19, 20)
Discount rate (%) 5 0 8 (22)
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Parameter

Drug acquisition
Pembrolizumab 100 mg

Paciitaxel 30mg

Docetaxel 20mg

Irinotecan 100mg

Laboratory tests and scans.
12-Lead Electrocardiogram

PT/INR and Aptt

Chemistry panel

Routine blood tests

Urinalysis

T3, FT4, and TSH

Echocardiography

Chest and abdomen CT

Other

Bed fee/day

SAE management cost per event
Fatigue or Asthenia

Decreased appetite

Nausea or Vomiting

Anemia

Peripheral sensory neuropathy
WBC or Neutropenia count decreased

Value($)

2763.80
104.89
200.52
27350

16.20
.79
2329
231
494
47.35
37.79
389.63
377.44
6.32

214.43
105.57
98.83
328.90
17.49
356.31
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Camrelizumab plus Chemotherapy (n = 205)

Chemotherapy (n = 207)

Neutrophil count decreased

White blood cell count decreased
Anemia

Platelet count decreased

Lymphocyte count decreased

Alanine aminotransferase increased
Asthenia

Gamma-glutamyltransferase increased

78 (38%)
40 (20%)
38 (19%)
34 (17%)
8 (4%)
10 (5%)
7 (3%)
6 (3%)

63 (30%)
30 (14%)
23 (11%)
24 (12%)
5 (2%)
5 (2%)
3(1%)
1 (<1%)
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Total population

PPFS-PFS
PPFS-PD

pPFS-Death

PPD-PD

pPD-Death

Squamous cell carcinoma
PPFS-PFS

PPFS-PD

PPFS-Death

pPD-PD

PPD-Death

Combined positive score = 10
PPFS-PFS

PPFS-PD

pPFS-Death

PPD-PD

pPD-Death

Pembrolizumab

0.781
0.130
0.089
0.900
0.100

0812
0.106
0.082
0911
0.089

0.849
0.091
0.080
0.897
0.103

Chemotherapy

0812
0.124
0.064
0.806
0.194

0.803
0.122
0.075
0.832
0.168

0.792
0.136
0.073
0816
0.184
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Survival Curve-Fitting Scale (A) Shape (y)
Survival Curve Fitting of PFS of Camrelizumab plus Chemotherapy 0.021350 1.210605
Survival Curve Fitting of OS of Camrelizumab plus Chemotherapy 0.006578 1.263333
Survival Curve Fitting of PFS of Chemotherapy 0.057642 1.019433
Survival Curve Fitting of OS of Chemotherapy 0.010970 1.216254
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Variables Pembrolizumab  Chemotherapy

0S (months)

Total population 71 74
Combined positive score > 10 9.3 67
Squamous cell carcinoma 82 74
Probability of grade 3/4 AEs (%)

Fatigue 0.64 034
Decreased appetite 064 1.01
Asthenia 127 101
Nausea 0.00 236
Diarrhea 0.64 3.04
Vormiting 032 203
Anemia 1.27 777
Alopecia 0.00 034
Neutrophil count decreased 032 9.80
Peripheral sensory neuropathy 0.00 034
WBC count decreased 0.00 1014
Neutropenia 0.00 7.09
Cost per month($)

Pembrolizumab 7370.14 0.00
Chemotheapy 0.00 2231.66
Tests 91694 727.18
Grade > 8 AEs 12.23 181.79

subsequent-ine therapy 150.14 15014
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Alterations of DDR genes

Primary lesion (Fre, %)

Metastasis lesion (Fre, %)

DDR pathway

Core DDR pathway

ERCC2 p.R666W
FANCM p.Q740L

RIF1 p.R2202C

TP53 p.R282W

TTK p.R854Gfs*39
PRKDC p.M24291
PRKDC p.M24281
PRKDC p.L934Ffs*46
PRKDC p.D2431Tfs*10
RAD51C p.L265P
RECQL4 c.1132-1G>T
RMI1 p.N377Mfs*6

Fre, frequency; NER, nucleotide excision repair; FA, Fanconi anemia; HR, homology-dependent recombination; NHEJ, non-homologous end joining.

10.88
7.62
13.48
28.09
1111
5.39
5.63
10.87

28.1
28.28
30.06
77.59
25.49

21.8
22.83
22.88
20.14

6.31

5.75

7

NER
FA, HR
NHEJ, other
Other
Other
NHEJ
NHEJ
NHEJ
NHEJ
FA, HR
HR

FA, HR

NER
FA

NHEJ
NHEJ
NHEJ
NHEJ
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Rank Title Journal IF (2020) First Publication Centrality Quartilein

author time category
1 Nivolumab plus Ipilimumab in Advanced Melanoma New England Jedd D. Jun,2013 0.19 Q1
Journal Of Medicine  Wolchok
(IF=91.253)
2 Characterization of the immunophenotypes and antigenomes of colorectal cancers ~ Genome Biology Mihaela Mar,2015 0.11 Q
reveals distinct tumor escape mechanisms and novel targets for immunotherapy (IF=13.583) Angelova
3 Improved survival with ipiimumab in patients with metastatic melanoma. New England F Stephen  Aug,2010 0.1 Q1
Journal Of Medicine  Hodi
(IF=91.253)
4 Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy Cell (IF=41.584) Padmanee Feb,2017 0.09 Ql
Sharma
5 Durable Cancer Regression Off-treatment and Effective Re-induction Therapy with  Clinical cancer Evan J. Jan,2013 0.09 Q1

an Anti-PD-1 Antibody research (IF=12.531) Lipson
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Rank Title Journal IF (2020) First Publication Total Quartile

author time citations in
category
1 PD-1 Blockade in Tumors with Mismatch-Repair Deficiency New England Dung T. May,2015 343 Ql
Journal of Le
Medicine
(IF=91.253)
2 Nivolumab in patients with metastatic DNA mismatch repair-deficient or microsatelite Lancet Oncology ~ Michael July,2017 225 Q1
instability-high colorectal cancer (Check Mate 142): an open-label, multicentre, phase 2  (IF=41.316) J.
study Overman
3 Mismatch-repair deficiency predicts response of solid tumors to PD-1 blockade Science Dung T. Jun,2017 197 Q1
(IF=47.728) Le
4 Durable Clinical Benefit with Nivolumab Plus Ipiimumab in DNA Mismatch Repair- Journal of clinical ~ Michael J Jan,2018 174 Ql
Deficient/Microsatellite Instability-High Metastatic Colorectal Cancer oncology Overman
(IF=44.544)
5 Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality CA: A Cancer Freddie  September,2018 173 Q1
worldwide for 36 cancers in 185 countries Journal for Bray
Clinicians

(IF=508.702)
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Rank Author Count Location Rank Co-cited author Citation

1 Adam E Snook 17 USA 1 Dung T. Le 567
2 Scott A Waldman 14 USA 2 Topalian SL 314
3 Michael A Morse 14 USA 3 Galon J 318
4 Jefferey Schlom 14 USA 4 Overman MJ 301
5 Kebin Liu 11 China 5 Siegel RL 278
6 Thierry Andre 10 France 6 Brahmer JR 223
7 Niels Halama 10 Germany 7 Pages F 221
8 Dung T Le 10 USA 8 Llosa NJ 198
9 Chunwan Lu 9 USA 9 Bray F 176
10 Yuquan Wei 9 China 10 Miecnik B 169
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Rank Cited Journal Citation IF (2020) Quartile in category

1 Journal of Clinical Oncology 4270 44544 Qi
2 Clinical Cancer Research 3841 12.531 Qt
3 Cancer Research 3807 12.701 Q1
4 New England Journal of Medicine 3640 91.253 Qi
5 Nature 2792 49.962 Qi
6 Science 2761 47.728 Q1
7 Journal Of Immunology 2445 5.422 Q2
8 Proceedings of the National Academy of Sciences of the United States of America (PNAS) 1867 11.205 Qi
9 Cell 1655 41.584 Qi
10 Nature Medicine 1583 5344 Q1
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Toxicity Grade Total No. (%)

1No. (%)  2No. (%) 3No. (%)

Arthralgia 1(2.2) 0(0.0 1(2.2) 2 (4.3
Asthenia 2(4.3) 0(0.0) 1(2.2) 3(6.5)
Dermatitis 0(0.0) 0(0.0) 122 122
Diarrhea 2(4.3) 122 0(0.0) 3(6.5)
Dypnea 0(0.0) 1(2.2) 0(0.0) 1(2.2)
Infection 0(0.0) 122 0(0.0) 122
Creatinine increase 5(10.9) 1(2.2) 0(0.0) 6(13.0
Hyperamylasemia 1(2.2) 0(0.0 1.2 2 4.3
Hypertransaminasemia 2 (4.3 0 (0.0 122 3(6.5
Hypophosphatemia 0(0.0 1(2.2) 0(0.0) 1(2.2)
Hypothyroidism 122 0(0.0) 0(0.0) 1(2.2)
Neuropathy 0(0.0) 1(2.2) 0(0.0) 122
Neutropenia 0(0.0) 122 0(0.0) 1(2.2)
Pneumonitis 0(0.0 2(4.3 0(0.0) 2 (4.3
Skin rash 1(2.2) 1(2.2) 0(0.0) 2(4.3)
Lipase increase 1(.2) 0(0.0 1.2 24.3
Sepsis 0(0.0) 0(0.0) 1(2.2) 122
Skin toxicity 0(0.0) 0(0.0) 122 1(2.2)
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Journal

Journal For Immunotherapy Of Cancer
Oncoimmunology

Cancer

Frontiers In Immunology

Cancer Immunology Immunotherapy
Frontiers In Oncology

Cancer Immunology Research

Clinical Cancer Research

Oncology Letters

Cancer Research

Article counts

66
63
57
57
53
34
31
27
23
21

Percentage (N/1899)

3.48
3.32
3.00
3.00
279
1.79
1.63
1.42
121
11

Citation per article

14.12
18.52

8.00
13.91
17.62

5.26
3297
66.11

9.39
52.33

IF

13.751
8.1
6.86
7.561
6.968
6.244
11.151
12.531
2.967
12.701

Quartile in category

Qt
Ql
Q1
Qt
Q1
Q2
Q1
Q1
Q4
Q1
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No. patients No. events Median PFS (95%CI) 6-month PFS (95%Cl) 12-month PFS (95%Cl) p-valuelog-rank test

Overall no. patients 46 30 4.9 (2.8-10.0) 47.4 (29.9-61.4) 29.9 (15.5-45.6) .

Age, years, at first diagnosis of BM
<65 18 1 6.4(2.0-11.9) 57.1(28.4-77.9) 11.4 (0.7-39.0) 0.698
=65 28 19 4.6 (2.2-15.9) 40.6 (21.1-59.3) 36.1 (17.6-55.0)

Gender
Male 35 23 4.9 (2.2-10.0) 47.3 (28.3-64.2) 25.8 (10.9-34.7) 0.451
Female 11 7 5.1(2.0-38.1) 44.4 (13.6-71.9) 44.4 (13.6-71.9)

ECOG PS at first diagnosis of BM
0 16 9 7.2 (2.1-NE) 54.5 (22.9-77.9) 21.8 (3.5-50.1) 0.955
1 29 21 4.9(1.9-13.3) 43.5 (24.5-61.1) 33.8 (16.3-52.3)
>2 2 0 ] & -

Treatment
Only ICls 16 10 3.9(1.9-6.4) 26.7 (5.1-55.6) = 0.068
ICl+Deno 6 4 15.9 (5.1-NE) 83.3 (27.3-97.5) 66.7 (19.5-90.4)
ICl+Zol 24 16 2.7(1.8-13.3) 45.0 (23.1-65.7) 32.1(12.8-53.4)

Presence of visceral metastasis
No 7 2 - & N =
Yes 39 28 4.6(2.2-9.3) 43.6 (26.7-59.3) 29.1 (14.4-45.5)

No. BMs
1 11 8 4.3 (1.7-16.1) 50.0 (18.4-75.3) 25.0 (4.1-54.9) 0.343
2-6 15 8 4.9 (2.4-NE) 45.5 (16.7-70.7) 36.4 (11.2-62.7)
>6 20 14 5.1(2.2-13.3) 45.4 (20.9-67.2) 27.2 (7.4-52.1)

Type of bone lesion
Osteoblastic 1 0 = = - -
Lytic 38 24 6.4(3.6-11.9) 51.9 (33.3-67.7) 31.9(15.8-49.4)
Mixed 6 5 1.8 (1.7-NE) 20.0 (0.8-58.2) 20.0 (0.8-58.2)
Unknown 1 1 = = =

EGFR status
Mutant 1 0 = & = =
Wild-type 38 24 5.1(2.2-11.9) 47.8 (29.5-64.0) 31.9 (156.8-49.2)

ALK status
Translocated 0 = o = = -
Wild type 35 22 4.9(2.4-9.3 44.7 (26.5-62.2) 29.8 (13.1-48.6)

ROS1 status
Rearranged 1 - - - - -
Wild-type 30 20 5.1 (2.7-13.3) 48.1 (27.7-65.9) 321 (14.1-51.7)

KRAS status
Mutant 8 3 4.9 (1.7-NE) 44.4 (6.6-78.5) 44.4 (6.6-78.5) 0.565
Wild-type 13 11 7.2(2.4-11.9) 61.5 (30.8-81.8) 20.5 (33.3-47.8)

PDL1 (1)
<50% 23 156 4.4(2.2-7.2) 37.1(16.3-58.2) 14.9 (2.6-36.8) 0.810
>50% 7 6 5.1 (1.7-NE) 42.8 (9.8-73.4) 42.8 (9.8-73.4)

PDL1 (2)
<1% 12 8 4.6 (1.6-9.3) 50.0 (18.4-75.3) 125 (0.7-41.8) 0.941
>1% 18 13 4.3 (2.2-13.3) 30.9 (10.5-54.3) 30.9 (10.5-54.3)

PFS, progression-free survival; 95%Cl, 95% confidence interval; ECOG PS, Eastern Cooperative Oncology Group Performance Status; BM, bone metastasis; ICl, immune checkpoint
inhibitor; Deno, denosumab; Zol, zoledronate; NE, not estimable; EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase; ROS1, c-ros oncogene 1; KRAS, Kirsten rat
sarcoma viral oncogene homolog; PDL1, programmed death-ligand 1.
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Institution

Sun Yat-sen University

The University of Texas MD Anderson Cancer Center
Fudan University

Shanghai Jiao Tong University

National Cancer Institute (NCI)

Chinese Academy of Sciences

Harvard Medical School

German Cancer Research Center

Johns Hopkins University

Sichuan University

Country

China
USA
China
China
USA
China
USA
Germany
USA
China

Number of studies

4
33
30
30
29
29
27
27
2
2

Total citations

431
1437
424
300
1556
1113
1232
584
392
278

Average citation

105
43.5
141
10
53.7
38.4
45.6
21.6
1561
10.7
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Overall no. patients

Age, years, at first diagnosis of BM
<65
=65

Gender
Male
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ECOG at first diagnosis of BM
0
1
>2

Treatment
ICl alone
ICl+Deno/Zol
No ICI

Visceral metastasis
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1
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>6

Type of bone lesion
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Lytic
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Wild type
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Translocated
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<50%
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PDL1 (2)
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Mutational status (1)
EGFR mutated
ALK translocated
KRAS mutated
ROST1 rearranged

EGFR, ALK, KRAS and ROS1 wild type

Mutational status (2)

EGFR mutated or ALK translocated or ROS1 rearranged

None

No. patients  No. events
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33
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36
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36
52

54
34

14
42
6

11
17
55

16
72

19

26
43

57
15
10
65

52

14
24

Median OS
(95%Cl)

11.9 (8.2-14.4)

13.9 8.0-18.6)
10.3 (6.9-13.6)

12.4 (8.0-15.4)
11.9 (5.8-15.8)

32.9 (12.8-NE)
12,6 (7.2-15.4)
5.6 (3.9-NE)

15.8 (8.2-NE)
21.8 (14.5-NE)
7.5(6.1-10.9)

14.9 (6.8-27.6)
11.9 (8.2-13.8)

15.4 (7.5-19.4)
9.8(6.5-13.8)
10.9 (6.7-15.8)

14.9 (1.6-NE)
11.5 8.2-15.8)
9.8 (5.4-15.4)

122 (5.6-NE)
12.6 (8.0-14.9)

12.7 (8.2-14.9)

13.9 (11.5-22.8)

8.0(3.1-15.8)
36.8 (13.9-NE)

16.7 (12.6-48.6)
13.9 (5.4-NE)

15.8 (13.6-NE)
12.8 (8.2-NE)

122 (5.6-NE)

8.0 (4.3-15.8)

14.7 (9.6-NE)

17.4 (9.7-48.6)
14.5 (9.6-27.2)

12-month OS
(95%Cl)

49.7 (40.0-58.7)

56.4 (40.8-69.3)
45.0 (32.5-66.7)

50.9 (38.5-61.9)
47.7 (31.7-62.1)

76.9 (55.7-88.9)
53.6 (39.1-66.0)
16.7 (0.7-51.7)

63.0 (38.3-84.9)
79.5 (69.9-90.2)
33.1 (21.5-45.1)

53.6 (29.6-72.6)
48.9 (38.1-58.7)

59.9 (36.9-76.8)
48.5 (30.8-64.0)
46.1 (32.4-58.7)
66.7 (19.5-90.4)
49,6 (37.8-60.3)
471 (22.9-67.9)

58.3 (27.0-80.1)
50.3 (39.0-60.5)

54.3 (41.5-65.4)

63.6 (48.1-75.6)

23.3 (3.6-52.9)
80.0 (68.4-91.2)

78.8 (68.7-89.8)
63.5 (23.8-86.6)

100.0
59.4 (36.3-76.5)

58.3 (27.0-80.0)
23.3 (3.6-52.9)
71.4 (40.6-88.2)

73.7 (47.9-88.1)
62.5 (44.2-76.3)

24-month OS  p-valuelog-rank

(95%Cl)

24.0(16.3-32.6)

20.1 (16.7-42.8)
20.4 (11.2-31.6)

21.6(12.6-32.2)
28.4 (15.2-43.1)

57.2(36.1-73.6)

20,6 (10.4-33.1)
0

30.8 (9.9-54.8)

45.7 (26.5-62.9)

12.2 (5.4-21.9)

37.5(16.9-58.2)
209 (13.0-30.2)

23.0 (8.4-41.8)

259 (12.4-41.7)
23.1(12.5-35.6)

29,6 (19.6-40.3)
17.7 (4.3-38.3)
25.0 (6.0-50.5)

25.4 (16.3-35.4)

26.5 (16.3-37.9)

35.8 (22.1-49.8)

11.7 (0.6-40.1)
52.0(31.3-69.2)

37.7 (19.9-65.4)
47.6(12.3-76.9)

42.8(17.7-66.0)
38.2(17.7-58.5)

25.0 (6.0-50.5)
11.7 (0.6-40.0)
42.9 (17.7-66.0)

36.8 (16.5-57.5)
37.3(21.1-53.4)

test

0.235

0.842

0.002

<0.001

0.413

0.761

0.386

0.937

0.005

0.995

0.275

0.114

0.778

PFS, progression-free survival; 95%Cl, 95% confidence interval; ECOG PS, Eastern Cooperative Oncology Group Performance Status; BM, bone metastasis; ICI, immune checkpoint
inhibitor; Deno, denosumab; Zol, zoledronate; NE, not estimable; EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase; ROS1, c-ros oncogene 1; KRAS, Kirsten rat

sarcoma viral oncogene homolog; PDL1, programmed death-ligand 1.
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United States
China
Germany
Japan

Italy

England
France

South Korea
Spain
Netherlands

Article counts

601
592
12
12
108
89
86
72
56
49

Percentage (N/1899)

31.65
31.17
5.90
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5.69
4.69
4.58
3.79
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2 K8

Citation

19051
9285
3478
2604
3671
3196
4500
1168
1936
1737

Citation per publication

31.70
15.68
31.05
23.25
33.99
35.91
52.32
16.22
34.57
3345
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Unknown
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Wild type
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Unknown
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Unknown
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<1%
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Unknown
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30

10 (28.6)
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EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma kinase; ROS1, c-ros
oncogene 1; KRAS, Kirsten rat sarcoma viral oncogene homolog; PDL1, programmed

death-ligand 1.
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Patients

(n=111)
Median age, years, at diagnosis of first bone metastasis 66
(range) (42-84)
No. (%)
Age (years) at diagnosis of primary bone metastasis
<65 47 (42.3)
>65 64 (57.7)
Gender
Male 70 (63.1)
Female 41 (36.9)
ECOG PS at diagnosis of first bone metastasis
0 26 (30.6)
1 53 (62.4)
>2 6(7.0)
Unknown 26
Histology
Adenocarcinoma 99 (89.2)
Squamous carcinoma 9(8.1)
Large-cell carcinoma 1(0.9)
Adenosguamous carcinoma 1(0.9)
Undifferentiated 1(0.9)
Grading (G)
1 2 (4.1)
2 13 (26.5)
3 32 (65.3)
4 2 (4.1)
Unknown 62
Presence of visceral metastasis
Yes 91 (82.0)
No 20 (18.0)
Presence of brain metastasis
Yes 18 (22.0)
No 64 (78.0)
Unknown 29
Presence of comorbidity
Cardiovascular 35 (42.2)
Cardiovascular + other* 10 (12.0)
Other® 5(6.0)
None 33 (39.9)
Unknown 28

*Cardiovascular + other: 4 cardiovascular + diabetes; 1 cardiovascular + diabetes + renal
impairment + other; 1 cardcardiovascular + diabetes + other; 2 cardiovascular + renal
impairment; 2 cardiovascular + other.

SOther: 2 diabetes, 1 renal impairment: 1 other, 1 diabetes + renal impairment.
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Subgroup Number of Study HR [95% CI] p-Value ? Heterogeneity between subgroups

Number of patients

patients > 100 8 0.70 [0.50,0.98] 0.041 84.8% p =0.783
patients < 100 2 0.65[0.42, 1.00] 0.051 10.3%

Recruitment area of patients

Western 5 0.55 [0.31, 0.95] 0.034 79.0% p =0.400
Multiple areas 5 0.76 [0.45, 1.27] 0.294 86.3%

Sequencing method

NGS (MSK-IMPACT) 4 0.34[0.21, 0.56] <0.001 0.0% p =0.362
NGS (non-MSK-IMPACT) 2 0.52[0.25, 1.07] 0.076 80.7%

TMB cutoff

TMB cutoff > 28 muts/Mb 3 0.63 [0.42, 0.96] 0.029 0.0% p =0.021
TMB cutoff < 28 muts/Mb 3 0.34[0.24, 0.48] <0.001 0.0%

NGS, next-generation sequencing; TMB, tumor mutational burden; muts/Mb, mutations per megabase; HR, hazard ratio; Cl, confidence interval.
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Published Treatment Study type  Enrollment® NSCLC Incidence, n (%) Median time to onset, Reference

Year stage week(range)
Any High grade
grade (=3)
2015 Nivolumab Prospective, 131 1] 6 (5.0) 1(1.0) 16.1 (2.6-85.1) (15)
RCT
2015 Nivolumab Prospective, 287 i 10(35) 4(1.4)%2 31.1 (11.7-56.9) (16)
RCT b
2015 Pembrolizumab Prospective, 550 WBorlv 2138 1120 8.1(0.6-56.1) (18)
RCT
2017 Nivolumab Retrospective 111 IVor 8(7.2) 4(36)% 5.2 (2.3-24) (34)
(mono or combined with recurrent o
chemotherapy)
2018 Nivolumab/Pembrolizumab/ Retrospective 205 all 39 24 (11.7) 11.7 (2.9-26.1) ¢ (35)
Durvalumab (19.0)
(mono or combined with other ICl/
chemotherapy)
2020 Nivolumab Retrospective 901 all 94 39 (4.9 8.4 (0-75.1) (36)
(mono or combined with (10.4)
chemotherapy)
2020 Nivolumab/Ipilimumab/ Retrospective 205 all 5(2.4)° 2(1.0° 52.9 (34-86.6) (37)

Pembrolizumab g

(mono or combined with
chemotherapy)

NSCLC, non-small-cell lung cancer; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1.

*Patients enrolled in and received ICl treatment.

YIncludes patients with interstitial lung disease (2 in a1, 1 in a2, all in a3).

*Interquartile range of onset time.

A retrospective study on Chronic pneumonitis (clinical pneumonitis persisting or worsening with steroid tapering and necessitating =12 weeks of immune suppression after ICI
discontinuation).

®Initial pneumonitis grade.
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Registration Published Treatment Enrollment * Phage NSCLC Incidence, n (%) Reference
number year stage
Any High grade
grade (=3)
PD-1 inhibitor
NCT01642004 2015 Nivolumal 131 I I8 or IV 6(5.0) 1(1.0 (15)
NCTO01673867 2015 Nivolumab 287 n B or IV 8 (2.8 3(1.0) (16)
NCT02477826 2018 Nivolumab 391 n v 9(2.3) 6(1.5) (17)
NCT02477826 2018 Nivolumab + Ipilimumab 576 n v 22 (3.8) 13 (2.3 (17)
NCT01295827 2015 Pembrolizumab 550 n B or IV 21(3.8) 11(2.0 (18)
NCT01905657 2016 Pembrolizumab 682 i B or IV 26 (3.8) 12(1.8) (19)
NCT02142738 2016 Pembrolizumab 154 [l 1IB or IV 9(5.8) 4(26) (©0)
NCT02220894 2019 Pembrolizumab 636 n B or IV 53 (8.3) 22 (3.5) (21)
NCT02775435 2018 Pembrolizumab + Carboplatin+ (Nab-) 278 Il v 18 (6.5) 725 (10)
Paclitaxel
NCT03088540 2021 Cemiplimab 355 i B, MCorV  8(2.3° 2(0.6° ©2)
PD-L1 inhibitor
NCT02008227 2017 Atezolizumab 609 n B or IV 6 (1.0 4(0.7) (4)
NCT02409342 2020 Atezolizumab 286 n v 1(3.8) 2(0.7) (23)
NCT02657434 2021 Atezolizumab + Pemetrexed 291 n \" 18 (6.2) 6 (2.1) (24)
NCT02367781 2019 Atezolizumab + Carboplatin + Nab- 473 n v 25 (5.3) 2(0.4) (25)
paclitaxel
NCT02125461 2017 Durvalumab 475 i i 51 (10.7) 8(1.7) (©6)
NCT02453282 2020 Durvalumab 369 n v 8(2.2) 5(1.4) 27)
NCT02453282 2020 Durvalumab + Tremelimumab 371 n I\ 25 (8.7) 1.0 27)

NSCLC, non-small-cell lung cancer; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1.

*Patients enrolled in and received ICl treatment.
YIncludes 7 immune-related pneumonitis and 1 immune-mediated pneumonttis.
®Includes 1 immune-related pneumonitis and 1 immune-mediated pneumonitis.
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Potential risk factors Details

Sex Males have a higher incidence of CIP

Age of patients -Patients aged >70 years
The decreased lung function and increased medical complications in the elderly may be the cause of higher incidence
of CIP

Tumor histologic type A higher incidence of CIP in patients with squamous NSCLC

Smoking status Patients with former or current smoking

Prior thoracic The incidence of CIP is numerically higher in patients receiving chest-RT compared with non-chest/no RT

radiation therapy -Radiation parameters have no correlation with the development of pneumonitis

“The influence of radiotherapy courses, type and timing for development of CIP is still not clear
T cells activated during ICls treatment are more easily infiitrate into the damaged lung tissue by thoracic irradiation
PD-1 inhibitors The incidence of CIP with PD-1 inhibitors is higher than PD-L1 inhibitors
+PD-1/PD-L1 inhibitors are related to a higher incidence of CIP than anti-CTLA4
+PD-1 inhibitors lead to increased risk through increasing the interaction of PD-L2- RGMb
Combination therapy -Additional immune-targeted drugs, chemotherapeutic drugs and some specific tyrosine kinase inhibitors (TKIs)
Combination of PD-1/PD-L1 inhibitors with other antitumor agents might mediate the superposition effect of multiple
drugs on pulmonary toxicity

EGFR mutation Patients with EGFR mutation are more likely to undergo pneumonitis during the combination therapy of ICIs with
osimertinib

Sequences of drug administration PD-(L)1 blockade followed by osimertinib is related to a higher incidence of pneumonitis

Preexisting lung disease Pulmonary infection, pulmonary emphysema, COPD, asthma, ILD, pulmonary fibrosis, pneumothorax, and pleural
effusion

Tumor invasion “Tumor invades the central airway was strongly associated with early-onset CIP

-Extrathoracic metastasis was related to a lower incidence of CIP
Baseline peripheral-blood absolute eosinophil A high level of baseline AEC(>0.125x10%lls/L) correlated with an increasing risk of CIP but a better clinical outcome
count (AEC)
Baseline level of anti-CD74 autoantibody A higher baseline level of anti-CD74 autoantibody is also more likely to develop CIP

NSCLC, non-small-cell lung cancer; CIP, checkpoint inhibitor pneumonitis; RT, radliation therapy; PD-1, programmed cell death protein 1; PD-L1, programmed cell death protein ligand-1;
CTLA-4, cytotoxic T lymphocyte-associated protein 4; PD-L2, programmed cell death protein ligand-2; RGMb, repulsive guidance molecule b; TKls, tyrosine kinase inhibitors; EGFR,
epidermal growth factor receptor: COPD, chronic obstructive pulmonary disease; ILD, interstitial lung disease; AEC, absolute eosinophil count.
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Govindan IPI+CT - 1340 (11.80,14.80) 6.2 Govindan IPICT —! 054(049,050) 434
Subgroup, DL (I = 84.4%, p = 0.000) 16.62(1471,1893) 48.17 Subgroup, DL (I = 83.5%, p = 0.000) 064(060,068) 4502
'
——— dualiCls '
VST DURSTRE 120©950,1290 600 CheckMate227P1 NIV+IPI -+ 062(058,086) 450
BR34 DUR+TRE —— 055(047,083) 377
CCTG9502 BR 34 DUR+TRE 1410 (10.60,1830) 440 MYSTIO DURSTRE o 047 (042,082 4%
CheckMate 227 P1 NIV+IPI 17.10(15.20,1990) 555 Subgroup, DL (1 = 90.4%, p = 0.000) - 0.55(045.065) 1269
Subgroup, DL (I = 87.6%, p = 0.000) s 14.08(10.00,18.15)  15.95 Y
: dualICIssCT '
dual-iCls+CT ' BR34 DURSTRE+CT —— 060(052,068) 380
CheckMateSLANIVHPI+CT —— 1660(1390,2000) 502 ChackMatodLANIVAIPICT -+ 063(058,068) 434
CCTG502 BR 34 DUR+TRE+CT —_— 1660 (1260,19.10)  4.86 Subgroup, DL (1" = 0.0%, p = 0.580) 062(058,086) 814
Subgroup, DL (I = 0.0%, p = 0.660) 16.07(1384,1829)  9.88 BBt E
IMpower150 ATE+BEV+CT —— 067(063,072) 436
[Cla+BEV+CT 2020ESMOLBAS4 NIV+BEV4CT ' —— 081(076,085) 439
IMpower150 ATE+BEV+CT 1950 (17.00,22.20)  5.36 Subgroup, DL (I* = 83.4%, p = 0.000) * 074 (061,087) 875
Subgroup, DL (1 ) 1950 (16.90,22.10) 536 ¥
' Overall, DL (I° = 89.2%, p = 0.000) 0.63(0.59, 0.66) 100.00
Overall, DL (1" = 81.2%, p = 0.000) ¢ 16.20 (1479, 17.60) 10000 Heterogeneity between groups: p = 0.180

Heterogeneity between groups: p = 0.123

0 10 20 30 40
'NOTE: Weights and between-subgroup heterogenedy fest are from random ffcts mode!

%
Subgroups and Studies P20R (95%Cl) Weight
single-ICI
KEYNOTE024 PDL1250% PEM | —— 051(043,059)  4.04
KEYNOTEO42 PDL121% PEM —— 039(035,043) 459
EMPOWER-Lung1 ALL CEM . —.— 049(043,054)  4.43
CheckMate026 PDL121% NIV — ! 023(0.18,028) 4.6
IMpower110 ATE — 038(032,0.44) 436
MYSTIC DUR —— 029(024,033) 451
Subgroup, DL (I* = 93.4%, p = 0.000) - 0.38(030,0.46) 2639
single-ICI+CT H
KEYNOTEO21(11) PEM+CT ' —————— 067(055,079) 337
KEYNOTE189 PEM+CT ! —— 046 (0.41,050)  4.48
KEYNOTE407 PEM+CT —_— 037(0.32,043) 437
CheckMate227P2 NIV+CT —— 038(0.34,043)  4.47
IMpower130 ATE+CT ——— 0.40 (0.35,0.44)  4.51
IMpower150 ATE+CT —— 039(0.34,044) 444
IMpower131 ATE+CT — 0.32(0.27,037) 446
IMpower132 ATE+CT —— ! 023(0.18,028) 447
Lynch IPI+CT —_— H 018(009,027) 385
Govindan IPCT — 024(020,028) 454
Subgroup, DL (I* = 92.4%, p = 0.000) = 0.36(030,042) 42.96
dual-iCls H
MYSTIC DUR+TRE —— 030(025,034) 450
CheckMate227P1 NIV+IPI L 040(036,0.44) 457
Subgroup, DL (I° = 91.3%, p = 0.001) 0.35(025,045)  9.07
'
dual-ICIs+CT H
CheckMateSLANIV+IPIsCT —— 043(038,048)  4.44
BR:34 DUR+TRE+CT —_— 039(031,047)  4.08
BR.34 DUR+TRE —_— ! 0.18(0.12,024) 430
‘Subgroup, DL (I = 94.9%, p = 0.000) - 5 - 0.33(0.17,049) 12.80
'
ICIS+BEV+CT '
IMpower150 ATE+BEV+CT |—— 043(038,049) 444
2020ESMOLBAS4 NIV+BEV+CT H — 055(049,061) 434
‘Subgroup, DL (II =88.7%, p = 0.003) : 0.49 (0.38, 0.61) 878

Overall, DL (1° = 92.6%, p = 0.000) > 0.37(0.33,041) 10000
Heterogeneity between groups: p = 0.317

0 2
NOTE Weights and between-subgroup heterogenety test are fom random-efiects model
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1st 2nd 3rd 4th 5th
Gastrointestinal irAE
sColitis G1-5 Dual [Cls (91.6) ICI monotherapy + CT (54.0)  ICl monotherapy (61.8) Chemotherapy (99.9) -
Colitis G3-5 Dual ICls (92.3) ICI monotherapy + CT (67.2) ICI monotherapy (63.7) Chemotherapy (98.8) -

iarrhea G1-5
Diarrhea G3-5
Pulmonary irAE
Pneumonitis G1-5
Pneumonitis G3-5
Endocrine irAE
Hyperthyroidism G1-5
Hyperthyroidism G3-5
Hypothyroidism G1-5
Hypothyroidism G3-5
Thyroiditis G1-5
Thyroiditis G3-5
Hypophysitis G1-5
Hypophysitis G3-5
Diabetes G1-5
Diabetes G3-5
Skin irAE
Pruritus G1-5
Pruritus G3-5
Rash G1-5
Rash G3-5
Severe skin reaction G1-5
Severe skin reaction G3-5
Other irAE
Myocarditis G1-5
Myocarditis G3-5
Nephritis G1-5
Nephritis G3-5
Hepatitis G1-5
Hepatitis G3-5
Myositis G1-5
Myositis G3-5
Hypersensitivity/infusion reaction G1-5
Hypersensitivity/infusion reaction G3-5

1CI monotherapy + CT (94.9)
1CI monotherapy + CT (81.6)

Dual Cls (95.2)
Dual ICls (88.5)

Dual [Cls (92.7)
Dual [Cis + CT (57.1)
Dual (Cls (88.0)
Dual [Cls + CT (83.9)
Dual (Cis (47.6)
Dual [Cis + CT (34.5)
Dual [Cis + CT (58.6)
Dual Cls (67.5)
Dual (Cls (62.7)
Dual (Cls (49.3)

ICI monotherapy + CT (42.4)
1CI monotherapy + CT (57.6)
Dual [Cs + CT (51.8)

Dual [Cls + CT (89.6)

Dual (Cls (88.4)

Dual [Cls (93.4)

Dual (Cls (61.1)
Dual [Cls (60.0)

1CI monotherapy + CT (42.4)
1CI monotherapy + CT (57.6)
Dual [Cls (75.6)

Dual (Cls + CT (49.8)

Dual (Cis (52.8)

Dual [Cls (55.2)

Dual (Cs + CT (77.3)

1CI monotherapy + CT (64.7)

Chemotherapy (68.1)
Dual (Cls (52.4)

ICI monotherapy (64.1)
ICI monotherapy (62.6)

ICl monotherapy (58.5)

Dual (Cls (32.2)

ICI monotherapy (76.6)

Dual ICs (38.4)

Cl monotherapy (35.7)

ICI monotherapy + CT (27.7)
Dual ICls (44.3)

Dual [Cls + CT (24.0)

ICI monotherapy + CT (43.7)
ICI monotherapy + CT (39.5)

Dual [Cis (23.9)
Dual [Cis (22.1)

Dual [Cis (49.0)

ICI monotherapy + CT (49.5)
Gl monotherapy (86.2)

ICl monotherapy (87.0)

CI monotherapy (44.6)
Gl monotherapy (42.2)

Dual [Cis (23.9)

Dual [Cis (22.1)

ICI monotherapy (44.7)

Dual [Cis (25.8)

ICI monotherapy (48.7)

ICI monotherapy + CT (25.0)
Dual [Cis (39.6)
Chemotherapy (33.8)

Dual ICls (64.5)
Chemotherapy (57.9)

Dual [Cls + CT (31.9)
Dual [Cls + CT (35.4)

Dual Cls + CT (51.3)

ICI monotherapy + CT (29.1)
Dual ICIs + CT (45.3)

11 monotherapy + CT (28.2)
ICI monotherapy + CT (32.0)
Chemotherapy (34.4)

1l monotherapy + CT (40.5)
ICI monotherapy (33.8)

Dual ICIs + CT (24.0)

Dual (Cls + CT (22.4)

ICI monotherapy (38.8)
Chemotherapy (38.0)

1CI monotherapy + CT (62.5)
Dual [Cls (25.1)

ICI monotherapy + CT (87.2)
ICI monotherapy + CT (79.3)

Dual [Cls + CT (30.2)
Dual [Cls + CT (28.8)

1CI monotherapy (38.8)
Chemotherapy (38.0)

Dual [Cls + CT (38.1)

ICI monotherapy + CT (38.2)
1CI monotherapy + CT (34.7)
Chemotherapy (35.7)

ICI monotherapy + CT (25.3)
Dual [Cls + CT (16.7)

1CI monotherapy (96.4)
1CI monotherapy (82.0)

1CI monotherapy + CT (58.6)
1CI monotherapy + CT (67.9)

ICI monotherapy + CT (89.2)
1CI monotherapy (25.4)

1CI monotherapy + CT (60.8)
1CI monotherapy (36.9)

Dual (Cls + CT (30.3)

1CI monotherapy (32.3)

ICI monotherapy (47.6)

1CI monotherapy + CT (38.7)
ICI monotherapy (27.4)

1CI monotherapy (27.0)

Chemotherapy (87.0)
1CI monotherapy (46.2)
1CI monotherapy (64.6)
ICI monotherapy (36.8)
Chemotherapy (91.1)
Chemotherapy (87.5)

Chemotherapy (40.2)
Chemotherapy (37.7)
Chemotherapy (87.0)

1CI monotherapy (46.2)

1CI monotherapy + CT (69.6)
1CI monotherapy (60.0)
Chemotherapy (53.4)

1CI monotherapy (44.4)

1CI monotherapy (34.0)

Dual (Cls (27.3)

The value in each parenthesis represenis the probabilly of risk fo rank (9%). 11, immune checkpoint inhibitor: CT, chemotherapy: iAE, immune-related adverse event: G, arads.

Chemotherapy (98.5)
Chemotherapy (87.1)

Chemotherapy (100.0)
Chemotherapy (31.8)
Chemotherapy (100.0)
Chemotherapy (57.6)
Chemotherapy (87.1)
Dual (Cls (31.6)
Chemotherapy (88.3)
Chemotherapy (66.0)
Chemotherapy (39.0)
Chemotherapy (38.3)

Chemotherapy (99.3)
Chemotherapy (70.0)

Gl monotherapy + CT (49.7)
Gl monotherapy + CT (37.4)

Chemotherapy (98.5)
Chemotherapy (93.6)

Chemotherapy (45.1)
1CI monotherapy (36.5)
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Potentially eligible studies identified by Additional records identified by international
database searching conferences and other sources

Studies excluded
861 Duplicates excluded
276 Reviews
5 Articles published before 2005

Studies for title and abstract screening

Studies excluded
289 Not first line regimens
188 Non-randomised controlled trials
87 Other cancer
57 Phase I studies
46 Studies for Non-advanced NSCLC
992 Others

Studies screening by classification of treatment

Studies excluded
101 Protocols only
124 Duplicate results in the same studies
170 Studies not containing immune checkpoint
inhibitors
4 Study with incomplete outcomes

Studies included in integrated analysis
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1st 2nd 3rd 4th 5th
Grade 1-5 AE Dual ICls + CT (66.2) ICI monotherapy + CT (56.0) Chemotherapy (91.9) Dual ICls (100.0) ICl monotherapy (100.0)
Grade 3-5 AE Dual ICls + CT (68.5) ICI monotherapy + CT (67.9) Chemotherapy (91.1) Dual ICls (98.9) ICl monotherapy (100.0)

Grade 1-5 irAE Dual ICls + CT (50.5)
Grade 3-5 irAE Dual ICls (60.4)

Dual Cls (47.2)
Dual [Cls + CT (42.5)

ICI monotherapy (80.0)
ICI monotherapy (76.3)

ICI monotherapy + CT (98.0)
ICI monotherapy + CT (95.0)

Chemotherapy (100.0)
Chemotherapy (100.0)

The value in each parenthesis represents the probability of risk to rank (%). ICI, immune checkpoint inhibitor; CT, chemotherapy; AE, adverse event; irAE, immune-related adverse event.
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Study, year NCT number Cancer type Phase Line of Arms Treatment Numbers Median follow-up ~ CTCAE

treatment time (months) version
CA184-041, NCT00527735 NSCLC I 1 1 Ipi 10mg/kg g3w+PC 138 NR 3.0
2012
2 PC 66 NR
CA184-041, NCT00527735 SCLC Il 1 1 Ipi 10mg/kg g3w+PC 85 NR 3.0
2013
2 PC 45 NR
CheckMate NCT01673867 Nonsquamous n 2 1 Niv 3mg/kg g2w 292 Min 13.2 4.0
057,2015 NSCLC
2 Docetaxel 290 Min 13.2
CheckMate NCT01642004 Sqguamous 1] 2 1 Niv 3mg/kg g2w 135 Min 11.0 4.0
017, 2015 NSCLC 2 Docetaxel 187 Min 11.0
CheckMate NCT01928394 SCLC 7] >2 1 Niv 3mg/kg g2w 98 6.6 4.0
032, 2016
2 Niv 1mg/kg+lpi 3mg/kg q3w 61 10.6
3 Niv3mgkg+pi img/kg gdw 54 12.0
POPLAR, 2016 NCT01903993 NSCLC Il >2 1 Ate 1200mg g3w 144 14.8 4.0
2 Docetaxel 143 16.7
KEYNOTE-010, NCT01905657 NSCLC ] >2 1 Pem 2mg/kg g3w 344 13.1 4.0
2016
2 Pem 10mg/kg g3w 346 13.1
3 Docetaxel 343 181
KEYNOTE-021, NCT02039674 Nonsquamous [} 1 1 Pem200mg q3w+AC 60 10.6 4.0
2016 NSCLC
2 AC 63 106
CA184-156, NCT01450761 SCLC i 1 1 Ipi 10mg/kg q3w+EP 478 10.5 3.0
2016
2 EP 476 10.2
KEYNOTE 024, NCT02142738 NSCLC i 1 1 Pem 200mg g3w 154 25.2 4.0
2016 2 P-based chemotherapy 151 25.2
CheckMate NCT02041533 NSCLC 1} 1 1 Niv 3mg/kg g2w 271 18.5 4.0
026, 2017
2 P-based chemotherapy 270 13.5
Study 104, NCT01285609 Squamous n G 1 Ipi 10 mg/kg g3w+PC 388 12.5 3.0
2017 NSCLC
2 PC 361 1.8
OAK, 2017 NCT02008227 NSCLC n 22 1 Ate 1200mg g3w 425 21 4.0
2 Docetaxel 425 21
JAVELIN Lung  NCT02395172 NSCLC i >2 1 Ave 10 mg/kg g2w 396 18.9 4.0
200, 2018
2 Docetaxel 396 17.8
KEYNOTE-189, NCT02578680 Nonsquamous 1] 1 1 Pem 200mg q3w+AP 410 10.5 4.0
2018 NSCLC
2 AP 206 10.5
IMpower133, NCT02763579 SCLC I 1 1 Ate 1200mg g3w+EC 201 13.9 4.0
2018
2 EC 202 139
KEYNOTE-407, NCT02775435 Squamous i 1 1 Pem 200mg g3w+PC/nPC 278 7.8 4.03
2018 NSCLC
2 PC/nPC 281 7.8
CheckMate NCT02477826 NSCLC 1} 1 GroupA-  Niv 3mg/kg g2w-+Ipi Tmg/kg géw 396 Min 29.3 4.0
227, 2019 1
GroupA-  Niv 240mg g2w 396 Min 29.3
2
GroupA- P-based chemotherapy 397 Min 29.3
3
GroupB- Niv 3mg/kg g2w-+Ipi Tmg/kg géw 187 Min 29.3
1
GroupB- Niv 360mg +P-based 177 Min 29.3
2 chemotherapy a3w
GroupB- P-based chemotherapy 186 Min 29.3
3
KEYNOTE-042, NCT02220894 NSCLC 1} 1 1 Pem 200mg q3w 637 12.8 4.0
2019
2 P-based chemotherapy 637 128
IFCT-1603, NCT03059667 SCLC Il 2 1 Ate 1200mg 3w 49 187 4.0
2019 2 EC or topotecan 24 137
IMpower130, NCT02367781 Nonsquamous 1} 1 1 Ate 1200mg g3w+nPC 483 18.5 4.0
2019 NSCLC
2 nPC 240 19.2
CheckMate NCT02613507 NSCLC 1 2 1 Niv 3mg/kg g2w 338 10.4 4.0
078, 2019
Docetaxel 166 8.8
PROLUNG, NCT02574598 NSCLC I 2 1 Pem 200mg g3w+Docetaxel 40 8.9 NR
2020
Docetaxel 38 7.9
IMpower110, NCT02409342 NSCLC 1 1 1 Ate 1200mg 3w 277 13.4 4.0
2020
2 P-based chemotherapy 277 13.4
IMpower131, NCT02367794 Squamous 1} 1 1 Ate 1200mg g3w+PC 338 NR 4.0
2020 NSCLC
2 Ate 1200mg g3w+nPC 343 26.8
3 nPC 340 24.8
IMpower132, NCT02657434 Nonsquamous 1} 1 1 Ate 1200mg g3w+AP 292 28.4 4.0
2020 NSCLC
2 AP 286 28.4
ARCTIC, 2020  NCT02352948 NSCLC 1 >3 1 Dur 20mg/kg+Tre 1mg/kg g4w 174 9.1 NR
2, Dur 10mg/kg g2w 117 9.1
3 Tre 10mg/kg gd4w 60 9.1
MYSTIC, 2020 NCT02453282 NSCLC 1 1 1 Dur 20mg/kg g4w 374 30.2 NR
2 Dur 20mg/kg g4w+Tre Tmg/kg 372 30.2
4w
3 P-based chemotherapy 372 30.2
KEYNOTE-604, NCT03066778 SCLC 1 1 1 Pem 200mg q3w+EP 228 216 4.0
2020
2 EP 225 216
ORIENT-11, NCT03607539 Nonsquamous 1 1 1 Sin 200mg a3w+AP 266 8.9 4.03
2020 NSCLC
2 AP 131 8.9
Camel, 2020  NCT03134872 Nonsquamous 1} 1 1 Cam 200mg g3w+AC 205 19.3 4.03
NSCLC 2 AC 207 19.3
CASPIAN, NCT03043872 SCLC 1} 1 1 Dur 1500mg g3w+Tre 75mg g3w 268 25.1 4.03
2021 +EP
2 Dur 1500mg g3w+EP 268 251
3 EP 269 251
CheckMate NCT02538666 SCLC 1 2 1 Niv 1mg/kg+lpi 3mg/kg q3w 279 8.4 4.0
451, 2021
Niv 240mg g2w 280 9.9
CheckMate NCT03215706 NSCLC 1 1 1 Niv 360mg g3w-+Ipi 1mg/kg qéw 361 9.7 4.0
9LA, 2021 +P-based chemotherapy
2 P-based chemotherapy 358 9.7
CheckMate NCT02481830 SCLC 1 2 1 Niv 240mg g2w 284 7.0 4.0
331, 2021
2 Topotecan or amrubicin 285 7.6
KEYNOTE-598, NCT03302234 NSCLC 1 1 1 Pem 200mg g3w-+Ipi Tmg/kg géw 284 20.6 4.0
2021 2 Pem 200mg g3w 284 20.6
EMPOWER- NCT03088540 NSCLC 1 1 1 Cem 350mg 3w 356 13.1 4.03
Lung 1, 2021 2 P-based chemotherapy 354 13.1
RATIONALE NCT03594747 Squamous 1 1 1 Tis 200mg q3w+PC 120 8.6 5.0
307, 2021 NSCLC 2 Tis 200mg g3w+nPC 119 8.6
3 PC 121 8.6

CTCAE, Common Terminology Criteria for Adverse Events; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; mg, milligram; kg, kilogram, q3w, receive agents every three
weeks; Ipi, ipiimumab; PC, pacliitaxel + carboplatin; Niv, nivolumab; Ate, atezolizumab; Pem, pembrolizumab; AC, pemetrexed + carboplatin; EP, etoposide + cisplatin; P-based
chemotherapy, platinum-based chemotherapy; Ave, avelumab; AP, pemetrexed + platinum; EC, etoposide + carboplatin; nPC, nanoparticle albumin-bound paclitaxel + carboplatin; Dur,
durvalumab; Tre, tremelimumab; Sin, sintiimab; Cem, cemiplimab; Tis, tislelizumab,; Min, minimum; NR, not report.
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TT3 TT4 FT3 FT4 TSH ACTH COR PTH
11 April 2019 / / 39 16.7 1.19 / / /
10 May 2019 1.7 94.5 4.6 15 1.14 / / /
28 May 2019 / / 4.5 129 0.08 28 33.2 47
4 June 2019 11 17 36 21.5 0.12 <15 19.5 7
18 June 2019 1 72.2 3.1 14.2 0.22 / / /
9 July 2019 / / 4.5 16.3 2.99 / / /
30 July 2019 0.7 73 24 16.1 0.19 <15 36.9 /
10 September 2019 1.3 17 37 18.8 1.02 / / /
Normal range 1.3-3.1nmol/L  66-181nmol/L  2.8-7.1pmol/L 12-22pmol/L  0.27-4.2ulU/L  7.2-63.3 pg/mL  133.0-537.0 nmol/L  15-65pg/mL
LH FSH PRL E2 PRG TTE GH
11 April 2019 / / / / / / /
10 May 2019 / / / / / / /
28 May 2019 / / / / / / /
4 June 2019 14.6 19.9 294 <18.4 <0.159 7.6 01
18 June 2019 / / / / / / /
9 July 2019 / / /i / / / /
30 July 2019 / / / / / / i
10 September 2019 / / i / / / /
Normal range 1.7-86mlU/mL  1.5-12.4mlU/mL  131-647mIU/L  94.8-223pmol/L  <0.159nmol/L 9.9-27.8nmol/L 0-1ng/ml
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C___ Severe skin reaction D Myocarditis
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(0.00,5.79) (0.03,3221) (0.00,5.91) (0.00, 36.30)
0.11 0.54 0.17
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Cochrane (n=245)

Camrelizumab (n=23); Sintilimab (n=34);
Toripalimab (n=21); Tislelizumab (n=15);

Atezolizumab (n=127); Durvalumab (n=134);
269 duplicates removed Avelumab (n=21); Cemiplimab (n=7);
1456 records screened based on
titles and abstracts
1373 records excluded by titles
and abstracts screening

104 full-text articles assessed for eligibility 66 full-text articles excluded

Overlapping studies (n=50)

893 trials are recruiting or without data

Retrospective study, conference abstract or
38 articles included in quantitative synthesis review (n=6)
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Intervention was drugs other than ICI or

chemotherapy (n=2)
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Dual ICIs therapy vs. ICI monotherapy + CT vs. CT (n=1");
Dual ICIs therapy + CT vs. CT (n=2);

Dual ICIs therapy + CT vs. ICI monotherapy + CT vs. CT (n=1);
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Grade of CIC Mean + SD/N (%) Total Grade 2 Grades 3-4 P-value
32 14 18
63.00 + 37.45 66.20 + 36.17 61.00 + 40.55 0.819
0.071
Low dose <60 9 (69.23%) 2 (40.00%) 7 (87.50%)
60 < intermediate dose <300 4(30.77%) 3 (60.00%) 1 (12.50%)
Steroid initial dose (mg/kg/day) 1.37 £ 0.58 1.57 +0.57 1.23 + 0.60 0.394
Steroid initial dose groups (mg/kg/day) 0.287
Low dose <1 5 (50.00%) 1 (25.00%) 4 (66.67%)
1 < intermediate dose <2 1(10.00%) 1 (25.00%) 0 (0.00%)
High dose >2 4 (40.00%) 2 (50.00%) 2 (33.33%)
Steroid taper time (weeks) 5.64 £5.77 10.50 + 9.47 3.70 £ 1.89 0.041
Antibiotics 0.025
No 23 (71.88%) 14 (87.50%) 7 (50.00%)
Yes 9 (28.12%) 2 (12.50%) 7 (50.00%)
Biological agents 0.36
No 25 (78.12%) 12 (86.71%) 13 (72.22%)
Yes 7 (21.88%) 2 (14.29%) 5 (27.78%)
os 0.244
Alive 27 (84.38%) 13 (92.86%) 14 (77.78%)
Dead 5 (15.62%) 1(7.14%) 4 (22.22%)
Survival weeks 75.26 + 90.53 60.30 + 71.06 86.77 + 104.44 0.5
CIC course (weeks) 15.74 £ 22.22 1711 £ 27.49 14.97 + 19.62 0.823
CIC outcome 0.232
Resolved/improved 16 (53.33%) 8 (66.67%) 8 (44.44%)
Deteriorated/recurrent 14 (46.67%) 4 (33.33%) 10 (65.56%)
Tumor response 0.461
Complete response 1(38.12%) 1 (6.25%) 0 (0.00%)
Partial response 8 (25.00%) 3(18.75%) 5(35.71%)
Tumor progressed 3(9.38%) 2 (12.50%) 1(7.14%)
Stable 18 (66.25%) 10 (62.50%) 8 (57.14%)
Recurrence times 0.834
0 24 (75.00%) 11 (78.57%) 13 (72.22%)
1 6 (18.75%) 2 (14.29%) 4 (22.22%)
2 2 (6.25%) 1(7.14%) 1 (6.56%)
Rechallenge times 0.49
0 28 (87.50%) 12 (85.71%) 16 (88.89%)
1 3(9.38%) 2 (14.29%) 1 (5.56%)
2 1(3.12%) 0 (0.00%) 1(5.56%)

Data were collected from studies in Table 1.

CIC, checkpoint inhibitor colitis; OS, overall survival.

Bold values: P < 0.05 which means significant differences between groups.
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Total (N = 32) Grade 2 (N = 14) Grades 34 (N = 18) P-value
Endoscopic features 0.581
None 2 (37.50%) 6 (42.86%) 6(33.33%)
Inflammation 20 (62.50%) 8 (67.14%) 12 (66.67%)
Histological features 0.821
None 3 (40.60%) 6 (42.86%) 7 (38.89%)
Inflammation 9 (69.40%) 8 (57.14%) 11(61.11%)

Data were collected from studies in Table 1.

CIC, checkpoint inhibitor colitis.
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CIC outcome Mean + SD/N (%) Total Improved/Resolved Deteriorated/Recurrent P-value

N 30 16 14
Age 66.34 + 10.23 69.50 + 9.67 65.29 + 8.65 0.222
Sex 30 16 14 0.765
Female 12 (40%) 6 (50%) 6 (50%)
Male 18 (60%) 10 (55.56%) 8 (44.44%)
Genomic alterations (%) 65.71 + 35.41 68.00 + 40.71 60.00 + 28.28 0.434
Grade of CIC 0.20
Grade 2 14 (43.75%) 8 (50.00%) 4 (28.57%)
Grade 3 16 (50.00%) 8 (50.00%) 8 (67.14%)
Grade 4 2 (6.25%) 0 (0.00%) 2 (14.29%)
Histologic type 0.36
AC 22 (68.75%) 10 (62.50%) 11 (78.57%)
NEC 1 (3.12%) 0 (0.00%) 1 (7.14%)
sC 1(3.12%) 1 (6.25%) 0(0.00%)
Unknown 8(25.00%) 5 (31.25%) 2 (14.29%)
Dose of onset 10.47 + 14.01 11.75 + 17.83 10.07 +9.51 0.452
Time of onset 22.20 + 26.81 23.06 + 34.07 23.04 + 18.62 0.261
Steroid ial dose (mg/day) 63.00 + 37.45 57.22 + 27.52 76.00 + 57.13 0.428

Steroid al dose groups (mg/day) 0.764
Low dose <60 9(69.23%) 6 (66.67%) 3 (75.00%)
60 < intermediate dose <300 4(30.77%) 3 (33.33%) 1 (25.00%)

ial dose (mg/kg/day) 1.37 +0.58 1.41+0.60 127 £ 0.64 0.736

initial dose groups (mg/kg/day) 0.7
Low dose <1 5 (50.00%) 3 (42.86%) 2 (66.67%)
1 < intermediate dose <2 1 (10.00%) 1 (14.29%) 0 (0.00%)
High dose >2 4 (40.00%) 3 (42.86%) 1(33.33%)
Steroid taper time 5.64 +5.77 550 +5.21 575+ 6.52 0.896
Antibiotics 0.025
No 23 (71.88%) 14 (87.50%) 7 (50.00%)
Yes 9(28.12%) 2 (12.50%) 7 (50.00%)
Biological agents 0.018
No 25 (78.12%) 15 (93.75%) 8(67.14%)
Yes 7 (21.88%) 1(6.25%) 6 (42.86%)
os 0.513
Alive 25 (83.33%) 14 (87.50%) 11 (78.57%)
Dead 5(16.67%) 2 (12.50%) 3 (21.43%)
Survival weeks 75.26 + 90.53 52.92 + 89.69 114.56 + 86.16 0.015
CIC course 16.74 +22.22 3.36 + 2.06 25.47 + 26.01 <0.001
Tumor response 0.587
Complete response 13.12%) 1 (6.25%) 0 (0.00%)
Partial response 8 (25.00%) 3 (18.75%) 5 (35.71%)
Tumor progressed 3(9.38%) 2 (12.50%) 1(7.14%)
Stable 18 (56.25%) 10 (62.50%) 8 (57.14%)
Recurrence times <0.001
0 24 (75.00%) 16 (100.00%) 6 (42.86%)
1 6(18.75%) 0 (0.00%) 6 (42.86%)
2 2 (6.25%) 0 (0.00%) 2 (14.29%)
Rechallenge times 0.037
0 26 (86.67%) 16 (100.00%) 10 (71.43%)
1 3(10.00%) 0 (0.00%) 3 (21.43%)
2 1 (3.33%) 0 (0.00%) 1(7.14%)

Data were collected from studiies in Table 1.
NSCLC, non-small cell lung cancer; CIC, checkpoint inhibitor colitis; AC, adenocarcinoma; NEC, neuroendocrine carcinoma; SC, squamous cell carcinoma.
Bold values: P < 0.05 which means significant differences between groups.
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D47
D81
D95
6 months

First nasopharyngeal detection of SARS-CoV-2 by PCR

Progressive cancer-related immobilizing pain and B-symptoms, onset of symptomatic SARS-CoV-2 infection (ECOG 4), and transfer to our department
CT scan reveals progressive metastatic NSCLC and COVID-19 pneumonia, nasopharyngeal swab with high SARS-CoV-2 viral load (qPCR Ct value 18)
First administration of pembrolizumab, pemetrexed, and carboplatin

Peripheral edema, pleural effusion, and ascites judged pemetrexed-related, worsening of respiratory symptoms requiring oxygen supplementation
Initiation of empiric antibiotic treatment with piperacillin/tazobactam due to neutropenic fever, consecutive microbiological diagnostics were negative

CT scan shows changes consistent with worsening COVID-19 pneumonia while treatment-related immune-mediated pneumonitis cannot be ruled out
Empiric treatment with high-dose dexamethasone for suspected pembrolizumab-associated pneumonitis, steady improvement of respiratory symptoms
CT scan shows regressive pulmonary opacities and tumor manifestations

Continuation of anti-cancer treatment with carboplatin and paclitaxel-albumin at standard doses, with regular re-administration after blood count
recovery. Concomitant palliative radiotherapy to hip and spine and stereotactic ablation of cerebral metastases.

CT scan shows further regression of tumor lesions and marked improvement of the pulmonary situation, consistent with improved general status
Completion of chemotherapy, initiation of pembrolizumab maintenance treatment

Discharge in an improved overall condition, increasingly mobile with aids and partially capable of self-care (ECOG 2)

CT scan shows no sign of recurring pneumonitis during ongoing pembrolizumab treatment, and a partial response according to iRECIST is achieved
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First
author,
Year

Model

Wei Mu (24) DL small- residual-
convolutional-network

(SResCNN)
Panwen DL KNN
Tian (15)
Ying Zhu DL CNN 3D
(25) DenseNets
Qiang Wen  Radiomics
(26)
Zekun Radiomics
Jiang (27)
Stefano Radiomics
Bracci (28)
Zonggiong  Radiomics
Sun (29)
Jiyoung Radiomics
Yoon (30)
Mengmeng  Radiomics
Jiang (31)

Imaging PD-L1
modality assays

PET/CT

CcT

CT

CcT

CT

CT

CcT

CcT

CT,
PET/CT

22C3

SP142

SP263

SP263

NA

SP263

22C3

SP263

SP142

28-8

Cut-off

1%

50%
1%,
50%
50%
1%
50%
50%
50%

1%,
50%

Population,

485 NSCLCs to measure PD-L1
status, 284/116/85 for training
validation/testing cohort

939 NSCLCs, 750/93/96 for training
validation/testing cohort

127 advanced LUADs, five-fold
cross-validation

120 advanced NSCLCs

125 NSCLC

72 advanced NSCLCs

390 NSCLC, 260/130 for training/
validation cohort

153 advanced LUADs

399 stage -V NSCLCs

Performance

AUC of 0.89 (95% Cl: 0.84 to 0.94), 0.84 (95% Cl: 0.76
t0 0.92);, and 0.82 in the training, validation, and testing
cohorts, respectively

AUC of 0.78, 0.71, and 0.76 in the training, validation,
and testing cohorts

1%, AUC of 0.784; 50%, AUC of 0.765

AUC of 0.730 based on radiomic signatures, AUC of
0.839 combined radiomic signatures with clinical and
morphological factors

AUC of 0.96, 0.85 in training, validation cohort

AUC of 0.811 and 0.789 in the training and validation
cohort

AUC of 0.829 and 0.848 in the training and validation
cohort

AUC of 0.661 (95% CI 0.580-0.735)

1%, AUC of 0.97, 0.61, and 0.97 in the CT, the PET, and
the PET/CT images respectively; 50% AUC of 0.80, 0.65,
and 0.77

1%, AUC of 0.86, 0.62, and 0.85; 50%, AUCs of 0.91,
0.75, and 0.88

DL, deep learning; AUC, area under the curve; LUAD, lung adenocarcinoma; NSCLC, Non-small cell lung cancer; CNIN, convolutional neural network; KNIN, k-nearest neighbor; NA, not applicable.
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Whole Cohort

(n=1,135)
Age (years) 58.77 + 10.66
Sex, N (%)
Male 553 (48.7%)
Female 582 (51.3%)
Smoking status
Current or former 408 (35.5%)
Never 692 (61.0%)
Unknown 40 (3.5%)
Family history of cancer
Yes 92 (8.1%)
No 1,026 (90.4%)
Unknown 17 (1.5%)
Surgery
Yes 784 (69.1%)
No 351 (30.9%)
Radiotherapy
Yes 222 (19.6%)
No 913 (80.4%)
Chemotherapy
Yes 295 (26.0%)
No 508 (44.8%)
Unknown 332 (29.2%)
Targeted therapy
Yes 386 (34.0%)
No 749 (66.0%)
Immunotherapy
Yes 30 (2.6%)
No 1,105 (97.4%)
Histopathology
LUAD 1,038 (91.4%)
LUSC 36 (3.2%)
Other 61 (5.4%)
Stage T
Tis 2 (0.2%)
T1 440 (38.8%)
T2 368 (32.4%)
3 100 (8.8%)
T4 171 (15.1%)
Tx 54 (4.7%)
Stage N
NO 603 (53.1%)
N1 83 (7.3%)
N2 240 (21.1%)
N3 121 (10.7%)
Nx 88 (7.8%)
Stage M
MO 781 (68.8%)
M1 300 (26.4%)
Mx 54 (4.8%)
Stage
| 498 (43.9%)
I 95 (8.3%)
I 204 (18.0%)
\ 321 (28.3%)
Unknown 17 (1.5%)
PD-L1 ES (%)
<1% 722 (63.6%)
1-49% 50 (4.4%)
>50% 363 (32.0%)

Survival Cohort
(n=811)

57.80+ 11.03

371 (45.7%)
440 (54.3%)

265 (32.7%)
517 (63.7%)
29 (3.6%)

94 (11.6%)
715 (88.2%)
2 (0.2%)

558 (68.8%)
253 (31.2%)

161 (19.8%)
650 (80.2%)

318 (39.2%)
482 (59.4%)
11 (1.4%)

296 (36.5%)
515 (63.5%)

27 (3.3%)
784 (96.7%)

755 (93.1%)
31 (3.8%)
25 (3.1%)

3(0.4%)
323 (39.8%)
258 (31.8%)
74 (9.1%)
118 (14.6%)
35 (4.3%)

444 (54.7%)
59 (7.3%)
164 (20.2%)
84 (10.4%)
60(7.4%)

559 (68.9%)
219 (27.0%)
33 (4.1%)

363 (44.8%)
63 (7.8%)
142 (17.5%)
234 (28.8%)
9(1.1%)

481 (59.3%)
49 (6.0%)
281 (34.7%)

LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; ES, expression

signature.
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Adverse event Grade 1 (n) Grade 2 (n) Grade 3 (n) Grade 4 (n)

Any 4 5 3 1
Leukopenia 1 2 1 0
Neutropenia 3 0 1 0
Anemia 1 1 1 0
Thrombocytopenia 0 0 1 1
ALT elevation 0 2 0 0
AST elevation 3 0 0 0
Increased creatinine 1 0 0 0
Diarrhea 0 2 0 0
Nausea ] 1 0 0
Vomit 0 1 0 0
Rash 1 0 0 0
TSH increased 0 1 0 0
fT3 decreased 0 1 0 0
Infection 0 2 0 0

ALT, alanine aminotransferase; AST, aspartate aminotransferase; TSH, thyroid stimulating hormone; T3, free triiodothyronine.
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ltems

Gender

Age (years)
Tumor site
Histology
Stage
Metastatic site

Invaded adjacent organ

MSH2

MSH6

PMS2

MLH1

Previous chemotherapy
Previous surgery
Combined chemotherapy
Combined radiotherapy
Surgery after ICB

Total course of ICB
Course of ICB for best
response

Imaging response
Pathology response

Patient 1

Male

37

Rectum
Adenocarcinoma
cT3N1M1a

Right kidney

NA

No
CAPOX
50Gy/25F
No

10

6

CR
NA

Patient 2

Male

27

Right colon
Adenocarcinoma
cT3N+M1b

Liver and abdominal
cavity

NA

+
No

No

CAPOX
50Gy/25F
Radical surgery
7

3

PR
PCR

Patient 3

Female

62

Right colon
Adenosquamous carcinoma
cT4bN2MO

None

Gallbladder, duodenum, liver, and
peritoneum

3

+

No

No
Capecitabine
45Gy/25F
No

6

6

CR
NA

Patient 4

Female

35

Left colon
Adenocarcinoma
cT4bN2aM0O
None

Peritoneum and
abdominal wall

+
¥

CAPOX

No

mFOLFOX6
48Gy/25F
Radical surgery
5

5

PR
TRG(2ypT4bNOMO)

Patient 5

Male

64

Right colon
Adenocarcinoma
rT4bNOMO

None

Psoas major muscle, and
ureter

+

g

%

FOLFOX
Radical surgery
CAPOX
50Gy/25F
Palliative surgery
6

4

PR
NA

CR, complete response; ICB, immune checkpoint blockade; NA, not available; pCR, pathological complete response; PR, partial response; TRG, tumor regression response.
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NCT03209973
(2020)

CTR20160872
(2020)

NCT04004221
/CTR20170071
(2020
NCT02407990
(2020

NCT04068519
(2020
NCT03419897
in progress

Relapsedrefractory
Hodgkin lymphoma

Advanced solid
tumors.

PD-L1-positive
wrothelial
carcinoma
Advanced solid
tumors

Advanced solid
tumors

Unresectable
hepatocellular
carcinoma

Phase 2

Phase 112

Phase IA/IB.

Phase IATB

Phase 2

70

300

451

70

28

Pyrexia (54.3%)
Hypothyroidism (32.9%)
Upper respiratorytract
infection (2G3, 2.9%)

Anemia (23%)
Increased aspartate.
aminotransferase (22%)
Anemia (27% : 2G3, 7%)
Pyrexia (19%)
Hyponatremia (2G3, 5%)

Fatigue (28%)

Nausea (25%)
Decreased appetite (20%)
Anemia (2G3, 4.9%)

None

None

None

None

Increased ALT (34.3%) and AST None

(314%)

16)

an

as)

19)

20)
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