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Tumor growth rate (TGR; percent size change per month [%/m]) is postulated as an early radio-graphic predictor of response to anti-cancer treatment to overcome limitations of RECIST. We aimed to evaluate the predictive value of pre-treatment TGR (TGR0) for outcomes of advanced non-small cell lung cancer (aNSCLC) patients treated with anti-PD-1/PD-L1 monotherapy. We retrospectively screened all aNSCLC patients who received PD-1 axis inhibitors in Sun Yat-Sen University Cancer Center between August 2016 and June 2018. TGR0 was calculated as the percentage change in tumor size per month (%/m) derived from two computed tomography (CT) scans during a “wash-out” period before the initiation of PD-1 axis inhibition. Final follow-up date was August 28, 2019. The X-tile program was used to identify the cut-off value of TGR0 based on maximum progression-free survival (PFS) stratification. Patients were divided into two groups per the selected TGR0 cut-off. The primary outcome was the difference of PFS between the two groups. The Kaplan-Meier methods and Cox regression models were performed for survival analysis. A total of 80 eligible patients were included (54 [67.5%] male; median [range] age, 55 [30-74] years). Median (range) TGR0 was 21.1 (-33.7-246.0)%/m. The optimal cut-off value of TGR0 was 25.3%/m. Patients with high TGR0 had shorter median PFS (1.8 months; 95% CI, 1.6 - 2.1 months) than those with low TGR0 (2.7 months; 95% CI, 0.5 - 4.9 months) (P = 0.005). Multivariate Cox regression analysis revealed that higher TGR0 independently predicted inferior PFS (hazard ratio [HR] 1.97; 95% CI, 1.08-3.60; P = 0.026). Higher TGR0 was also significantly associated with less durable clinical benefit rate (34.8% vs. 8.8%, P = 0.007). High pre-treatment TGR was a reliable predictor of inferior PFS and clinical benefit in aNSCLC patients undergoing anti-PD-1/PD-L1 monotherapy. The findings highlight the role of TGR0 as an early biomarker to predict benefit from immunotherapy and could allow tailoring patient’s follow-up.
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Introduction

In recent years, immune checkpoint inhibitors (ICIs), including anti-programmed cell death 1 (PD-1) or anti-programmed cell death ligand 1 (PD-L1) therapies, have revolutionized the treatment modalities of advanced non-small cell lung cancer (aNSCLC) (1–5). However, only a small subset of patients have durable response to anti-PD-1/PD-L1 monotherapy and its clinical application was challenged by its atypical response patterns such as hyperprogressive disease (HPD), delayed response, mixed response and pseudoprogressive disease (6, 7). Numerous studies have been conducted to explore early biomarkers to predict response and survival outcomes in patients undergoing ICI treatment (8).

The Response Evaluation Criteria in Solid Tumors (RECIST) criteria provide an objective and standardized response evaluation benchmark for anticancer therapies (9). However, RECIST-based treatment response evaluation does not take into account the tumor growth kinetics (10). Therefore, the RECIST criteria can only be reliably used to compare progression-free survival (PFS) in patients with relatively uniform tumor growth rate when the radiographic evaluation intervals are fixed. Furthermore, RECIST-defined objective response does not always conform the clinical benefit from anticancer treatment (11–15). Also, the RECIST criteria do not provide pre-treatment parameters for earlier prediction of clinical benefit. Thus, it is of clinical relevance to identify other early and inexpensive predictors of benefit from ICI treatment to overcome the limitations of RECIST criteria.

Uncontrolled growth is one of the hallmarks of malignant cells. Fast-growing tumors are associated with the aggressiveness of the tumor, larger tumor bulk, relatively higher sensitivity to cytotoxic agents, significant aberrant neoangiogenesis and altered immune microenvironment (16). Tumor growth rate (TGR) provides quantitative assessment of change in tumor volume over time according to RECIST-defined sum of the longest diameters of the target lesions (SLD) from two computed tomography (CT) scans and time interval between them (17). Previous studies have showed that TGR was correlated with treatment response or clinical outcomes in patients with neuroendocrine carcinoma, renal cell carcinoma, or hepatocellular carcinoma treated with angiogenesis inhibitors or transarterial chemoembolization (18–23). These findings suggested that TGR could serve as an early radiological biomarker to predict patient’s survival outcomes and to tailor radiological follow-up strategies and patients’ management.

To our knowledge, no previous studies had illustrated the association of pre-treatment TGR with clinical outcomes of aNSCLC patients treated with ICI. Considering that the natural tumor growth kinetics might significantly impact the tumor microenvironment, we hypothesized that pre-treatment TGR could predict PFS of aNSCLC patients undergoing anti-PD-1/PD-L1 immunotherapy.



Methods


Data Source

We conducted a retrospective review of electronic medical records from all aNSCLC patients undergoing ICI therapy (N = 172) at Sun Yat-Sen University Cancer Center (SYSUCC) between August 2016 and June 2018. Eligible patients should have two consecutive computed tomography (CT) scans before the initiation of ICI treatment (termed “wash-out period”) and receiving no anti-cancer treatment between the two scans (Figure 1). Exclusion criteria were as follows: lacking available pre-treatment CT scan; time interval between pre-treatment (defined as the time prior to baseline) and baseline (defined as the time of ICI initiation) CT scans shorter than 2 weeks or longer than 3 months (tumor growth kinetics should be assessed during a proper period) (24); lacking measurable lesions by RECIST version 1.1 (RECIST 1.1) at baseline CT scans; having received local anti-cancer therapy such as radiotherapy and radiofrequency ablation during ICI treatment or follow-up. The study was approved by the Institutional Review Board of SYSUCC and written informed consent was waived due to the retrospective nature of the study. Our study followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline (25).




Figure 1 | Diagram of computed tomography (CT) scan timepoints. SLD-1, sum of the longest diameters of the target lesions at pre-treatment CT scan; SLD0, sum of the longest diameters of the target lesions at baseline CT scan; t0, time interval between pre-treatment and baseline CT scans, 2 weeks≤ t0 ≤ 3 months; t1, wash-out period before the initiation of ICI treatment without any anti-cancer treatment.



TGR is expressed as the percentage change in tumor size per month (%/m) and calculated based on a published formula (17, 21): TGR = 100 * [exp (TG) – 1]; TG= (3 * log(D2/D1))/t, where t = (date2 – date1 + 1)/30.44, indicating the time interval in months between two CT imaging evaluations, and TG is the growth rate. Tumor size (D) derives from the sum of the longest diameters (SLD) of the target lesions according to RECIST 1.1. D1 = tumor size at date1; D2 = tumor size at date2. We simplified the formula into this form: TGR = 100 * ((D2/D1)1.303/t – 1).

For all patients, we collected data including demographic characteristics, clinical and radiological information: sex, age; previous lines of systemic therapies, smoking status, histology, clinical stage, Eastern Cooperative Oncology Group (ECOG) performance status (PS), alterations in driver genes including epidermal growth factor receptor (EGFR) and anaplastic lymphoma kinase (ALK); date of CT scans, SLD, status of non-measurable lesions and new lesions. The same assessment method and same technique (CT) were used at each imaging assessment point. For patients had disease progression with new lesions, tumor size was determined by target lesions only, while the occurrence of new lesions was recorded. In case of multiple alternative pre-baseline images, we selected the latest one to baseline for analysis. Missing data were recorded as not available.



Response and Endpoint Evaluation

All response and outcome evaluation were determined as per RECIST 1.1 by two senior radiologists blinded to patients’ information. Discrepancy was solved by consensus. Follow-up CT scans were performed according to the physicians’ discretion without predetermined intervals. Patients underwent tumor assessment until immunotherapy termination due to any reasons. The primary endpoint was PFS, defined as time from ICI initiation to radiologically-defined progression or death from any causes. The secondary endpoints were durable clinical benefit (DCB) rate, overall response rate (ORR) and overall survival (OS). DCB was defined as achieving any one of complete response (CR), partial response (PR) or stable disease (SD) that lasted for at least 6 months from baseline. The data cut-off date was August 28, 2019.



Statistical Analysis

We used the X-tile program (Yale University School of Medicine, New Haven, CT, USA) to determine the optimal cut-off values of TGR0 and baseline SLD (SLD0) to maximize PFS differentiation (26). According to the TGR0 cut-off point, patients were divided into two groups, and baseline characteristics between the two groups were compared. Continuous variables were expressed as median (range) and analyzed using Mann-Whitney U-test or independent t-test depending on the normality of distribution; categorical variables were expressed as number (%) and analyzed using Fisher’s exact test or Chi-square test as appropriate. PFS and OS survival curves were generated using Kaplan-Meier method and the differences were compared using the log-rank test. Investigation of the effect of TGR0 and other baseline parameters on treatment outcomes was performed using univariate and multivariate Cox regression analyses. Two-sided P-value of less than 0.05 was considered statistically significant. All statistical analyses were performed using the R software version 3.6.1 (https://www.r-project.org/).




Results


Patient Characteristics

Of the 172 patients screened, 80 met the eligible criteria (Figure 2). The median follow-up time was 23.6 months (95% confidence interval [CI], 13.5 - 33.7 months). Baseline characteristics of all patients were depicted in Table 1. The median (range) age was 55 (30 - 74) years. 54 (67.5%) were male, 48 (60.0%) were non-smokers, 31 (38.7%) had squamous histology, 19 (23.8%) had previously received radiotherapy and 36 (45.0%) had three or more metastatic sites. 31 patients (38.7%) had an ECOG PS of 0, with 4 (5.0%) patients scoring at 2 or 3. The median (range) duration between pre-treatment and baseline CT scans was 1.0 (0.5 - 3.0) months. The median (range) SLD0 was 74 (17 - 231) mm, and the median (range) TGR0 was 21.1(-33.7 - 246.0) %/m. At data cut-off, 42 out of 80 (53.5%) patients died.




Figure 2 | Flowchart of patient screening process.




Table 1 | Patient characteristics at baseline (n = 80).



As per RECIST 1.1, 10 (12.5%) patients achieved PR as best overall response, 19 (23.7%) achieved SD, 46 (57.5%) had PD and 5 (6.3%) had non-evaluable response. Overall response rate (ORR) was 12.5%, and DCB rate was 23.8%. The median PFS and OS were 2.1 months (95% CI, 1.8 - 3.1 months) and 23.6 months (95% CI, 14.8 - not reached months), respectively.



Cut-Off Points by X-Tile Program

The optimal cut-off points of SLD0 and TGR0 based on PFS separation were 130 mm (χ2 = 22.995, P < 0.001) and 25.3%/m (χ2 = 7.546, P = 0.112), respectively (Figure 3). Both cut-off points showed the maximum prognostic effects in predicting PFS. According to the TGR0 cut-off point, we divided patients into two groups: low group, TGR0 ≤ 25.3%/m (n = 46); high group, TGR0 > 25.3%/m (n = 34). The clinicopathological characteristics of TGR0 strata were shown in Table 2. Low TGR0 was significantly associated with positive smoking history (P = 0.034) and RECIST-defined best response (P = 0.028). There was no significant association between TGR0 and other factors including age, gender, ECOG PS, histology, number of prior therapy lines, number of metastatic sites, history of prior radiotherapy, EGFR and ALK status (all with P > 0.05).




Figure 3 | Identification of cut-off values based on progression-free survival by X-tile analysis. (A) The optimal cut-off value for sum of the longest diameters of target lesions at baseline (SLD0) was 130 mm (χ2 = 22.995, P < 0.001). (B) The optimal cut-off value for pre-treatment tumor growth rate (TGR0) based on PFS was 25.3%/m (χ2 = 7.546, P = 0.112).




Table 2 | Association of TGR0 with other parameters (n = 80).





Association of TGR0 With Clinical Outcomes

Kaplan-Meier survival analyses revealed that patients with high TGR0 experienced inferior median PFS (1.8 months; 95% CI, 1.6 - 2.1 months) compared with those with low TGR0 (2.7 months; 95% CI, 0.5 - 4.9 months) (log-rank P = 0.005) (Figure 4A). The 12-month PFS rate was 5.9% vs. 17.4% in patients with high vs. low TGR0. Univariate analyses revealed that the following factors were significantly associated with inferior PFS: higher TGR0 (hazard ratio [HR] 1.97; 95% CI, 1.21 - 3.21; P = 0.006), larger SLD0 (HR 5.79, 95% CI, 2.64 - 12.73; P < 0.001), two or more lines of prior therapy for advanced disease (HR 2.98; 95% CI, 1.76 - 5.02; P < 0.001), three or more metastatic sites (HR 2.52; 95% CI, 1.55 - 4.10; P < 0.001), ECOG PS of 2 to 3 (HR 3.35; 95% CI, 1.14 - 9.80; P = 0.027) and ALK rearrangement (HR 4.69; 95% CI, 1.61 - 13.70; P = 0.005) (Figures 4A–D, Table 3). Patients with EGFR mutant tumor also exhibited shorter PFS, with borderline significance (HR 2.00; 95% CI, 0.98 - 4.06; P = 0.056). In multivariate Cox model included all analyzed factors in univariate analyses, we found that higher TGR0 (HR 1.97; 95% CI, 1.08 - 3.60; P = 0.026), larger SLD0 (HR 10.70; 95% CI, 4.20 - 27.23; P < 0.001) and two or more lines of prior therapy (HR 3.36; 95% CI, 1.58 - 7.15; P = 0.002) remained significantly associated with shorter PFS (Table 3). Negative history of prior radiotherapy (HR 1.92; 95% CI, 0.96 - 3.83; P = 0.066) and three or more metastatic sites (HR 1.97; 95% CI, 1.00 - 3.88; P = 0.051) also tended to predict inferior PFS (Table 3).




Figure 4 | Kaplan-Meier analysis of progression-free survival. (A) Progression-free survival by pre-treatment tumor growth rate. (B) Progression-free survival by sum of the longest diameters of the target lesions at baseline. (C) Progression-free survival by number of prior therapy lines. (D) Progression-free survival by number of metastatic sites.




Table 3 | Univariate and multivariate analyses of progression-free survival.



To further validate the effect of TGR0 on PFS, we performed subgroup analysis based on specific baseline parameters. TGR0 predicted efficacy of ICI in NSCLC patients across almost all the subgroups including age, ECOG PS of 0 or 1, male, never smoker, histology, prior treatment lines, 1 or 2 metastatic sites, negative history of prior radiotherapy and small SLD0 (Figure 5). In the histology subgroup, 43 were histologically conformed lung adenocarcinomas. Among them, 25 had low TGR0 level, with 18 grouped into high TGR0 strata. High TGR0 also tended to predicted shorter PFS (HR 1.75; 95% CI, 0.91 - 3.37), though not statistically significant (P = 0.097). However, in patients with metastatic sites of ≥ 3, ECOG PS of 2 to 3, positive history of prior radiotherapy and those with large SLD0, TGR0 did not have impact on PFS.




Figure 5 | Subgroup analysis of PFS according to TGR0 stratification. Findings were examined by Cox proportional hazard regression analysis.



TGR0 did not have impact on OS (HR 1.24; 95% CI, 0.64-2.39; log-rank P = 0.519) (Figure S1). In multivariate Cox regression analysis, ECOG PS of 1 (HR 2.65; 95% CI 1.14 - 6.19; P = 0.024), ECOG PS of 2 to 3 (HR 30.62; 95% CI 3.61 - 260.01; P = 0.002), two or more prior treatment lines (HR 2.65; 95% CI 1.14 - 6.16; P = 0.024), without EGFR mutation (HR 7.12; 95% CI 1.32 - 38.53; P = 0.023), larger SLD0 (HR 8.24; 95% CI 2.84 - 23.85; P < 0.001) were significantly associated with poorer OS (Table S1). Patients with low TGR0 achieved significantly higher DCB rate compared with those with high TGR0 (16 of 46 [34.8%] vs. 3 of 34 [8.8%], P = 0.007). However, there was only a trend towards increased ORR in patients with low TGR0 (7 of 46 [15.2%] vs. 3 of 34 [8.8%]; P = 0.505).




Discussion

Early prediction of response to anti-cancer therapy is important for selecting patients that are more likely to benefit from such treatment and optimizing radiological follow-up strategies. The results from our study suggested that higher pre-treatment tumor growth rate (TGR0) played a role in predicting inferior PFS for aNSCLC patients treated with anti-PD-1/PD-L1 monotherapy. Patients with higher TGR0 was also significantly associated with less durable clinical benefit.

Our findings resonated with some previous studies. A post hoc analysis from a phase II study revealed that higher pre-treatment TGR tended to be associated with shorter PFS in grade 1 or 2 gastroenteropancreatic neuroendocrine tumors (GEP-NETs) receiving lanreotide (27), and the CLARINET study further validated this finding (18). A TGR0 < 4%/m predicted inferior PFS in G1 or G2 NET patients regardless of treatment modalities (21). Similarly, patients with higher pre-treatment tumor growth rate——measured as specific growth rate (SGR) experienced worse PFS in locally advanced NSCLC undergoing definitive chemoradiation therapy (CRT) (28). It was postulated that tumor growth rate may be more biologically and clinically relevant for predicting patient’s clinical outcomes than the RECIST did. The GREPONET study found that TGR3m provide more useful information in predicting patients’ outcomes and had less variability than RECIST3m (21). Another study enrolling 58 aNSCLC patients showed that the deceleration in TGR at first follow-up after the start of ICI therapy was significantly associated with superior OS (29). It is worthy of note that the median (range) of TGR0 from these 58 aNSCLC patients and our cohort was comparable (28.0 [−48.6 to 293.7]%/m vs. 21.1 [-33.7-246.0]%/m), indicating the repeatability of the calculation of TGR. Taken together, these results imply that translation of TGR into clinical practice may allow earlier and more precise prediction of clinical outcomes in oncotherapy. Our study further and for the first time showed that the natural tumor growth kinetics, estimated as TGR0, could predict the efficacy of ICI in NSCLC. This association was consistent across different subgroups and was maintained in multivariate regression analysis.

The TGR0 could therefore have a potential in tailoring on-treatment imaging schemes and early prediction of risk of disease progression. Based on our findings, patients with high TGR0 should undergo more frequent follow-up imaging because of their shorter PFS, namely higher risk of experiencing early disease progression; while patients with low TGR0 are more likely to have durable clinical benefit and could receive follow-up imaging assessment of longer interval to cut down the radiation exposure and examination cost. TGR also played a role in examining anti-tumor drug activity and guiding “go/no go” decision making in the early drug development. Although the rationale behind the negative impact of TGR0 on the efficacy of ICI is unclear, it could be hypothesized that the immune microenviroment of fast-growing tumor is unfavorable for the action of PD-1 axis inhibitors. Another possible explanation is that the time for the adaptive immune response and tumor killing after PD-1 axis inhibition is too long compare with the tumor growth rate. These results implied that fast-growing tumors should avoid being treated with single agent ICI. This could be viewed from the case of small cell lung cancer, which is a typical type of fast-growing tumor and have poor responsiveness to single agent ICI but demonstrates improved survival with chemoimmunotherapy combinations (30). Also, our results highlight the need for future exploration of combining TGR and RECIST criteria to refine the follow-up schemes as well as the role of ICI plus chemotherapy in tumors with high TGR0.

Our study failed to observe significant difference in OS between TGR0 strata, which might be due to the divergent sensitivity of subsequent treatment (chemotherapy as the mainstream one) in these two groups, the imbalance of subsequent treatment, and the relatively small sample size. Nevertheless, we also found that high TGR0 was correlated with low DCB rate and a tendency towards lower ORR. Similar to our observation, Yvonne Purcell et al. elucidated that the mean pre-treatment TGR was not significant different between the objective response (OR) and non-OR group in hepatocellular carcinoma treated with transarterial chemoembolization (19). This is clinically relevant because it has been showed that ORR was poorly correlated with long-term survival for immunotherapy (12, 31), indicating the inadequacy of RECIST criteria which only capture tumor volume change but miss out temporal information. Taken together, these results indicate that TGR0 is a predictive rather than a prognostic factor for aNSCLC patients undergoing ICI therapy. It is therefore more reliable to guide patients’ management in clinical practice.

Our study has several limitations. First, the study was retrospectively conducted at a single institute with a moderate sample size. Statistical power was limited and could explain why the ORR and the OS between high and low TGR0 groups did not reach statistical significance. Prospective or external validation of our work is required in another cohort with larger sample size. However, we think our finding is relatively reliable and reproducible since the predictive value of TGR is confirmed in various cancers undergoing different treatment therapies. Second, the strict inclusion criteria, especially the requirements of two consecutive imaging during wash-out period, may cause potential selection bias. Third, target lesions selected for calculation of TGR might not represent the whole tumor burden as new lesions and non-target lesions were not taken into account. Dissociated or mixed response phenomenon may confound the accurate tumor kinetics assessment after treatment initiation (32). Fourth, Limited to the retrospective nature of our work, we were unable to estimate predictive value of PD-L1 status and TMB level for only 3 patients had detected these two items. The main reason was that PD-L1 and TMB testing were not mandatory for using immunotherapy regimens since most patients in our study received ICIs in two or more lines of treatment. When we sought to re-evaluate PD-L1 and TMB status, the tissues were insufficient because all were from small biopsies. Last, the clinical application of TGR0 may be limited by the economic and ethical consideration of additional imaging evaluation required during wash-out period. However, considering the risk of early disease progression and cost of ICI treatments, we think such procedure might still have clinical relevance. Despite these limitations, our findings suggested that TGR0 has potential value for clinical utility by predicting risk of progression and providing complementary information to RECIST criteria.



Conclusions

Higher pre-treatment TGR was significantly associated with inferior PFS and less durable clinical benefit in aNSCLC patients undergoing anti-PD-1/PD-L1 monotherapy. TGR0 could provide additional information for predicting the efficacy of immune checkpoint inhibition and facilitate tailoring patient’s management. The potential role of TGR0 in the treatment decision requires further validation in another cohort and future prospective studies.
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Background

Both anlotinib and programmed death 1 (PD-1) monoclonal antibody (mAb) have been approved for the third line treatment of metastatic non-small cell lung cancer (NSCLC). However, the combination of these two standard therapies has not been investigated in third-line or further-line treatment of patients with advanced NSCLC.



Methods

We reviewed 22 patients with NSCLC who received anlotinib combined with PD-1 mAb therapy from July 2018 to October 2019 at Sir Run Run Shaw Hospital. Based on the baseline characteristics, PD-L1 expression and EGFR mutation status, we retrospectively analyzed the efficacy and safety of this combination therapy by RESIST 1.1 and CTCAE 5.0.



Results

The combination treatment of anlotinib and PD-1 mAb in 22 NSCLC patients gained a median PFS of 6.8 months and a median OS of 17.3 months. The disease control rate (DCR) was 90.9%, and the objective response rate (ORR) was 36.4%, where 1 (4.6%) patient achieved complete response (CR) and 7 (31.8%) patients achieved partial response (PR). The median time to response was 3.9 months, and the median duration of the response was 6.8 months. The common grades 1–2 adverse events were fatigue 10/22 (45.5%), decreased appetite 9/22 (40.9%), hypertension 10/22 (45.5%); the common grades 3–4 adverse events were hypertension 2/22 (9.1%) and mouth ulceration 2/22 (9.1%).



Conclusion

Anlotinib combined with PD-1 mAb showed promising efficacy in third-line or further-line treatment of NSCLC, and its adverse effects is tolerable.





Keywords: NSCLC, anlotinib hydrochloride, third line of therapy, TP53, EGFR



Introduction

Lung cancer is the leading cause of cancer-related morbidity and mortality, non-small-cell lung cancer (NSCLC) is the most prevalent subtype with a poor prognosis owing to the presence of locally advanced or wide metastasis in the majority of patients at the time of diagnosis or postoperative recurrence (1). Significant progress has been made in the treatment of advanced NSCLC in the past 10 years. In patients with positive drive mutation, the drugs represented by EGFR-TKI achieved nearly 3-year overall survival (2). For patients with negative drive mutation, PD-1 mAb can significantly improve the therapeutic efficacy and prolong the overall survival (3). In the first-line treatment, it can be used alone or combined with chemotherapy, while the second-line treatment is recommended to use PD-1 mAb alone (4). When PD-1 mAb is used alone, the overall response rate and PFS are not satisfactory (5–7). Some patients even suffered from hyper-progression with single immunotherapy due to high metastatic burden (8).

Anlotinib is a multi-target drug approved for the third line treatment of advanced NSCLC, which could inhibit the vascular endothelial growth factor (VEGFR) 1-3, platelet-derived growth factor (PDGFR) α, PDGFRβ, C-proto-oncogenic receptor tyrosine kinase (C-KIT) and RET. It represses the tumor angiogenesis by down-regulating major pro-angiogenic factors, such as VEGF, PDGF-BB and fibroblast growth factor (FGF). Surprisingly, anlotinib used in the third line treatment of NSCLC gained a median PFS of 5.4 months (9). Interestingly, one study has shown that anlotinib could enhance the ratio of CD8/FoxP3+ T cell in tumor tissues thus altering the tumor microenvironment (10). Moreover, anlotinib was proved to promote the infiltration of natural killer (NK) cells, M1-like tumor-associated macrophage (TAM) and dendritic cells in lung cancer mouse model, and the combination of anlotinib with immune checkpoint inhibitor gained better therapeutic response (11). These results suggest that anlotinib is involved in the regulation of tumor immune microenvironment, and the combination therapy with PD-1 mAb may be the future exploration direction.

There have been many reports on the treatment of NSCLC with PD-1 mAb combined with anti-angiogenetic agents. In patients with disease progression after first-line treatment, Sintilimab combined with bevacizumab showed unexpected efficiency. The combination therapy achieved a median PFS of 6 months, and the patients were well tolerated (12). Besides, Sintilimab combined with anlotinib in 22 patients of NSCLC at first line treatment gained an ORR of 68.2% and DCR of 100%, 2 grade 3 treatment-related adverse events (TRAEs) occurred with no grade 4/5 observation, however, the PFS and OS was not available due to the short follow-up time (13). Taken together, Angiogenesis inhibitors combined with immune check point inhibitors in the treatment of advanced lung cancer has achieved preliminary clinical validation.

Anti-angiogenesis agents and PD-1 mAb can cooperate to alter the microenvironment of the tumor. The expression of PD-1 was up-regulated in relapsed tumor after the anti-VEGFR2 agent treatment (14). Studies have shown that PD-1 mAb and anti-VEGFR2 agent combination treatment could promote tumor vessel normalization and induce high endothelial venules (HEVs), which promoted lymphocyte infiltration and activity through the activation of lymphotoxin β receptor (LTβR) signaling (15). In addition, anti-angiogenesis therapy could restore the response of effector T lymphocytes by breaking the tumor vessel barrier, and subsequent anti-PD-1 treatment further improved the activity of T lymphocytes, thereby synergistically leading to tumor shrinkage (16).

In this real-world evidence-based retrospective clinical study, we analyzed the efficacy and safety of anlotinib combined with PD-1 mAb for the third-line or further-line treatment of NSCLC patients. The results show that it has a good clinical application prospect and is worthy of further study.



Methods


Data Source

We reviewed the records of a prospectively collected database of 22 patients with NSCLC who received anlotinib combined with PD-1 mAb, including sintilimab, nivolumab, pembrolizumab, toripalimab, and camrelizumab for the third-line or further treatment over the period of 1 year from July 2018 to October 2019 at Sir Run Run Shaw Hospital, College of Medicine, Zhejiang University, Hangzhou, China.

We retrospectively analyzed the baseline characteristics, PD-L1 expression, epithelial growth factor (EGFR) mutation status and prior and later treatment lines. All data were obtained by follow-up visits, telephone, electronic medical records, and letters. This study was approved by the Ethics Committee of Sir Run Run Shaw Hospital.



Patient Selection

The target samples included patients who received anlotinib and PD-1 mAb at Sir Run Run Shaw Hospital from July 2018 to October 2019. A definite histological or cytological diagnosis was required for the patients with NSCLC. The expected survival time was more than 3 months, and normal hematopoietic, hepatic, and renal function were prerequisite for enrollment. Exclusion criteria included patients with a history of autoimmune diseases or patients treated with steroids at a dose equivalent to or more than 10 mg prednisone daily or other immunosuppressive drugs. Patients with central squamous cell carcinoma were also excluded. The selection flow chart was shown in the Figure 1.




Figure 1 | The patients selection flow chart.





Study Variables

The clinical response to anti-PD-1 mAb combined with anlotinib treatment was evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1. Every 2 or 3 cycles after the combined therapy was established, and short-term efficacy was evaluated. The percentage of patients having achieved a complete response (CR: the disappearance of all target lesions) plus partial response (PR: at least a 30% reduction in the sum of the diameters of the target lesions) recorded in the medical system were defined as the objective response rate (ORR). At least a 20% increase in the sum of the diameters of the target lesions were evaluated as PD, the lesions cannot be classified as PR or PD was evaluated as SD (stable disease). The percentage of patients with CR, PR or SD was defined as the disease control rate (DCR). PFS was calculated as the time from the initiation of treatment with anti-PD-1 mAb combined with anlotinib therapy to progressive disease (PD) or death. OS referred to the time from the start of combination treatment to death from any cause.



Statistical Analysis

Descriptive statistics (percentages, means, medians) were used to describe baseline characteristics and clinical features of the sample of patients with NSCLC. ORR, PFS and OS were calculated to analyze the efficacy and clinical features of the patients treated with combination therapy. Statistical analyses were performed using SPSS statistical software (version 20.0; SPSS, IBM Corporation).




Results

From July 2018 to October 2019, 22 patients with NSCLC were enrolled in this real-world study. Baseline demographics and clinical characteristics were exhibited in Table 1. In the final eligible sample, the median age of the patients was 65 years. Of 22, 10 (45.4%) patients were current or former smokers; 11 (50%), never smokers; and 1 (4.6%), unknown smoking status. Notably, 2 (9.1%) patients were with ECOG status of 0, and 20 (90.9%) patients had ECOG status of 1 at the time of diagnosis. 10 (45.4%) patients were current or former smokers, and 11 (50%) patients were never smoker. The smoking status was unknown in 1 (4.6%) patient. Patients with non-squamous histology predominated: 15 (68.2%) had adenocarcinoma, seven (31.8%) had squamous cell carcinoma. Fourteen (63.6%) patients had metastasis organ number more than 3 and eight (36.4%) patients had metastasis organ number below 3. As for the PD-1 mAb treatment, a numbers of patients received nivolumab, pembrolizumab, Sintilimab, toripalimab, or camrelizumab treatment were 6 (27.3%), 2 (9.1%), 5 (22.7%), 5 (22.7%) and 4 (18.2%), respectively. In addition, two (9.1%) patients had PD-L1 tumor proportion score (TPS) above 50%; seven (31.8%), below 1%; nine (40.9%), between 1% and 49%; four (18.2%), unknown PD-L1 TPS. The efficacy of PD-1 mAb was related to the basic EGFR mutation status. In this study, 12 (54.6%) patients had negative EGFR mutation status, followed by unknown EGFR mutation status (7, 31.8%), positive EGFR mutation (3, 13.6%), EGFR exon19 mutation (2, 9.1%), and EGFR L858/T790M mutation (1, 4.5%). 7 (31.8%) patients had radiotherapy previously and 3 (13.6%) patients ever received target therapy. The patients receiving 12 mg or 10 mg anlotinib dose numbered 6 (27.3%) and 16 (72.7%), respectively. The anlotinib dose was given after fully assessment of the tolerance and other basic physical status of the patients. The detailed anlotinib dose and treatment lines were listed in the Supplementary Table 1.


Table 1 | Population characteristics.



Patients response to anlotinib combined with PD-1 mAb was displayed in the Table 2. One (4.6%) patient got CR; seven (31.8%) patients got PR; 12 (54.5%) patients remained SD; and two (9.1%) patients had disease progressed. The ORR was 36.4% and the DCR was 90.9%. The median time to response was 3.9 months, and the median duration of the response was 6.8 months. The median PFS (Figure 2A) of the combination therapy was 6.8 months (95%CI: 3.4, 9.8), and the median OS (Figure 2B) of the treatment was 17.3 months (95%CI: 16.1, 18.5). For each patient, the percent change in the sum of the longest diameter of target lesions diameter from the baseline was graphed in a waterfall plot (based on the treatment lines and patient’s response, Figures 3A, B) and spider plot (Figure 4). For patients with brain metastasis subgroup analysis, six patients had brain metastasis, the median PFS was 4.7 months (95% CI:2.3–7.1 months), 16 patients had no brain metastasis, the median PFS was 10.5 months (95%CI:6.8–14.3 months), the p value is 0.053 between two groups using the log-rank survival analysis.


Table 2 | Efficacy of Anlotinib combined with Anti-PD-1 mAbs in third-line or further treatment of NSCLC patients.






Figure 2 | Kaplan-Meier survival curve of progression-free survival (A) and overall survival (B) in 22 non-small cell lung cancer patients. PFS, progression-free survival; OS, over survival; CI, confidence interval.






Figure 3 | Maximum change in tumor size based on the treatment lines (A) and tumor response (B) in 22 non-small cell lung cancer patients. CR, complete response; PR, partial response; SD, stable disease; PD, Progressive disease; ORR, objective response rate.






Figure 4 | The percent change in the sum of the longest diameter of target lesions diameter from the baseline in 22 non-small cell lung cancer patients.



The adverse events during the combination treatment were listed in the Table 3. The most common grade 1-2 TRAEs were fatigue 10/22 (45.5%), decreased appetite 9/22 (40.9%), and hypertension 10/22 (45.5%). The less common mild adverse events were nausea 3/22 (13.6%), cough 2/22 (9.1%) and hepatic function abnormal 3/22 (13.6%). The grades 3–4 adverse events were rash 2/22 (9.1%), hypertension 2/22 (9.1%), diarrhea 1/22 (4.6%), mouth ulceration 2/22 (9.1%), and pneumonitis 2/22 (4.6%).


Table 3 | Treatment-related adverse events.





Discussion

From the retrospective summary of the anlotinib combined with the PD-1 mAb treatment, the efficacy was promising and unexpected. The third-line treatment of sole anlotinib in NSCLC gained a median PFS of 5.4 months and the median OS of 9.6 months (9), whereas combination treatment exhibited a median PFS of 6.8 months, median OS of 17.3 months and the ORR of 36.4%, providing an extra 1.4 months PFS and 7.7 months OS benefit compared with anlotinib alone. In comparison with sole PD-1 mAb treatment, the combination treatment also provided survival benefit. The median OS of nivolumab ranged from 9.2 months to 12.2 months in CheckMate 017 and CheckMate 057 clinical trials; 12.7 months of pembrolizumab in Keynote 010 clinical trial; for atezolizumab, the median OS ranged from 12.6 months to 13.8 months in OAK (third line therapy) and POPLAR clinical trial (6, 17). Therefore, the combination treatment gained an encouraging OS. This favorable OS was achieved for several reasons. The different treatment lines between Checkmate017, Checkmate057 (second-line) and our cohort (third line) were part of the reason for the prolonged OS, meanwhile, in standard third line treatment, anlotinib alone gained a favorable survival time, PD-1 mAb also prolonged the survival time compared with chemotherapy. Besides, the adverse events were tolerable for patients with combination treatment, few patients withdrew the clinical trial due to the TRAEs. With no doubt, the combination of PD-1 mAb and anlotinib can gained a longer survival benefit via a synergistic way. The mechanism may be that anlotinib altered the tumor immune microenvironment and PD-1 mAb improved the vessel normalization, which leads to the mutual sensitization between these two drugs (15). For instance, anlotinib treatment increased the INF-γexpression in CD4+ T cells and upregulated the tumor-infiltrating NK cells (11). Besides, anlotinib can inhibit PD-L1 expression on vascular endothelial cells so as to break through “immune tolerance barrier”, it also promotes CD8+ T cell infiltration and improves the balance of CD8/Foxp3 (10). Many pro-angiogenic factors are derived from immune cells, such as M2-like TAMs, immature dendritic cells, myeloid-derived suppressor cells (MDSCs), Trges and so on. These cells play various roles in the regulation of tumor angiogenesis (18). PD-1 mAb can suppress the activity of the immunosuppressive cells, indirectly down-regulate the angiogenic factors, and alleviate the abnormalities of tumor vessel (19, 20). In line with this, a number of experimental studies have confirmed that anti-angiogenesis agents combined with PD-1 mAb can reduce the tumor volume of tumor bearing mice (21, 22).

The median time to response (TTR) and the duration of response (DOR) of pembrolizumab in KEYNOTE 001 was 2.1 months and 18 months, respectively, and 101/495 (20.4%) patients in this clinical trial were treatment naïve (23). In camrelizumab (PD-1 mAb) combined with apatinib treatment, the TTR was 3.7 months and DOR was 5.3 months (24). While in our study, the TTR was 3.9 months, which is longer than the results of both above studies, probably because that most patients in this study were third line or above line and 63.6% (14/22) patients were with three or more organ metastases. Although the TTR was longer in our study, however, the DOR of our study is 6.8 months, which was lengthened than the camrelizumab combined with apatinib treatment. The results indicated that anlotinib combined with PD-1 mAb could also achieve long-term benefits.

It is worth noting that one patient achieved a CR response and had PFS for more than 20 months. The patient had complex mixed mutations, including K-RAS exon 2 missense mutation, TP53 exon 9 frameshift mutation, TAPBPL (TAP binding protein like) exon 2 missense mutation and SMARCA4 (SEI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 4) exon 20 missense mutation. Consistent with our findings, In Keynote 001, the median PFS of patients with K-RAS mutation and TP53 mutation treated with pembrolizumab was 14.7 months, much higher than that of 3.5 months in the wild-type group of K-RAS (25). Interestingly, it has been reported that a squamous-cell NSCLC patient with TP53 and KRAS co-mutation was treated with pembrolizumab combined with gemcitabine. The therapeutic effect reached PR and PFS was more than 7 months (26). The K-RAS mutation status may be an indicator of good response to the PD-1 mAb, the TP53 mutation patients also showed good response to anlotinib (27). So clinical trial like combination of anlotinib and PD-1 mAb may be promising in patients with K-RAS mutation and TP53 mutation co-existed. In addition, recently, it is generally believed that PD-L1 high expression is correlated with good prognosis in patients treated with PD-1 mAb (28, 29). In keynote 024, the patients whose PD-L1 TPS score >50% treated with pembrolizumab gained a median OS of 30 months (30), and in keynote-042 (TPS>50% Subgroup),the median OS is 20 months (31). It is impressive that in keynote 024, three patients treated with single pembrolizumab achieved CR (30, 32). In our study the CR patient also had a PD-L1 TPS above 50%. Therefore, among the three factors of K-RAS mutation, TP53 mutation and high score of PD-L1 TPS, which was the real prognostic factor is still uncertain. More clinical trials or experience should be focused on the factors.

For patients with brain metastasis, the prognosis was worse than the patients without brain metastasis, but the only 22 patients was included in our cohort, it may not be convincing enough until more prospective studies were conducted.

The adverse events of the combination treatment were tolerable in our patients, so the combination was safe and could be popularized in the future. The most common grade 1-2 adverse events were hypertension and fatigue (33), which were in line with the ALTER-0303 clinical trial. However, the thyroid stimulating hormone (TSH) elevation and hypertriglyceridemia were less common in our center, which might due to a limited number of cases. The common adverse events of PD-1 mAb were diarrhea, rash, decreased appetite, nausea, anemia and neutropenia (34). The organ specific immune-related adverse events were hypothyroidism, pneumonitis, colitis, hepatitis and hypophysitis (35). In our study, four (18.2%) patients had mild hypothyroidism, and four (18.2%) patients had grades 1–2 pneumonitis. These adverse events were consistent with the previous clinical trial. However, it should be noted that the median time to follow up was 384 days (95%CI: 298 days, 469 days), some immune related adverse event can occur later, for example, the hepatitis can occur after 34 weeks exposed to nivolumab treatment (36). The median time to onset of late-immune-related adverse events was 16.6 months in a multi-center study (37). So the immune-related adverse events need to follow up later.

Our study has obvious limitations because only 22 patients were included, resulting in the inability to carry out univariate or multivariate analysis. The anlotinib dose, different pathology types, number of metastasis organs, treatment lines and other factors may affect the efficacy of combination treatment. More clinical trials or clinical experience are needed to identify the beneficial patient group. In addition, retrospective study may lose some detailed information of the patients, like the gene mutation and PD-L1 of some patients were unknown; besides, multi PD-1 mAb were used in our center, which might produce diverse efficacy. In this study, three patients with EGFR mutation had a history of target therapy, the PFS of three patients were very different (3, 5, and 10.5 months, respectively). So we cannot come to a conclusion right now, this requires more data based on these subtype of patients. To sum up, our retrospective analysis shows that the efficacy and safety of the combination therapy of anlotinib and PD-1 mAb are encouraging and worthy of further clinical trials.
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Background

Pre-clinical and clinical evidences support that simultaneous blockade of programmed death-1 (PD-1) and vascular endothelial growth factor receptor (VEGFR) can enhance antigen-specific T-cell migration, and show tolerable toxicity with favorable antitumor activity in patients. In this study, we aimed to assess the safety and efficacy of anlotinib, a novel multitarget tyrosine kinase inhibitor for VEGFR, platelet-derived growth receptor (PDGFR), and the stem cell-factor receptor (c-Kit), combined with anti-PD-1 treatment in patients with advanced NSCLC.



Methods

Sixty-seven patients with previously treated advanced NSCLC receiving anti-PD-1 agents concomitant with anlotinib were retrospectively enrolled in an IRB approved study. Anti-PD-1 agents including pembrolizumab, nivolumab, camrelizumab, toripalimab, sintilimab, and tislelizumab were administered every two or three weeks until disease progression or unacceptable toxicity was reached. Anlotinib was administered orally once daily on days 1–14 of a 21-day cycle. The safety and tolerability of the combination treatment were assessed by the incidence of adverse events. The efficacy of the treatment was assessed by the tumor response and survival.



Results

With a median follow-up period of 8.7 months, treatment-related adverse events occurred in 85% (57/67) of patients and grade 3–4 adverse events were observed in 27 patients (40%). No unexpected adverse events or significantly increased toxicities were observed. Complete response was not observed, 19 patients had partial response (28.4%), 39 had stable disease (58.2%) and 9 had progressive disease (13.4%). The overall response (ORR) and disease control rates (DCR) were 28.4% and 86.6%, respectively. The median progression-free survival (PFS) was 6.9 months (95% CI, 5.5-8.3 months) and overall survival (OS) was 14.5 months (95% CI, 10.9-18.1 months). The benefit of anti-PD-1 plus anlotinib was also observed in patients with EGFR mutation positive, liver metastases and brain metastases.



Conclusion

Anti-PD-1 treatment concomitant with anlotinib has tolerable toxicity and favorable antitumor activity in patients with previously treated advanced NSCLC. Our results add to the growing evidence that supports the benefits of combining immunotherapy with antiangiogenic drugs. This combination could be further evaluated with or without chemotherapy, since no additional toxicity was observed in the combination treatment.
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Introduction

Tumors can evade immune-mediated killing through the interaction between PD-L1 mainly expressed by themselves and PD-1, the inhibitory receptor primarily located on tumor infiltrating T cells, which leads to T cell exhaustion. Immune checkpoint inhibitors (ICIs) targeting the PD-L1–PD-1 axis have shown superior survival outcomes compared with cytotoxic chemotherapies in patients with advanced non–small cell lung cancer (NSCLC) (1–3). Several ICIs targeting PD-1 have been approved by the U.S. Food and Drug Administration (FDA) for the clinical treatment of advanced NSCLC, including durvalumab as consolidation treatment in stage III NSCLC patients (4), pembrolizumab(PD-L1≥1) as a single agent or combined with chemotherapy for first-line treatment of patients with metastatic NSCLC (5, 6), nivolumab, pembrolizumab or atezolizumab as second-line treatment in advanced NSCLC (1, 7, 8). Despite anti-PD-1 or anti-PD-L1 clinical trials producing unprecedented positive clinical outcomes, responses are achieved only in about 20% of unselected patients (8, 9), highlighting the need to identify novel combination treatments that broaden the benefit of anti-PD-1/PD-L1 therapies.

Abnormal tumor vasculature might be one of the mechanisms of resistance to immunotherapy. It can exert immunosuppressive effects including the inhibition the maturation of dendritic cells (DCs), the prevention of T cells infiltration into tumors, and the induction of regulating cells (Tregs) and Myeloid-Derived Suppressor Cells (MDSCs) (10, 11). Substantial data has accumulated showing that antiangiogenic therapies targeting the vascular endothelial growth factor (VEGF) or VEGF receptor-2 (VEGFR-2) can modulate the tumor immunosuppressive microenvironment and might help to reverse resistance to immunotherapy (12–14). A translational study, in Colon-26 adenocarcinoma model, shows that simultaneous blockade of PD-1 and VEGFR enhance ICI-induced effects such as reinforcement of antigen presentation and increase of T cells infiltration (15). In a phase Ia/b trial that assessed the preliminary antitumor activity of ramucirumab (anti-VEGFR2 antibody) combined with pembrolizumab in NSCLC patients, 30% of the patients achieved an objective response, with a median PFS of 9.7 months and a median OS of 26.2 months (16). In a phase III study, a benefit was seen in patients with chemotherapy-naive NSCLC when treated with atezolizumab plus bevacizumab with chemotherapy versus bevacizumab with chemotherapy (OS: HR, 0.78 [95% CI 0.62–0.96]; ORR, 64% vs. 48%, respectively) (17), suggesting the clinical benefit of combining anti-angiogenetics with checkpoint blockades.

Anlotinib (AL3818) hydrochloride is a novel small-molecule inhibitor targeting multiple receptor tyrosine kinases involved in tumor angiogenesis, proliferative signaling and tumor microenvironment (18, 19). Anlotinib mainly inhibits VEGF/VEGFR signaling by selectively targeting VEGFR-2,-3 and the fibroblast growth factor receptors (FGFR-1,-2,-3,-4), and also suppresses the activity of the platelet-derived growth factor receptors α/β (PDGFRα/β), c-FMS c-Kit, Aurora-B, and discoidin domain receptor 1 (DDR1) (20). In phase 3 of the ALTER randomized clinical trial, anlotinib has shown antitumor activity as ≥ 3 lines of treatment in patients with advanced NSCLC, with a prolonged median overall survival (OS) versus placebo (9.6 months for anlotinib vs 6.3 months for placebo; P =0.002) (21). Anlotinib also shows encouraging efficacy and a manageable toxicity in a broad range of malignancies, including soft tissue sarcoma (Clinical Trials.gov: NCT01878448), medullary thyroid cancer (Clinical Trials.gov: NCT01874873), and renal cell cancer (Clinical Trials.gov: NCT02072044). According to the results, anlotinib received its first approval as a third-line treatment for advanced NSCLC and its second approval as a second-line treatment for advanced soft-tissue sarcoma in the People’s Republic of China. At present, although preclinical trials have shown that the combined antiangiogenic and anti-PD-1 therapy has a positive application prospect, the safety and efficacy of anlotinib combined with anti-PD-1 are still unknown.

This study is intended to evaluate the antitumor activity and safety of anti-PD-1 plus anlotinib in advanced NSCLC. We also explored the clinical efficacy of the combination treatments in key subgroups of patients, including patients with EGFR mutations and patients with baseline liver metastases.



Methods


Patient Selection and Procedures

We retrospectively enrolled patients with histologically confirmed advanced NSCLC who experienced disease progression after ≥1 systemic treatment. An Eastern Cooperative Oncology Group (ECOG) performance status of 0–2 and measurable disease based on Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 were also required.

Patients received one of the following anti-PD-1 agents until disease progression, clinical deterioration, or unacceptable toxicity: sintilimab (Innovent Biologics, China), toripalimab (Shangha Merck & Co.), camrelizumab (Jiangsu Hengrui Medicine, China), nivolumab (Bristol-Myers Squibb, USA), pembrolizumab (Merck & Co., USA), or tislelizumab (BeiGene, China). Anlotinib (Chia Tai Tianqing Pharmaceutical, China) was administered orally, once daily (8 mg, 10 mg or 12 mg) on days 1–14 of a 21-day cycle.

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. The study was conducted in accordance with the Declaration of Helsinki (as revised in 2013). The study was approved by the Research Ethics Board of Shandong Cancer Hospital, and individual consent for this retrospective analysis was waived.



Outcomes

Safety and tolerability was evaluated throughout the study using the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0. Measurable disease was assessed and documented before initiating treatment and at least one imaging follow-up had been scheduled for each patient. Radiological assessments of target and non-target lesions were performed every six weeks during the treatment phase until confirmation of disease progression was made. Tumor response was evaluated using RECIST 1.1. Objective tumor responses included complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). Progression-free survival (PFS) denoted the time between the first anti-PD-1 dosing day and the documented progression or mortality from any cause. Overall survival (OS) denoted the time between the first anti-PD-1 dosing day and mortality or the last follow-up.



Statistical Analyses

Survival analyses were performed using the Kaplan-Meier method and the comparison of survival times was performed using the log-rank test. Univariate and multivariate analyses were conducted using the Cox proportional hazards model to analyze factors associated with treatment response and survival. Covariates with p values <0.1 on univariate analyses were incorporated in the multivariate model, which was constructed using the enter method. All other statistical analyses were performed using SPSS 24.0 (IBM, Armonk, NY, USA), and a p-value of <0.05 was considered statistically significant.




Results


Patients and Treatment

A total of 67 consecutive patients were enrolled between August, 2018 and September, 2020. Baseline demographic and clinical characteristics are listed in Table 1. The median age was 60 years (range: 33 to 77 years), and 47 of the patients (70%) were males. More than three quarters of the patients (56 patients, 84%) were diagnosed as having stage IV and more than half of the patients (38 patients, 57%) had >3 metastatic sites. 41 patients (61%) were diagnosed with adenocarcinoma. Among the 39 patients whose dates of EGFR testing were available, nine (23%) patients were positive for EGFR mutation. Unfortunately, the PD-L1 status was only assessed in nine patients, since the biopsy samples were not sufficient in most patients. Presence of liver metastases at baseline was reported in 18 (27%) patients and 16 (24%) patients had brain metastases. Of the 67 patients, 21 (31%) received previous first-line systemic therapy, whereas 46 (69%) received previous second- or further-line systemic therapy. Sintilimab (28 patients), toripalimab (13 patients), and camrelizumab (12 patients) were the three main anti-PD-1 drugs, accounting for 79% of the total population.


Table 1 | Baseline Characteristics of Study Population.





Safety

The overall incidence of adverse events was 85% (57 of 56), and most of these observed adverse events were grade 1–2 (Table 2). Grade 3–4 treatment-related adverse events occurred in 27 patients (40%). No fatal adverse events were observed. 8 patients (12%) underwent anlotinib dose modification due to adverse events. These grade 3–4 adverse events were hypertension (12 patients, 18%), transaminitis (6 patients, 9%), diarrhea (4 patients, 6%), hypothyroidism (4 patient, 6%), hand-foot syndrome (3 patients, 4%), mouth ulceration (3 patients, 4%), headache/dizziness (1 patients, 1%), rash (1 patients, 1%), neutropenia (1 patients, 1%), and thrombocytopenia (1 patients, 1%). The combination of anti-PD-1 and anlotinib was safe, with no new toxicity signals compared with monotherapy (Table 2).


Table 2 | Treatment-Related Adverse Events with at Least 10% Incidence in Study Population.





Efficacy

The median follow-up period was 8.7 months (range: 1.5 to 23.6 months). As shown in the waterfall plot (Figure 1), 19 patients obtained PR, 39 patients exhibited SD, 9 patients developed PD, and none of the patients achieved CR, yielding an overall response rate (ORR) of 28.4% and disease control rate (DCR) of 86.6%. The maximum percent change in target lesion size from the baseline was -70% (Figure 1). The median PFS was 6.9 months (95% CI 5.5–8.3 months), and median OS was 14.5 months (95% CI, 10.9–18.1 months) (Figures 2A, B). In the full analysis set, death occurred in 21 (31%) patients by the cutoff date; 46 (69%) patients were alive and 26 (39%) patients were being treated at the time of analysis.




Figure 1 | Waterfall plot illustrating maximum change in target lesion size (N = 56).






Figure 2 | Survival outcomes. (A) Progression-free survival. (B) Overall survival. Mo, months; CI, confidence interval.



Based on the key subgroup analyses of patients with EGFR mutations, baseline liver metastases or brain metastases, the median PFS was 7.2 months, 6.9 months, and 5.8 months respectively; the median OS was 9.6 months, 11.9 months, and 8.3 months respectively (Figure 3).




Figure 3 | Survival outcomes for key subgroups (EGFR positive, liver metastases, brain metastases).



We also performed exploratory analyses to determine whether any clinical or pathologic features were associated with PFS and OS. In univariate cox analysis, histology and metastatic sites were associated with PFS (p=0.049, p=0.018 respectively) (Table 3); Metastatic sites (p=0.006) and metastases brain (p=0.024) were significantly associated with OS (Table 4). The number of previous systemic therapies, anlotinib dose, ECOG performance status, and TN stage and liver metastases status were not found to be associated with any predictive effects. In multivariate analysis, only the number of metastatic sites was found to independently predict PFS and OS (Tables 3, 4). Patients with < 3 metastatic sites showed better survival to the combination treatment (PFS: HR, 2.267; 95% CI, 1.084–4.742; p=0.030; OS: HR, 3.474; 95% CI, 1.193–10.113; p=0.022).


Table 3 | Univariate and Multivariate Cox Regression Analysis of Factors Associated with PFS.




Table 4 | Univariate and Multivariate Cox Regression Analysis of Factors Associated with OS.






Discussion

In the present study, anti-PD-1 treatment concomitant with anlotinib has tolerable toxicity and favorable antitumor activity in patients with previously treated advanced NSCLC. As a potential effective treatment regimen, some clinical trials are underway to assess the efficacy of the combination of checkpoint inhibitors with anti-angiogenetics. Our results provided more evidence for the following clinical trials.

Immune checkpoint inhibitors as second or third-line monotherapy has shown limited therapeutic benefit in patients with NSCLC. In the CheckMate 057 (22) and KEYNOTE-001 (8) studies, the ORRs of anti-PD-1 monotherapy were 19% (median PFS of 2.3 months) and 19.4% (median PFS of 3.7 months), respectively. Our results demonstrated the efficacy of anti-PD-1 plus anlotinib, as shown by the ORR of 28.4% and DCR of 86.6%, with a median PFS of 6.9 months (95% CI, 5.5-8.3 months), which was superior to that of anti-PD-1 monotherapy in the second-line setting. The most common toxic effects for the anti-PD-1 plus anlotinib combination therapy were of grade one or two severity, with few patients discontinuing treatment due to adverse events. Although the proportion of patients having grade 3–4 adverse events was higher than that previously reported for anti-PD-1 monotherapy (40% vs 7-10%) (7, 8, 22), most of these events did not affect treatment or could be resolved.

The use of immune checkpoint inhibitors (anti-PD-1 or anti-PD-L1) as monotherapy has shown poor outcome in patients with EGFR mutations (3, 23). Data from IMpower150 showed that the combination of atezolizumab, bevacizumab, carboplatin, and paclitaxel provided OS and PFS benefits to patients with sensitizing EGFR mutations compared to patients who received the standard-of-care bevacizumab, carboplatin, and paclitaxel regimen (24). In our study, the EGFR-positive group had a mPFS of 7.2 months and a mOS of 9.6 months. Immune checkpoint inhibitor monotherapy has also shown minimal therapeutic benefit in patients with liver metastases—a common metastatic site for NSCLC and a negative prognostic indicator (25–27). According to our results, the patients with liver metastasis had a mPFS of 6.9 months and a mOS of 11.9 months. In addition, there is a paucity of data on anti-PD-1 plus antiangiogenesis therapy among patients with brain metastases. Our results indicated that median PFS was 5.8 months, and median OS was 8.3 months in patients with brain metastases. Whether the clinical benefit can extend across these subgroups with EGFR genetic alterations, baseline liver metastases or brain metastases should be further studied in future randomized trials.

The limitation of immunotherapy in solid tumors is the activation of multiple immunosuppressive components in the tumor microenvironment (28). A low level expression of the PD-L1 in tumors alone cannot explain the lack of responsiveness in the majority of patients, nor can a low number of tumor mutational burden (TMB). The VEGF-VEGFR signaling can contribute to local and systemic immunosuppression through a variety of mechanisms. The excessive activation of VEGF-VEGFR pathways can directly inhibit the trafficking of immune cells to the tumor by inhibiting upregulation of the expression of intercellular adhesion molecule-1(ICAM-1) and vascular cell adhesion molecule-1(VCAM-1) (11, 29). In addition, VEGF also reprogrammed the immunosuppressive microenvironment through various mechanisms, such as boosting immunosuppressive cytokines (IL-10, TGF β), enhancing expression of inhibitory checkpoints (such as PD1, CTLA4, and LAG-3) in CD8+ T cells, and increasing the presence of MDSCs and Treg (30, 31). Thus, antiangiogenics that normalize the tumor microenvironment could potentially improve immunotherapy effectiveness. This was confirmed in a pre-clinical study, which suggested that the application of anti-VEGF-A antibody (sunitinib) in CT26 tumor-bearing mice increases the infiltration of cytotoxic tumor-infiltrating lymphocytes (TIL) and decreases PD-1 expression in CD8+T cells (32). Moreover, another research provided evidence that anti-PD-L1 therapy, in reverse, can make tumors sensitive to antiangiogenic therapy and improve its efficacy (33).

Our study has some limitations. The retrospective nature and relatively small sample size were two major limitations, which mean selection bias could not be ruled out. Given that this study was a single-arm study, we could not formally establish the role of the combination therapy over anti-PD-1 monotherapy. Additionally, we enrolled a heterogeneous patient population treated using a variety of anti-PD-1 drugs and did not have a study design with sufficient power for subgroup analyses with respect to PD-L1 status. Date on survival in specific subgroup (EGFR, liver metastasis, brain metastasis) was only descriptive due to the small sample size. However, our study’s findings may still be deemed as meaningful due to the limited number of similar prospective clinical studies in the literature.

Although the combination of antiangiogenic therapy and immunotherapy has been proved to be a very promising treatment in many solid tumors, some issues must be addressed prior to clinical practice application. It is important to identify the optimal dosing and timing to make the combination therapy more effective. Moreover, the exploration of predictive biomarkers is helpful in screening which cancer types and stages would benefit more from this treatment.



Conclusion

Our findings show that the combination of anlotinib and anti-PD-1 drugs has promising efficacy and manageable toxic effects as a second- or further-line treatment for patients with previously treated advanced NSCLC. The results further demonstrate the clinical applicability of dual inhibition of the VEGF-VEGFR2 and PD-1-/PD-L1 pathways. Given these findings, prospective investigation is warranted to explored with or without chemotherapy, particularly for patients with tumors for which immune checkpoint inhibitor monotherapy was not superior to chemotherapy.
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Background

Peripheral blood biomarkers to immunotherapy have attracted more and more attentions owing to noninvasive nature. This study was designed to identify a panel of tumor associated autoantibodies (TAAbs) in plasma to predict the clinical outcome of ICIs-based treatment in advanced NSCLC patients and correlation between TAAbs and checkpoint inhibitor pneumonitis (CIP) would also be investigated.



Materials and Methods

Baseline plasma was collected from patients with advanced NSCLC before receiving ICIs-based treatment. ELISA was used to detect concentration of autoantibodies. Clinical efficacy was evaluated according to RECIST v1.1.



Results

We have identified a panel of five-TAAbs to predict responses of ICIs-based treatment in a discovery cohort (n = 37), and confirmed its predictive value in a validation cohort (n = 129). In the validation cohort, the positivity of this 5-TAAbs panel was significantly associated with better response (ORR: 44.4% vs. 13.6%, P < 0.001) and longer PFS (7.6 vs. 3.3m, P < 0.001). This significant association was remained in subgroup of patients treated with combination therapy (ORR: 43.8% vs. 13.7%, P = 0.004,PFS: 6.7 vs. 3.7m, P = 0 .017). Furthermore, this 5-TAAs panel worked better in patients who received subsequent-line treatment (ORR: 42.4% vs. 7.7%, P = 0.001, PFS: 6.2 vs. 3.0m, P = 0.004) than those received first-line treatment (ORR: 46.7% vs. 35.7%, P = 0.345, PFS: NR vs. 10.48m, P = 0.146). In addition, the CIP incidence in patients with 5-TAAbs positive was significantly higher comparing to negative patients (20.4% vs. 5.9%, P = 0.015).



Conclusion

Our 5-TAAbs panel is a potential predictive biomarker for responses and toxicities to ICIs-based treatment in patients with advanced NSCLC.





Keywords: biomarker, autoantibody, tumor-associated antigen, immune checkpoint inhibitor, lung cancer



Introduction

Immune checkpoint inhibitors (ICIs), targeting programmed cell death-1 (PD-1) and its ligand PD-L1, have significantly prolonged overall survival (OS) of patients with advanced non-small cell lung cancer (NSCLC) (1, 2). However, only around 20% of patients responded to ICIs monotherapy. Combining checkpoint inhibitors with other therapeutics like chemotherapy or anti-angiogenesis therapy has improved objective response rate (ORR) to 47.6%~63.5% (3–6). Therefore, exploring efficacy biomarkers for ICIs-based therapy has been being an essential hotspot in current clinical practice. PD-L1 has been recognized as the current standard biomarker for immunotherapy. However, even in a highly selected population (PD-L1 tumor proportion score≥50%), ORR was only 44.8% for monotherapy, while around 60% for combination therapy in the first-line setting (3, 4, 7). Besides, differences in testing platforms, the various cut-off values for different immunotherapy agents, and the heterogenous nature of PD-L1 expression within tumors have all been points of criticism. Tumor mutational burden (TMB) has been highlighted as another important biomarker irrelative to PD-L1. But it remains great controversial as the OS data from CheckMate 227 revealed a statistically nonsignificant benefit of ipilimumab with nivolumab in patients with high TMB (7). Peripheral blood biomarkers have attracted more and more attentions owing to the relative ease and less invasive nature. Studies suggested that the neutrophil-to-lymphocyte ratio, number of HLA-DR monocytes, activity or number of NK cells, lactate dehydrogenase, and so forth in blood were related to clinical outcome of ICIs-based therapy (8–11). However, the predictive value of these biomarkers needs to be further verified and many other parameters in peripheral blood remain to be clarified to better understand antitumor immune response.

Autoantibodies are produced by activated B cells in response to autologous antigens which are generated by altered protein expression and defect in immune tolerance or inflammation. Autoantibodies have been considered as attractive blood biomarkers for predicting efficacy and toxicity of cancer immunotherapy since they play an important role in the maintenance of host homeostasis. Gowen et al. provided the first evidence that pre-treatment serum antibody profiles were associated with severe immune-related adverse events (irAEs) for anti-CTLA-4 or anti-PD-1 treatment in melanoma (12). de Moel et al. found that autoantibodies developed in 19.2% of patients who were autoantibody-negative pretreatment and autoantibody development following ipilimumab treatment predisposed patients to irAEs under subsequent anti–PD-1 therapy, but patients who developed autoantibodies showed a trend for better survival (Hazard ratio (HR) for all-cause death: 0.66; 95% CI, 0.34–1.26) and therapy response (odds ratio, 2.64; 95% CI, 0.85–8.16) (13). Toi et al. reported that the presence of preexisting antibodies was associated with clinical benefit and development of irAEs in patients with NSCLC treated with nivolumab or pembrolizumab monotherapy (14). Notably, all the above studies have focused on the autoantibodies against to self-antigen like anti-thyroid antibody, antinuclear antibodies, rheumatoid factor, etc. Autoantibody production could also be triggered by tumor associated antigens (TAAs) in cancer patients, which are referred as tumor associated autoantibodies (TAAbs) in the present study. The production of TAAbs is believed to reflect greater immunologic reactivity in cancer patients and enhanced immune surveillance for cancer cells. Two recent studies reported that preexisting TAAbs such as antibody against to NY-ESO-1, XAGE1, and SIX2 correlated with clinical responses to anti-PD-1 monotherapy in NSCLC (15, 16). However, the clinical utility of TAAbs for monitoring efficacy and toxicity to ICIs-based treatment especially combination therapy in lung cancer is less conclusive. In the present study, we aimed to identify a panel of TAAbs to predict the clinical outcome of ICIs-based treatment in advanced NSCLC patients and correlation between TAAbs and irAE occurrence would also be investigated.



Materials and Methods


Patients

Patients who have advanced NSCLC with metastatic/recurrent or unresectable stages were enrolled into this study from three medical centers (Shanghai Pulmonary Hospital, Xinqiao Hospital, and Tongji Hospital of Tongji Medical College) between May 2018 and November 2019. Inclusion criteria are as follows: 1) confirmed NSCLC by pathology; 2) staged IIIB/IV according to the eighth edition of the TNM classification for lung cancer; 3) ECOG performance status 0–2. 3) measurable lesions according to Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST v1.1); and 4) received PD-1 inhibitor-based treatment. Exclusion criteria included: 1) autoimmune diseases; 2) received other immunotherapy including but not limiting vaccines and adoptive cellular immunotherapy; 3) active multiple primary malignancies; and 4) receiving intensive immunosuppressive agents.



Specimen Characteristics

We collected 10 ml peripheral blood of each patient before initiation of ICIs-based treatment within a week, and then centrifuged it to obtain plasma. Plasma was stored at −80 centigrade degree before detection.



Assay Methods

We used enzyme-linked immunosorbent assay (ELISA) to determine the reactivity of TAAbs. Briefly, TAAs were expressed in E. coli and purified via multiple steps including affinity chromatography and size exclusion chromatography. The immuno maxisorp 96-well plate (Thermo scientific, #456537) was pre-immobilized with 50 ul of 10 ug/ml of bovine serum albumin (BSA)-biotin (Thermo scientific, #29130). Each TAA protein used in this study contain both streptavidin and Myc tag for purification and quantification purpose. Then, 50 ul of each antigen at a concentration of 150nM was added into microwells and incubated for 1.5 h before assaying for autoantibody level in serum or plasma. A negative control antigen that contained both streptavidin and Myc tag was immobilized in a separate microwell as the background signal. Plasma samples were diluted with phosphate-buffered saline [1:109] and added to the microwells (50 ml/well) for binding of the TAAbs to their respective TAAs. After washing off the extra proteins with washing buffer, horseradish peroxidase -conjugated anti-human IgG was added to each well to bind TAAbs. ELISA substrate 3,3’,5,5’- tetramethylbenzidine was added for color development followed by the addition of stopping solution (1N HCl), and the absorbance was read at optical density (OD) 450 nm on a spectrometer. All incubations were carried out with shaking at room temperature and plates were washed three times with PBS containing Tween 20 (0.1% v/v; Sigma, Poole, UK) between each step. The autoantibody levels by OD measurements were compared to the cutoff OD value determined using healthy control subjects. The cutoff OD value for positive result was calculated as the average plus two times of standard deviation of OD values in healthy control subjects (data did not show). The reliability of this method was confirmed in our previous study (17). A minimal of 95% of specificity in control subjects was observed for five antigens in this study.



Study Design

This study was retrospectively designed and performed to identify a panel of TAAbs to predict clinical responses and patient survival with ICIs-based treatment, according to the Reporting Recommendations for Tumor Marker Prognostic Studies’ criteria as listed in the guideline.

ICIs-based treatment with monotherapy or combination therapy was administered according to the decision of physicians. When ORR was 30% overall and at least 60% in the TAAbs-positive patients (10, 11), and when the TAAbs-positive proportion was 50% which was indicated in the discovery cohort, the required sample size was 24 in the independent validation set. It was calculated in a priori power analysis for Fisher’s exact test with the power level of 0.8 and the significance level of 0.05 by G*Power calculator. Recapitulatory, the whole study was divided into two independent parts, a discovery cohort including 37 patients who received ICIs-based treatment at first-line and a validation cohort including 129 patients treated with ICIs-based treatment at any-line.

The primary endpoint in this study was ORR and progression-free survival (PFS) to ICIs-based treatment, and the secondary endpoint was the incidence of irAEs. To reduce bias of retrospective data, only checkpoint inhibitor pneumonitis (CIP) was selected to be further investigated since it’s occurrence could be traced through computerized tomography images. Efficacy was evaluated according to RECIST v1.1. ORR was complete response plus partial response (PR). Disease control rate (DCR) was complete response plus partial response plus stable disease (SD). PFS was defined as the interval from the initiation of ICIs-based treatment to confirmed disease progression or death of any cause. If disease progression did not occur before the analysis’ deadline or last follow up date, the data would be censored. CIP was diagnosed by experienced oncologists and confirmed by three experienced radiologists independently. The date of CIP diagnosis and highest ICI-pneumonitis grade [according to the fourth Common Toxicity Criteria for Adverse Events (CTCAE) classification] were recorded. If CIP did not occur, the end-time would be censored at last follow up date.

The institutional review board of Shanghai pulmonary hospital approved the study and informed consent of patients were obtained.



Statistical Analysis

Statistical analyses were performed using SPSS version 22.0. Intergroup comparisons were performed using the Mann–Whitney U test for continuous variables, and Pearson’s χ2 or Fisher’s exact tests for categorical variables. PFS and OS were estimated by Kaplan–Meier method and compared by log-rank test in univariate analyses. Factors with P-value < 0.1 in univariate analysis were included to multivariate analysis by the Cox proportional hazards model, which was also used to calculate the HR and corresponding 95% CI. Two-sided P-value < 0.05 was considered significant.




Results


Characteristics of Study Population

A total of 166 patients with advanced NSCLC who received ICIs-based treatment were enrolled into this study, including a discovery cohort (n = 37) and a validation cohort (n = 129). Baseline characteristics were summarized in Table 1. The TAAbs positivity rate in two groups were 51.4% and 48.8%, respectively. In the discovery cohort, patients with squamous lung cancer were inclined to be positive for TAAbs (90% vs. 37%, P = 0.008), which was consistant to previously reported data (10, 13). In the validation cohort, patients with only intrathoracic metastases had a lower positivity rate comparing to those with extrathoracic metastases (35.6% vs. 66.1%, P = 0.001). Thirty-four patients with EGFR mutation were also included, 2 (4.5%) into the discovery cohort and 32 (25.0%) into the validation cohort. Positivity rates for TAAbs were similar among patients with EGFR mutation, other gene alteration or wild type (37.5% vs. 61.1% vs. 50.6%, P = 0.254). In addition, Patients receiving first-line ICIs-based treatment had a higher TAAbs positivity rate than those receiving subsequent-line treatment (68.2% vs. 38.8%, P = 0.002). Other clinical factors, such as median age, gender, smoking history, stage, PD-L1 expression level, and treatment regimen were not observed to be significantly correlated with TAAbs positivity.


Table 1 | Baseline characteristics of patients.





Determination of the Reactivity of the 5-Tumor-Associated Autoantibodies in the Discovery Cohort

We first evaluated TAAbs in a set of serum samples from advanced NSCLC patients together with healthy control subjects (data not shown). The 43 TAA proteins, which showed high enough sensitivity (>5%) and specificity (93.6%), were then selected to test in the discovery cohort (Supplement Table). These TAAs were categorized based on the correlation of their “positive” score of corresponding autoantibody measurement and clinical response of patients who received ICIs-based treatment. Three categories were classified: 1. “positive correlation”: more than twice patients with PR than PD were positive for these autoantibodies (Figure 1A). 2. “negative correlation”: more than twice patients with PD than PR were positive for these autoantibodies. 3. “no correlation”: these did not meet the above two conditions. Antigens in “positive correlation” category included Claudin2, BRCA2, HUD, P53, Annexin1, MAGE-A4, Trim21, TTC14, IMP2, GAGE7, NY-ESO-2, NY-ESO-1; Antigens in “negative correlation” category included ETHE1, AKAP4, PRAME, HSP105, MAGE-A3, KRT8, KRAS, RALA, FEZF1, TTC14, PRAME. Finally, we evaluated the correlation of these 12 antigens from “positive correlation” category with survival in discovery cohort and five TAAbs (p53, BRCA2, HUD, TRIM21, and NY-ESO-1) that performed best were selected. Consistent with published data, the sensitivity of a single autoantibody was low, ranging from 5% to 20%. Therefore, a panel of 5-TAAbs was selected, and the detection result was considered being positive if at least one autoantibody was positive. In contrast, the result was regarded as negative if none of the 5 TAAbs were positive.




Figure 1 | In the discovery cohort, screening results of five “positive correlation” biomarkers (A), A negative value was generated when no corresponding autoantibody signal existed in serum, while the complex matrix effect of serum gave more OD signals in background control well than the well immobilized with a TAAs protein. ORR (B) and PFS (C) comparison of patients with 5-AABs positive or negative. ORR were compared by fisher’s exact tests and PFS were compared by log-rank test. Two-sided P-value < 0.05 was considered significant.



As shown in Figure 1B, positive results among the antibodies panel in the discovery cohort predicted 47.4% of patients as “PR”, while only 15.8% of patients as “PD”. The sensitivity and specificity of 5-TAAbs for response were 0.643 and 0.565, respectively. The positivity of this 5-TAAbs panel was also associated with better PFS (not reached vs. 5.32 m, P = 0.05, HR = 0.383, 95% CI: 0.140–1.046) (Figure 1C).



Predictive Value of the 5-Tumor-Associated Autoantibody Panel in the Validation Cohort

To confirm the predictive value of the 5-TAAbs panel in heterogeneous patients at clinical setting, we have evaluated how this panel worked in an independent validation cohort which included 129 patients who received ICIs-based treatment at any-line from three hospitals and patients with EGFR mutation were also permitted. In the validation cohort, the positivity of this 5-TAAbs panel was significantly associated with better response (ORR: 44.4% vs. 13.6%, P = 0.001; DCR 84.1% vs. 59.1%, P = 0.002) and longer PFS (7.6 vs. 3.3 m, P < 0.001, HR = 0.394,95% CI: 0.245-0.634) (Figures 2A, B). In the subgroup of patients treated with ICIs monotherapy, better response and longer PFS were also observed in TAAbs-positive patients (ORR: 46.7% vs. 13.3%, P = 0.003, PFS: 19.7 vs. 2.2 m, P < 0.001, HR = 0.198, 95% CI: 0.076–0.511) (Figures 3A, B). Furthermore, the 5-TAAbs panel remained to be a good predictive biomarker for patients treated with combination therapy (ORR: 43.8% vs. 13.7%, P = 0.004, PFS: 6.7 vs. 3.7m, P = 0.017, HR = 0.509, 95% CI: 0.303-0.857) (Figures 3C, D). Regarding to treatment-line, subgroup analysis indicated that this 5-TAAs panel worked better in patients who received subsequent-line ICIs-based treatment (ORR: 42.4% vs. 7.7%, P = 0.001, PFS: 6.2 vs. 3.0 m, P = 0.004, HR = 0.481, 95%CI: 0.295-0.785) (Figures 3G, H). Similar responses to first-line treatment (ORR: 46.7% vs. 35.7%, P = 0.345, PFS: NR vs. 10.48m, P = 0.146) between patients with positive or negative 5-TAAs might be mainly contributed by high proportion of combination therapy and small sample size (Figures 3E, F). In addition, for patients with EGFR mutation (n = 34), patients with 5-TAAbs positive has relatively longer median PFS and better responses than negative patients (6.2 vs. 3.7m, P = 0.196, HR = 0.527, 95% CI: 0.196–1.419, ORR: 20.0% vs. 9.1%, P = 0.572; DCR: 70.0% vs. 68.2%, P = 1.000) (Supplement Figure), though the differences did not reach the statistical significance. Univariate and multivariate analysis suggested that the 5-TAAbs positivity was an independent factor for PFS (Table 2).




Figure 2 | In the validation cohort, ORR (A), PFS (B), CIP incidence (C), CIP grades (D), and risks (E) comparison of patients with 5-AABs positive or negative. Pearson’s χ2 test was used to compare ORR, Fisher’s exact tests was used to compare CIP and CIP grades. and PFS were compared by log-rank test. CIP risks were compared by Hazard function of Cox regression. Two-sided P-value < 0.05 was considered significant.






Figure 3 | ORR and PFS comparison of patients with 5-AABs positive or negative in subgroup of patients who received ICI monotherapy (A, B) and ICI-based combination therapy (C, D), or patients who received immunotherapy at first-line (E, F) and subsequent-line (G, H). ORR were compared by fisher’s exact tests and PFS were compared by log-rank test. Two-sided P-value < 0.05 was considered significant.




Table 2 | Univariate and multivariate analyses of clinical parameters of PFS in validation cohort.





Association Between 5-Tumor Associated Autoantibody Panel and CIP

For all patients included into the current study and followed up for more than 3 months (n = 122), CIP occurrence rate was 12.3%. The median onset time was 2.3 months (range 1.3–4.2 months). Comparing to negative patients, the CIP incidence in patients with 5-TAAbs positive was significantly higher (20.4% vs. 5.9%, P = 0.015) (Figure 2C). However, for all patients with CIP, the grades were similar between patients with positive and negative 5-TAAbs (Figure 2D). Significant higher risk of CIP occurrence was also observed in patients with positive 5-TAAbs (HR = 3.504, P = 0.032) (Figure 2E).




Discussion

Predictive biomarkers of immunotherapy remain to be explored. Here, we identified a 5-TAAbs panel in a discovery cohort and subsequently confirmed its predictive value in a validation cohort. Like the recent study from Ohue and colleagues (15) that reported a strong correlation between serum antibodies (NY-ESO-1 and XAGE1) and clinical response to anti–PD-1 monotherapy for NSCLC, we have demonstrated the predictive value of 5-TAAbs panel for responses to both ICIs monotherapy and ICIs-based combination therapy for NSCLC in our study. While only 20%–25% of subjects in their study showed positive autoantibody results, our 5-TAAbs panel showed that about 50% of subjects were positive indicating a larger beneficial population would be covered. Besides, consistent with their results, we also did not observe a significant correlation between PD-L1 expression and TAAbs positivity. This may reflect two sets of predictive biomarkers with independent mechanistic pathways. One drawback of this study was that PD-L1 expression were detected by antibodies from different commercial companies, and other biomarkers such as TMB and tumor infiltration lymphocytes were not available for this study.

An explanation for the predictive role of autoantibody is that positivity of these TAAbs represented the high immunogenicity of corresponding TAAs, leading to antigen-specifical CD8+ T cells activation and checkpoint molecule–mediated strong immunosuppression, exactly as Ohue et al. isolated NY-ESO-1–specifical CD8+ T cell from peripheral blood of patient with NY-ESO-1 positive and speculated that antibody titers reflected cytotoxic activity levels of antigen-specific CD8+ T cell (15). Nonetheless, not all tumor antigens could elicit CD8+ T-cell responses. A previous study reported that mutant p53 peptides elicited CD4+ T cell and humoral, but not CD8+ T-cell responses (18). Tripartite motif-containing protein 21 (TRIM21) is an intracellular Fc receptor linking cytosolic antibody recognition to the ubiquitin proteasome system, which is also mainly involved in humoral immunity (19). Hence, another explanation for our finding is that pre-existing humoral immunity facilitated the anti-tumor activity of ICIs. TAAbs are produced by activated B lymphocytes stimulated by tumor autoantigens, which is an indication of active humoral immune response. Although for patients treated with ICIs, T cell-mediated immune reactive is considered as a prerequisite factor of anti-tumor activity, the role of humoral immunity has also been paid more attentions recently. Stankovic B and colleagues have shown that CD19+ B cells were the second most common immune cell type in NSCLC tumors (20). Suyama et al. reported a case of lung cancer patient with PR to nivolumab for more than seven months and immunohistochemical analysis of the metastatic lymph node biopsy specimen showed prominent accumulation of plasma cells and immunoglobulin G (21). These findings, together with our results suggested that pre-existing humoral immunity may be worth considering as a candidate therapeutic biomarker of ICIs in lung cancer patients.

Furthermore, unlike other studies focused on autoantibodies against to self-antigen, the current study was the first to report that autoantibodies against to TAAs was associated with CIP occurrence, which suggested that the preexisting active humoral response would also lead to excessive immune-attack and damage to self-tissue (12–14). However, as this was a retrospective study, periodic chest CT follow-up was difficult for every patient and thus certain percentages of patients with pneumonitis, especially with asymptomatic pneumonitis, may be neglected. Hence, our data need to be further validated in a large and perspective study. In addition, this 5-TAAbs panel had a trend in predicting clinical response of ICIs-based therapy among patients with EGFR mutations (25.0%) included in this study. As we all known, patients with EGFR mutations derives limited clinical benefits from ICIs-based treatment and even brought detrimental adverse reaction (22, 23). Up to now, the resistance mechanism is not clarified clearly and existing research attributed it to the low TMB and immune desert tumor microenvironment (24, 25). However, there are still some data suggest that some of these patients do respond to ICIs (26, 27). Although our results did not show statistical significance, which may attribute to the small sample size of this subgroup and possible different role for each antibody in such patients, we think that as a potential stratification biomarker, TAAbs, not limited to these 5 TAAbs in the present study, is worthy of further large-scale studies in EGFR mutant lung cancer patients.

In conclusion, we have identified a panel of 5-TAAbs and proved that this panel could predict clinical benefits of ICIs-based treatment in three centers from different regions of China. A diagnostic kit using this 5-TAAbs panel as a biomarker has been under development. The limitations of the present study were the small number of patients included, the short follow-up time after ICIs-based treatment and the lack of correlation analysis with other well-known biomarkers. Large clinical studies and further mechanistic research are needed to confirm the usefulness and rationality of the 5-TAAbs panel as a predictive biomarker for responses and toxicity to ICIs-base treatment.
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Pulmonary clear cell sarcoma is a rare malignant tumor that has rarely been reported and is challenging to diagnose, especially when differentiating from malignant melanoma. Currently, EWSR1-ATF1 is the key marker for distinguishing clear cell sarcoma from melanoma, but IHC has diagnostic limitations. We report a patient diagnosed with pulmonary clear cell sarcoma, in which an NGS was used to help with the pathological diagnosis. The exposure to the immune microenvironment in pulmonary clear cell sarcoma suggests that TIGIT-related drugs may be a new and effective treatment for this rare disease. Immune microenvironment-related markers, including PD-L1, CD8, TIM3, LAG3, and CD163, were negatively expressed in pulmonary clear cell sarcoma.
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Introduction

Enzinger first described a rare soft tissue tumor of clear cell sarcoma (CCS) in 1965 that arose from the abnormal differentiation of pigment cells (1), previously known as soft tissue malignant melanoma. CCS cases account for approximately 1% of rare tumors originating from stromal cells (2). CCS is most common in young men and women between the ages of 20 and 40 years. CCS usually arises on the distal extremities, especially on the tendons and aponeurosis of the foot and ankle and on the arms, hands, and trunk, as reported by Goh et al. (3). At present, EWSR1-ATF1 is used as a key marker to distinguish melanoma from CCS (4). This disease has a slow course, and the average age of CCS diagnosis is 39 years. According to Gonzaga et al., at diagnosis, CCS is usually advanced and locally aggressive, with a high rate of recurrence and metastasis (up to 50%). The most common site of distant metastases is the lung; the overall 5- and 10-year survival rates are approximately 50 and 38%, respectively, with no significant differences in survival rates between males and females (5). Although surgical treatment may be beneficial for the patient, new molecular targeted therapy should be implemented to improve the oncologic outcome in early- and late-stage disease (2, 6). Hence, we report a patient with pulmonary CCS, in which NGS was used to help with the diagnosis and explore molecular characteristics of genes and the immune microenvironment of pulmonary CCS in this patient.



Case Description

A 51-year-old Chinese woman visited the hospital because of chest tightness for 10 days. Her chest CT showed a 2.3 cm × 2 cm nodule in her left lung. Multiple plaques were seen on the left pleura. Pleural effusion, compression atelectasis, and swollen hilar lymphadenopathy in the left lung can be seen on contrast-enhanced CT (Figure 1A). From November 19, 2018, after admission to the hospital, obvious tumor cells could not be found in the repeated pleural effusion tests (Figure 2A). Additionally, bronchoscopy, neck lymph nodes, and brain CT showed no apparent abnormalities. A biopsy of the left pleural mass was performed on November 20, 2018. The histopathologic findings revealed an epithelioid tumor with fibrous vascular nests and strands surrounding it. Some cells were hyaline, and mitotic figures were seen. Positive staining for Ki-67 (approximately 40%), Sy, Melan-A, Hmb45, and S-100 was detected by immunohistochemistry using monoclonal antibodies (Figure 2B). The patient had no previous skin lesions and had no history of previous excision of the skin or other lesions. We used bevacizumab 200 mg for left intrathoracic treatment on December 7, 2018, for patients with self-reported chest tightness improved with this treatment. Because this primary pathological type of lung disease is rare, we sent a pleural biopsy sample for the next-generation sequencing of tissue samples to FoundationOne CDX on December 14, 2018; NGS revealed an EWSR1-ATF1 fusion, CDKN2A/b loss, and MTAP loss (Table 1). We also confirmed that PD-L1 as a target by immunohistochemistry using an anti-PD-L1 IHC 22C3 pharmDx (Dako) antibody (Figures 2C, D). Because the PD-L1 target did not perform as expected, we performed immunofluorescence analysis (Figure 3) with the OPAL™ Multiplex IHC (Akoya) Kit. Immune microenvironment-related markers, including CD8, TIM3, PD-L1, LAG3, CD163, and TIGIT, were examined to find a new therapeutic target. Only TIGIT was observed in positive cells ≥1%, and there were <1% positive cells for the other markers. CD8 and TIM3 showed colocalization, but no colocalization was identified between the other markers. TIGIT is one of the most promising and potential targets in the new generation of immunotherapy drugs, and several anti-TIGIT monoclonal antibodies have been studied. The outcome of the PET-CT scan on December 20, 2018, showed that the patient’s pleural effusion improved after bevacizumab treatment (Figure 1B). However, the patient refused further treatment after the diagnosis of pulmonary CCS. Follow-up until her death on June 27, 2019.




Figure 1 | (A) The lung windows show 2.3 cm × 2 cm nodules with uniform density next to the heart margin of the left lung segment. Contrast-enhanced CT of mediastinal windows shows that the nodules were uniformly strengthened. (B) The PET-CT results of the patient on December 20, 2018, showed a decrease in pleural effusion compared to the PET-CT results on November 21, 2018.






Figure 2 | (A) Scattered lymphocytes, tissue cells, mesothelial cells, and individual atypical cells (H&E staining: original magnification ×100). (B) Epithelioid tumor cells distributed in nests and sheets around fibers and blood vessels; some of the cells have transparent cytoplasm with nuclear division (H&E staining: original magnification ×100). (C) PD-L1 control (H&E staining: original magnification ×100). (D) PD-L1-negative staining.




Table 1 | NGS panel findings.






Figure 3 | The expression levels of CD8 (green), TIM3 (light blue), PD-L1 (yellow), LAG3 (orange), CD163 (purple), and TIGIT (red) in lung CCS were detected by multiple immunofluorescence assays. The number of positive cells was estimated as follows: TIGIT ≥1%, other indexes <1%. CD8 and TIM3 colocalized, and there was no colocalization with other indexes.





Discussion

CCS is a rare stromal soft tissue tumor similar to melanoma and soft tissue sarcoma but has a different genetic history. The clinical features of CCS lack specificity, which often manifests as slow painless local growth of the mass, and patients can experience local pain, itching, movement restrictions, easy postoperative recurrence, or metastasis (1, 7, 8). CT and MRI have limited diagnostic value for CCS, and CCS is confirmed by biopsy pathology and IHC staining; its variants often need molecular testing. The classic histological feature of soft tissue CCS is a small cluster of polygonal cells and spindle cells, characterized by hyaline to slightly basophilic cytoplasm and vesicular nuclei with prominent nucleoli separated by fine fibers (1, 9). Both CCS and malignant melanoma originate from melanocyte differentiation, so they are positive for common melanocyte markers such as S-100, HMB-45, MelanA, and NKI/C3 (2). We cannot easily distinguish them by immunohistochemistry. Hence, the use of fluorescence in situ hybridization or reverse transcription-polymerase chain reaction (RT-PCR) is essential for diagnosing CCS and distinguishing CCS from primary and metastatic melanoma (2). The cytogenetic feature of CCS is t (12; 22) (q13; q12), resulting in a chimeric EWSR1/ATF1 gene in which the EWS 3’ terminus at 22q is replaced by the ATF1 3’ terminus at 12q. Therefore, EWSR1/ATF1 can be used as a marker to distinguish CCS from melanoma (4). In this case, NGS was a feasible method to help pathologically diagnose CCS as the diagnosis was difficult to determine after biopsy and immunohistochemistry. The EWSR1-ATF1 fusion also supported the diagnosis of pulmonary CCS.

Yasmin Aghajan reported a case in which a novel EWSR1-ATF1 gene fusion was revealed using next-generation sequencing analysis, but FLI-1 immunohistochemical results were negative, suggesting that NGS has the advantage of showing the CCS EWSR1-ATF1 fusion (10). NGS was finally used to help diagnose this rare disease. Compared with traditional biopsy pathology and immunohistochemistry, NGS has unique advantages; NGS not only improves the diagnostic accuracy but also provides more possibilities for follow-up treatment strategies (11). Whereas the workload of NGS is still large, and the cost is still high. And the technical defects of NGS can also affect the final test result. In this study, the patient had a previously unknown CCS mutation, CDKN2AB, which was identified with NGS, and the absence of CDKN2AB may lead to hyperimmune progression (12). Moreover, we examined the PD-L1 expression and the immune microenvironment of this patient, which is the first time these were studied in CCS in the chest. However, this study also has obvious limitations. After the patient was diagnosed, we strongly recommended chemotherapy or immunotherapy, but the patient refused for economic reasons; therefore, we did not observe the patient’s efficacy. However, this study suggests that bevacizumab appears to have some effect in treating pleural effusion within the cavity with CCS.

Currently, the most effective treatment for most patients with CCS remains surgical resection, with only a small fraction of patients benefiting from conventional cytotoxic chemotherapy (6). Some of the latest potential therapeutic targets of CCS, such as MET, PDGFRA/B, and HDAC, have been identified. Due to the identification of these targets, some small molecules and monoclonal antibodies, such as sunitinib, sorafenib, and crizotinib, are in clinical trials. These treatments offer new hope for improving the prognosis of patients with this rare invasive disease (2, 13).

The immunophenotype of CCS is similar to that of melanoma, so CCS may have similar immunotherapy targets at similar immune checkpoints. PD-1- and PD-L1-associated antibodies have a wide range of antitumor effects and have been shown to benefit melanoma patients (14). The PD-L1 antibody as a potential immunotherapy for CCS was not favorable in our patient, suggesting that CCS may lack relevant immune checkpoints. In the meantime, we further explored the tumor microenvironment of the pulmonary CCS to search for more effective therapeutic targets with immunofluorescence. The results suggest that drugs that target TIGIT could become a new treatment for CCS. In 2009, TIGIT was first discovered by Xin Yu (15). TIGIT is considered a desirable target for cancer treatment because it can hinder the cancer immunity cycle’s multiple steps. Pre-clinical studies indicated that TIGIT blockade might protect against multiple solid and hematological cancers was confirmed in Pre-clinical studies (16). Several clinical trials (Phase 1, 2) of human anti-TIGIT mAbs are tested to treat advanced solid cancers, and its combination with PD-1 blockade enhances the antitumor effect (17). In the meantime, with the continuous advancement of clinical trials and our increasing understanding of the mechanism of TIGIT-mediated immune response regulation, more effective treatment strategies for cancer patients will emerge.



Conclusion

In summary, pulmonary CCS is a rare soft tissue malignant tumor that occurs in young adults and has rarely been reported. In our study, a new NGS technique was used to help pathologically diagnose PCCS, thereby improving the diagnostic strategy, especially the differential diagnosis between CCS and malignant melanoma. Exploring the molecular characteristics of genes and the immune microenvironment of pulmonary CCS will be an essential for the clinical treatment of this rare disease
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Objectives

More and more encouraging evidence revealed that immunotherapy could improve clinical outcomes in patients with previously treated non-small cell lung cancer (NSCLC) with epidermal growth factor receptor (EGFR) variations. However, immunotherapy is still a controversy for NSCLC patients with EGFR mutation.



Method

In this retrospective analysis, we compared the clinical efficacy of pembrolizumab monotherapy (PM), pembrolizumab combined with chemotherapy (P+C) and pembrolizumab combined with anlotinib (P+A) in NSCLC patients with EGFR mutation who had failed on EGFR-TKI and platinum-based chemotherapy.



Result

Eighty-six patients were included in this study. The overall median progression free survival (PFS) was 3.24 months. Multivariate analysis suggested that EGFRL858R and combined therapy were positive prognostic factors of PFS. The overall median OS was 12.28 months. Multivariate analysis found that high PD-L1 expression (≥50%) and combined therapy seemed to be positive prognostic factors of OS. Among the population, 32 patients received PM, 26 patients received P+C and 28 patients received P+A. Up to Jan 30, 2021, the median progression-free survival was 1.5 months in the PM group, 4.30 months in the P+C group and 3.24 months in the P+A group. The median OS were 7.41, 14.92 and 15.97 months, respectively. The ORR were 3.1%, 23.1% and 21.4%.



Conclusion

The addition of chemotherapy or antiangiogenic therapy to pembrolizumab resulted in significantly longer PFS, OS and ORR than pembrolizumab alone in our study. EGFRL858R might be a positive prognostic factor of PFS and high PD-L1 expression might be a positive prognostic factor of OS.
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Introduction

Targeted therapy has revolutionized the treatment landscape for patients with non-small cell lung cancer (NSCLC) with epidermal growth factor receptor (EGFR) mutations. Treatment with EGFR-TKIs, which have been developed to the third generation, provides better disease control and longer survival for patients with EGFR mutations (1). At the same time, screening for PD-L1 expression has become standard practice with the rise of immunotherapy. Of interest, the presence of EGFR mutations has been reported to upregulate the expression of PD-L1 (2–7). However, several studies have revealed that high PD-L1 expression predicted poor response to EGFR-TKIs in patients with EGFR-mutant NSCLC and correlated with primary resistance to EGFR-TKIs (8–10). Nevertheless, EGFR-TKIs have shown overwhelming advantages over standard chemotherapy in patients with EGFR-mutant NSCLC. EGFR-TKIs are recommended as the first-line treatment in this population according to the NCCN guidelines. However, treatment options after the development of TKI resistance need to be further explored. Given the growing emphasis on molecular profiling and detection of PD-L1, more detailed treatment guidance is needed for the critical population of patients with advanced NSCLC with both high PD-L1 and EGFR mutations.

Recently, the use of immune checkpoint inhibitors (ICIs) has greatly altered the standard of care for patients with advanced NSCLC without targetable EGFR or ALK genetic aberrations depending on the patient’s PD-L1 expression level. However, immunotherapy is still a controversial for patients with EGFR mutations because several clinical studies, including Checkmate057, Keynote010, POPLAR and OAK, have revealed that immunotherapy failed to improve clinical outcomes in patients with advanced NSCLC with EGFR mutations (11–15). However, the final OS data of the ATLANTIC trial showed that durvalumab improved clinical activity across all cohorts in patients with previously treated advanced NSCLC, including those with EGFR mutations (16). In addition, JAMA oncol reported that the combination of pembrolizumab plus docetaxel improved clinical outcomes in patients with previously treated NSCLC with EGFR variations (17). Furthermore, the ABCP group in the IMPOWER150 trial also prolonged the OS of patients with sensitive EGFR mutations (18). These encouraging results underline the necessity for further investigation into immunotherapy in patients with NSCLC with EGFR mutations. In this study, we collected the clinical records of patients with NSCLC with EGFR mutations who received pembrolizumab at our institution, including pembrolizumab monotherapy (PM), pembrolizumab combined with chemotherapy (P+C) and pembrolizumab combined with anlotinib (P+A). Anlotinib is an antiangiogenic agent that inhibiting VEGFR, FGFR, and PDGFR and has been approved by China National Medical Products Administration (NMPA) (19). In addition, it has been proved to be effective in NSCLC patients with EGFR mutations (20). In this study, we explored the efficacy of PD-1 in previously treated NSCLC patients with EGFR mutation.



Material and Methods


Patients

The medical records of patients with advanced NSCLC with EGFR mutations received pembrolizumab treatment at the Shanghai Chest Hospital between Dec 1, 2017 and Oct 30, 2020 were screened. Eighty-six patients met the following inclusion criteria: (1) stage IV NSCLC (2) positive EGFR mutation [exon 19 deletion mutation (EGFRD19), exon 21 L858R mutation (EGFRL858R), secondary exon 20 T790M mutation and other uncommon sensitive mutation such as G719X, L861R] (3) patients had disease progressed with at least 1 approved EGFR-TKI (patients with 20T790M mutation must had failed on osimertinib) and platinum-based chemotherapy following standard treatment guideline; (4) patients received PM, P+C or P+A (5) Eastern Cooperative Oncology Group performance status (ECOG PS) 0-1. Therapeutic schedule was decided by physician under the principle that patients at high risk of bleeding should not be treated with P+A, patients with severe adverse effects to previous chemotherapy should not chose P+C as priority. This study was approved by the Institutional Review Board of Shanghai Chest Hospital and performed following the declaration of Helsinki.



Treatment and Clinical Response Evaluation

Among the three groups (PM, P+C and P+A), pembrolizumab was administered 200mg intravenously every 3 weeks. Chemotherapy was administrated following the standard NCCN guidelines. Chemotherapy regimens included docetaxel combined with carboplatin (DC) and nab-paclitaxel combined with carboplatin (TC). Antiangiogenic agent was anlotinib (given orally, 8mg once daily on days 1–14 of a 21-day cycle). Disease stage was decided on the 8th edition of the American Joint Committee on Cancer (AJCC) tumor-node-metastasis (TNM) classification. Enhanced chest computed tomography (CT) scan and abdominal ultrasound scan were examined every 4 weeks for therapeutic response evaluation. Enhanced brain magnetic resonance imaging (MRI) was examined every 4-6 months if no lesion at baseline and no symptoms thereafter. The response was evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1.



Detection of Gene and Programmed Death Ligand 1 (PD-L1) Tumor Proportion Score (TPS)

The tissue sample was biopsied at the time of disease diagnosis and disease progression. EGFR detection was performed by the amplification refractory mutation system (ARMS) or by next generation sequencing (NGS). PD-L1 expression was assessed at the time of disease progression, right before the initiation of immunotherapy. TPS was detected by the PD-L1 IHC 22C3 pharmDx assay and was classified into TPS<0, 1-49% and ≥50%.



Statistical Analysis

The χ2 test was used for comparison of categorical variables. The primary endpoints were PFS (from immunotherapy initiation to disease progression or the last follow-up); OS (from immunotherapy initiation to death or the last follow-up) and ORR (the ratio of complete and partial response). The median PFS and OS was estimated using the Kaplan-Meier method and compared by the log-rank test. Hazard ratios (HR) and 95% confidence intervals were estimated by a stratified Cox proportional-hazards model. To avoid the influence of confounding factors, factors with p values less than 0.1 in univariate analysis were included in multivariate analysis. All statistical analyses were performed using SPSS version 22.0 (IBM Corporation, Armonk, NY, USA).




Results


Clinical Features

Eighty-six patients who met the eligibility criteria were included in this study. Of these, most patients were male (55.8%) and non-smoker (52.3%) and had received third or more lines of therapy (Table 1). 17 patients (19.8%) had brain metastasis. The most common EGFR mutation type was EGFRL858R (54.6%), followed by EGFRD19 (25.6%), uncommon sensitive mutation (10.5%) and T790M (9.3%). 75 patients were screened for PD-L1 expression levels immediately before immunotherapy, 17 (19.8%) of whom had a TPS of 0%, 32 (37.2%) of whom had a TPS of 1-49% and 26 (30.2%) of whom had a TPS of 50% or greater.


Table 1 | Clinicopathological characteristics of 86 EGFR-mutated patients treated with pembrolizumab.





Progression−Free Survival

PD occurred in 64 (74.4%) patients in the overall population, including 26 (81.3%) patients in PM group, 12 (46.2%) patients in P+C group and 26 (92.9%) patients in P+A group. The overall median PFS was 3.24 months (95% CI: 2.46–4.02) (Figure 1A). Univariate analysis found that brain metastasis (p = 0.024), PD-L1 expression [p (1-49% vs 0) = 0.027, p (≥50% vs 0) =0.004)] and therapy [p (P+C vs PM) <0.001, p (P+A vs PM) = 0.002)] were associated with PFS (Table 2). Multivariate analysis found that patients with EGFRL858R had longer PFS than those with EGFRD19 (p=0.024), patients in P+C group (p<0.001) and P+A group (p<0.001) had longer PFS than those in PM group (Table 2). These results suggested that EGFR mutation type and treatments were independent prognostic factors of PFS.




Figure 1 | (A) The PFS curve of overall patients. (B) The OS curve of overall patients.




Table 2 | Univariate and multivariable analyses for covariables associated with progression free survival.





Overall Survival

Death occurred in 35 (40.7%) patients in the overall population, including 18 (56.3%) patients in PM group, 6 (23.1%) patients in P+C group and 11 (39.3%) patients in P+A group. The overall median OS was 12.28 months (95% CI: 9.02–15.54) (Figure 1B). Univariate analysis found that PD-L1 expression [p (≥50% vs 0) =0.007)] and therapy [p (P+C vs PM) =0.021, p (P+A vs PM) =0.020)] were associated with OS (Table 3). Multivariate analysis, including brain metastasis, PD-L1 expression and therapy, found that patients with high PD-L1 expression (≥50%) had longer OS than those with negative expression (p=0.039), patients in P+C group (p=0.035) and P+A group (p=0.019) had longer OS than those in PM group (Table 3). Hence, high PD-L1 expression and combined therapy seemed to be positive prognostic factors of OS.


Table 3 | Univariate and multivariable analyses for covariables associated with overall survival.





Survival Analysis of Patients in Different Therapy Group

We divided the patients into three groups according to the therapy they received (32 patients in PM group, 26 patients in P+C group and 28 patients in P+A group). The baseline characteristics among the three groups were shown in Table 4. There were no statistically significant differences in characteristics among the three groups, indicating that no large selection bias existed. The median PFS was 1.5 months (95% CI: 1.19-1.81) in the PM group, 4.30 months (95% CI: 3.21-5.39) in the P+C group and 3.24 (95% CI: 0.96-5.52) months in the P+A group (Figure 2A). The median OS of PM, P+A and P+C were 7.41 (95% CI: 4.30-10.52), 14.92 (95% CI: 9.75-20.09) and 15.97 (9.57-22.37) months, respectively (Figure 2B). P+C group showed a significant PFS and OS benefit over PM group (p<0.001 and p=0.021). P+A group also revealed a significant PFS and OS benefit over PM group (p=0.002 and p=0.020). The ORR of PM, P+C and P+A group were 3.1%, 23.1% and 21.4% (Figure 3). The difference of objective tumor response showed us the superiority of combined therapy over monotherapy [P+C vs PM (p=0.038), P+A vs PM (p=0.041)]. The DCR were 40.6%, 42.3% and 64.3%.


Table 4 | Clinicopathological characteristics of all patients with different treatments.






Figure 2 | (A) The PFS curve of patients in PM, P+C and P+A groups. (B) The OS curve of patients in PM, P+C and P+A groups.






Figure 3 | The ORR and DCR of patients in PM, P+C and P+A groups. * represents a statistically significant difference.





Subgroup Analysis of Patients in P+C and P+A Group

Survival analysis, including PFS, OS and ORR had demonstrated the superiority of combination therapy (P+C and P+A) over monotherapy (PM). However, no significant difference was found between P+C and P+A. We conducted a subgroup analysis of the patients in the P+C and P+A groups to determine the specific characteristics of each treatment. The subgroup analysis of the PFS showed that patients of <65years old (HR=0.32, 95%CI: 0.11-0.95), male patients (HR=0.25, 95%CI: 0.09-0.70), patients that relapsed after surgery (HR=0.25, 95%CI: 0.08-0.78) and patients with EGFRD19 (HR=0.20, 95%CI: 0.05-0.78) preferred P+C to P+A (Figure 4A). However, no difference was found in OS subgroup analysis (Figure 4B).




Figure 4 | (A) Subgroups analysis of PFS in P+C and P+A groups. (B) Subgroups analysis of OS in P+C and P+A groups. (▲Represented HR cannot be calculated due to the sample.






Discussion

To our knowledge, this is the first study to directly compare the efficacy of PD-1 inhibitor monotherapy, PD-1 inhibitor plus chemotherapy and PD-1 inhibitor plus antiangiogenic agents in patients with previously treated advanced NSCLC with EGFR mutations. In this retrospective study, the addition of chemotherapy or anlotinib to pembrolizumab resulted in significantly prolonger PFS, OS and ORR compared with pembrolizumab alone. The median PFS and OS of the whole population in the present study were 3.24 and 12.28 months, respectively. Of interest, the univariate analysis and multivariate analysis found that combined therapies (P+C and P+A) were positive prognostic factors for both the PFS and OS.

The feasibility of immunotherapy for patients with EGFR mutation has long been controversial. A phase II study (NCT02879994) of pembrolizumab in TKI naive patients with EGFR mutations, advanced NSCLC and PD-L1-positive tumors was suspended due to lack of efficacy, which indicating that pembrolizumab was not suitable as a first-line treatment in this population (21). Besides, Checkmate057, Keynote010, POPLAR and OAK trials showed us the poor efficacy of PD-1/PD-L1 monotherapy in patients with EGFR mutations who had progressed after platinum-based doublet chemotherapy and treatment with EGFR-TKIs (12–15). However, the final overall survival update of the ATLANTIC trial demonstrated a promising OS benefit across all cohorts, especially in patients with EGFR mutations (16). The median OS of patients with NSCLC with EGFR mutations (TPS ≥ 25%) was 16.1 months, which was longer than that observed in patients with TPS ≥ 25% EGFR−/ALK− tumors (median OS of 10.9 months) (16). Of note, the median PFS and OS following PM treatment in our cohort were 1.50 and 7.41 months, respectively, which was consistent with the Keynote010 trial and failed to copy the success of ATLANTIC. This might be due to the difference between PD-1 inhibitors and PD-L1 inhibitors (12).

Recently, Christian et al. reported the results of a phase II clinical trial evaluating the effect of ICI (pembrolizumab) plus chemotherapy (docetaxel) vs chemotherapy (docetaxel) alone in previously treated patients with advanced NSCLC, including patients with sensitizing EGFR mutations who had experienced disease progression after platinum-based chemotherapy. For patients with EGFR variations, the  PFS (6.8 vs 3.5 months) and ORR (58.3% vs 23.1%) were statistically significantly different in favor of the combination arm, which highlighted the efficacy of the combination of immunotherapy and chemotherapy. Similarly, another phase II study of immunotherapy (toripalimab) plus chemotherapy in patients with EGFR-mutant advanced NSCLC patients found that the combined treatment yielded encouraging PFS (7.0 months) and ORR (50%) (22). In our cohort, the median PFS and ORR of P+C treatment were 4.30 months and 23.1%, respectively. Our cohort’s PFS rate and ORR were lower than those reported in the aforementioned, which probably because our patients were more heavily treated. Nevertheless, our study verified the benefit of the combination treatment.

The IMPOWER150 trial revealed encouraging PFS and OS following immunotherapy, albeit in a combination therapy pattern, in patients with NSCLC with EGFR mutations (18, 23). The OS was greater in the ABCP arm (29.4 months) than in the BCP arm (18.1 months) but the difference was not statistically significant (HR, 0.60; 95% CI, 0.31-1.14), which might be due to the study’s small sample size, which might due to the small sample (24). In contrast, the IMPOWER130 trial revealed no significant PFS or OS benefit for patients with EGFR and ALK alterations. This difference in results highlighted the necessity of antiangiogenic agents and supported the hypothesis that antiangiogenic agents could enhance immune efficacy, which might be due to the remarkable improvement of antigen-specific T-cell migration, in patients with NSCLC with EGFR mutations in response to antiangiogenic treatment (25). Similarly, the combination of ICIs and antiangiogenic agents in our cohort also yielded greater PFS (HR, 0.41; 95% CI, 0.23-0.73) and OS (HR, 0.41; 95% CI, 0.19-0.87) than ICIs alone. Meanwhile, Zhai et al. found that anlotinib combined with PD-1 inhibitors showed promising efficacy as a third- or further-line treatment for NSCLC (26). The combination treatment achieved a median OS of 17.3 months, which was similar to the OS of 15.97 months in the P+A group in our cohort. This encouraging result suggested that the combination of immunotherapy and antiangiogenic agents might overcome the barriers associated with immunotherapy for patients with EGFR- mutant NSCLC patients.

Our study demonstrated the superiority of combination therapy (pembrolizumab plus anlotinib or pembrolizumab plus chemotherapy) intuitively. However, was found in the survival analysis between the group that received P+A and the group that received P+C. Future research studies with a larger sample size are needed to define the subgroups of patients to determine precise treatment strategies.

Hastings, K. et al. found that different EGFR mutation subtypes responded to ICIs differently (27). EGFRL858R resulted in longer PFS and OS than EGFRD19, which might be due to the higher tumor mutation burden (TMB) in the EGFRL858R group. Consistent with the previous findings, our multivariate analysis in our study also found that EGFRL858R was associated with a longer PFS than EGFRD19 (HR:0.41, p=0.024). However, no OS benefit of EGFRL858R was found, which might be due to the small sample size.

There is no doubt that the expression level of PD-L1 is correlated with the efficacy of pembrolizumab in patients with NSCLC without EGFR mutations (28). Meanwhile, several studies have found that patients with EGFR mutations and PD-L1+ were more likely to respond to ICI monotherapy or ICI plus chemotherapy than those who were PD-L1 negative (22, 29, 30). However, some studies did not address the problem that chemotherapy and EGFR-TKIs might affect the expression of PD-L1. Hence, we utilized the tumor samples that were re-biopsied immediately before immunotherapy to detect PD-L1 expression to reduce bias (31, 32). We assessed the relationship between the efficacy of ICIs and PD-L1 expression and revealed that patients with PD-L1≥50% had longer OS than the OS of the PD-L1 negative group (HR:0.30, p=0.039).

Our study is limited by its retrospective nature. First, the data was collected from one center and the sample size was relatively small. Also, selection bias existed inevitable due to unavoidable missing data. However, the baseline clinical characteristics of patients in the PM, P+C and P+A group were balanced well, indicating that no large selection bias existed. Additionally, the heterogeneity of PD-L1 expression within tumors was inevitably existed though all detection were performed under guideline.

In summary, our analysis revealed that pembrolizumab plus chemotherapy or antiangiogenic agents could significantly prolong the PFS, OS and ORR compared with those observed following treatment with pembrolizumab alone in previously treated patients with advanced NSCLC with EGFR mutations. Our findings highlight the efficacy of the combination strategy of immunotherapy in this specific population. We also found that immunotherapy might be a more promising therapeutic agent for patients with EGFRL858R and patients with PD-L1≥50%. Based on the current findings, we hold the opinion that relevant clinical trials are urgently needed. The efficacy and safety of immunotherapy plus chemotherapy or antiangiogenic therapy in patients with EGFR-mutant NSCLC, especially those with high PD-L1 expression, should be further explored in clinical trials that provide strong evidence-based medicine data.
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Objective

Although the treatment of non-small-cell lung cancer (NSCLC) patients with human epidermal growth factor receptor 2 (HER2) alterations has been studied for years, the overall response rate (ORR) of these patients is still unsatisfactory, and more therapeutic strategies are needed. Little is known about the combination of chemo- and immunotherapy in HER2-altered lung cancer treatment.



Materials and Methods

We report five cases of advanced NSCLC with HER2 insertion mutation or amplification treated with immunotherapy combined with chemotherapy as the first-line treatment. The HER2 alteration type, duration of treatment and survival were also analyzed.



Results

The five advanced NSCLC patients, three with HER2 mutations and two with HER2 amplifications, received chemo-immunotherapy as the first-line treatment. The average patient age was 54.6 years. Three patients were females, and two were males. Among all the patients, only one had a smoking history. The immunotherapies used were as follows: two patients were treated with sintilimab, and three patients were treated with pembrolizumab. Only one patient had squamous carcinoma, and she was also the only patient with a complete response (CR). The progression-free survival (PFS) ranged from 2-12 months, with a median PFS of 8.0 months.



Conclusions

Chemo-immunotherapy may be a promising first-line treatment option for NSCLC patients with HER2 alterations. Further clinical trials are required to confirm this therapeutic option.
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Introduction

Lung cancer is known as one of the deadliest cancers worldwide and causes more deaths than prostate, breast, brain and colorectal cancers combined (1). Non-small-cell lung cancer (NSCLC) comprises approximately 85% of all lung cancer cases (2). Human epidermal growth factor 2 (HER2) is a rare oncogenic driver that is altered in 1% to 3% of NSCLC patients (3). The main types of HER2 alterations in lung cancer include gene insertion mutation, gene amplification and protein overexpression (4). Chemotherapy remains an important component of treatment for HER2-altered NSCLC patients, although HER2 positive tumors are relatively insensitive to chemoradiotherapy (5, 6). Several HER2-targeted tyrosine kinase inhibitors (TKIs) and antibodies have also been tested for the treatment of these patients. However, the overall response rate (ORR) was unsatisfactory, at only 7.4% for HER2-targeted TKIs such as neratinib, lapatinib and afatinib (7). More therapeutic strategies for NSCLC patients with HER2 alterations are needed. Little is known about the combination of immunotherapy and chemotherapy in the treatment of lung cancer with HER2 alterations. Therefore, we described five advanced NSCLC cases with HER2 mutation or amplification and immunotherapy combined with chemotherapy as the first-line treatment. We hope this case series will provide new clinical therapeutic insight for this class of patients.



Case Presentation

From January 2019 to June 2020, five patients with advanced NSCLC with HER2 alterations and chemo-immunotherapy as the first-line treatment were admitted to the Lung Cancer Center, West China Hospital, Sichuan University. High-throughput next-generation sequencing (NGS) technology was used to assess the presence and type of HER2 alterations in the biopsy specimens of all patients. The status of PD-L1 was also tested by immunohistochemistry. This retrospective study was approved by the Committee on Medical Ethics of West China Hospital, Sichuan University.


Patients With HER2 Mutation

Three patients harbored HER2 insertion mutations.

The first patient (Case 1) was a 37-year-old Asian female who was a never-smoker and had a symptom of severe headache. She was finally diagnosed with left lung adenocarcinoma with brain, bone, hilar and mediastinal lymph node metastases (cT2N2M1c, stage IVB). She harbored a HER2 insertion mutation in exon 20 (p. A775_G776insYVMA). EGFR, ALK, ROS-1 and PD-L1 testing was performed, and none of these targets were expressed. She received chemotherapy (carboplatin and pemetrexed) and sintilimab for 6 cycles with a partial response (PR) as her best response. Then, she experienced progressive disease (PD) with new brain metastases and was treated with pyrotinib, a pan-ErbB receptor TKI, for 2 months. However, she continued to progress with multiple new brain metastases and died because of a hemorrhagic cerebral hernia.

The second patient (Case 2) was a 65-year-old Asian man with a 10-pack-year smoking history who was diagnosed with cT4N3M1c stage IVB lung adenocarcinoma by pleural effusion smear and cytological examination. He complained of cough for 4 months. The NGS panel revealed a HER2 mutation (exon 20, p. A775_G776insYVMA) without concurrent alterations or PD-L1 expression. He was treated with carboplatin and pemetrexed combined with sintilimab for 4 cycles. His best response was stable disease (SD). Then, he experienced progressive malignant pleural effusion. One month after starting anlotinib, a chest CT scan showed a reduction in pleural effusion. The patient maintained SD until his last visit.

The third patient (Case 3) was a 52-year-old Asian man who was a never-smoker and developed cough and bloody sputum for 2 months. Chest CT showed a left lower lung mass with multiple bilateral pulmonary nodules. Brain MRI and bone single photon emission CT (SPECT) were all negative. Through percutaneous lung biopsy and left supraclavicular lymph node biopsy, he was finally diagnosed with cT4N3M1c stage IVB right lung adenocarcinoma. A HER2 mutation (exon 20, p. A775_G776insYVMA) was found from his initial molecular testing, but no other gene alterations were identified. He received carboplatin and pemetrexed chemotherapy and pembrolizumab for 2 cycles. Unfortunately, he experienced rapid progression within 2 months. He was then treated with docetaxel, carboplatin and bevacizumab for 1 month. He is currently enrolled in an EGFR/HER2-targeted TKI clinical trial (DZD9008).



Patients With HER2 Amplification

There were two patients with HER2 amplification.

The fourth patient (Case 4) was a 72-year-old Asian female never-smoker who complained of dorsalgia for 9 months. She was diagnosed with lung adenocarcinoma by percutaneous lung biopsy. CT showed metastatic mediastinal lymphadenopathy, SPECT scanning showed multiple bone metastases, and MRI showed evidence of brain metastases. The clinical stage was cT1N2M1c stage IVB. She was found to have HER2 amplification (copy number:2.6) without other gene alterations or PD-L1 expression. She was treated with carboplatin, pemetrexed, and pembrolizumab for 9 cycles. Then, she progressed with multiple new liver and bone metastases after 12 months and started on docetaxel and pembrolizumab with radiographic evidence of SD, which was sustained for 4.0 months up to the study endpoint.

The fifth patient (Case 5) was a 47-year-old Asian female never-smoker who had no symptoms. Her chest CT scan showed multiple pulmonary nodules. She was diagnosed with cT4N0M1a stage IVA lung squamous carcinoma by percutaneous lung biopsy. NGS testing of her lung biopsy specimen was performed, and it showed HER2 amplification (copy number:3.22). EGFR, ALK, ROS-1 and PD-L1 expression were all negative. She received chemotherapy (carboplatin and pemetrexed) and pembrolizumab for 4 cycles followed by pembrolizumab maintenance therapy, with a complete response (CR) as her best response. The patient was still in remission at the endpoint of this study.



Summary of Patients

The average patient age was 54.6 years. Three patients were females, and two were males. Among all the patients, only one had a smoking history (Case 2). The HER2 mutation type, treatments, responses and progression-free survival (PFS) for the above five patients are summarized in Table 1. The median PFS (mPFS) was 8 months, ranging from 2-12 months. The immunotherapies used were as follows: two patients were treated with sintilimab (Case 1 and Case 2), and three patients were treated with pembrolizumab (Case 3, Case 4 and Case 5). Only one patient (Case 5) had squamous carcinoma, and she was also the only patient with a CR. Figure 1 displays the representative chest CT images of all the patients’ best responses.


Table 1 | The characteristics, treatments, responses and progression free survival (PFS) for the patients.






Figure 1 | CT imaging of best disease response of patients: Case 1 at beginning of therapy (A1) and 4 months after receiving carboplatin+pemetrexed chemotherapy and sintilimab (A2) Case 2 at beginning of therapy (B1) and 5 months after receiving carboplatin+pemetrexed chemotherapy and sintilimab (B2) Case 3 at beginning of therapy (C1) and 2 months after receiving carboplatin+pemetrexed chemotherapy and pembrolizumab(C2) Case 4 at beginning of therapy (D1) and 10 months after receiving carboplatin+pemetrexed chemotherapy and pembrolizumab (D2) Case 5 at beginning of therapy (E1) and 6 months after treatment with carboplatin, pemetrexed, and pembrolizumab for 4 cycles followed by pembrolizumab maintenance (E2).






Discussion

Five advanced NSCLC patients, three with HER2 mutations and two with HER2 amplifications, received chemoimmunotherapy as the first-line treatment. Among all the patients, the immunotherapies used were as follows: two patients were treated with sintilimab, and three patients were treated with pembrolizumab. Only one patient had squamous carcinoma, and she was also the only patient with a CR. The PFS ranged from 2-12 months, with a median PFS of 8.0 months.

HER2, also known as ERBB2, is a cell surface receptor tyrosine kinase of the ERBB family that is considered an oncogenic driver in many cancers, notably breast, ovarian and gastroesophageal cancers (8). The HER2 receptor is activated via heterodimerization or homodimerization with other ERBB family receptors, inducing activation of EGFR signaling (9). The main types of HER2 alterations in lung cancer include gene insertion mutation, gene amplification and protein overexpression. HER2 insertion mutations and amplifications have been reported in approximately 2-5% and 2-3% of lung adenocarcinomas, respectively (10–12).

Recently, many clinical trials have focused on HER2-targeted therapy for HER2-positive NSCLC. However, the results are ambiguous and insufficient. Trastuzumab, a monoclonal antibody for the HER2 receptor, did not show definite benefits for HER2-positive NSCLC patients (13). In contrast, TKIs targeting both HER2 and EGFR were shown to exhibit a therapeutic response. In the EUHER2 study, HER2-targeted drugs, including trastuzumab, lapatinib, neratinib and afatinib, did not show clear survival benefits compared with conventional therapy, including chemotherapy and reversible EGFR-TKIs (7). Among them, afatinib, an irreversible ERBB family blocker, might be a promising therapeutic choice for HER2-mutant NSCLC with progression after previous chemotherapy or reversible EGFR-TKI treatment (14). Afatinib showed a response rate of 18.2% and an mPFS of 3.9 months in the EUHER2 study (7), but recent phase II trials found that only patients with specific HER2 mutations had durable responses to afatinib (15). Subsequently, preliminary results for several other HER2 kinase inhibitors, including temsirolimus (16) and TAK-788 (17), have indicated an effect on regression in these patients. Thus far, HER2-targeted therapy has not achieved ideal effects, and the treatment of NSCLC patients with HER2 alterations remains a major challenge.

The advantages of HER2-targeted therapy over chemotherapy in HER2-positive NSCLC are inconclusive. Previous studies suggested that the mPFS durations of chemotherapy alone, pemetrexed ± platinum/bevacizumab, gemcitabine, taxane ± platinum/bevacizumab, and vinorelbine were 4.3 months, 6.2 months, 2.6 months, 4 months and 3.5 months, respectively. By comparison, the mPFS of HER2 TKIs was only 2.2 months (18). For HER2-mutant lung cancers, the ORR was 36%, and the mPFS was 5.1 months with chemotherapy as the first-line therapy (6). The ORR and mPFS were 50.9% and 4.8 months, respectively, with trastuzumab or ado-trastuzumab emtansine (T-DM1) (7). Therefore, chemotherapy remains an important component of treatment, while the benefit of HER2-targeted therapy is inconclusive. However, the outcome of NSCLC patients with HER2 alterations who are treated with chemotherapy can be further improved by combination treatment, and thus, additional therapies for these patients are warranted.

Immunotherapies are also worth considering for the treatment of patients with HER2 alterations. The combination treatment of pembrolizumab and chemotherapy was included in the guidelines as a first-line treatment for advanced NSCLC based on the KEYNOTE-189 trial (19, 20). Nevertheless, immunotherapy is less effective in patients with oncogenic mutations than in patients without oncogenic mutations, and anti-PD-1/PD-L1 therapy may even facilitate hyperprogression (21). Chiara Catania et al. reported a case in which nivolumab had strong antitumor activity in advanced HER2-positive lung cancer (22). Conversely, Jody C. Chuang reported that HER2-mutated NSCLC patients did not respond to nivolumab (23). Mazieres et al. reported an ORR of 7% and a median PFS of 2.5 months amongst 29 patients with HER2 altered advanced lung cancer when treated with single agent immune checkpoint inhibitors (24). In our study, five advanced NSCLC cases were described. The results showed that the PFS times of the patients ranged from 2–12 months, with an mPFS of 8.0 months with chemoimmunotherapy. Based on our experience, we propose that chemoimmunotherapy may be a hopeful first-line treatment option for NSCLC patients with HER2 alterations.

NSCLC has distinct clinical features according to the HER2 alteration type; however, both amplification and oncogenic mutation in HER2 can promote receptor hyperactivation and tumor growth (25). HER2 mutations mainly occur at exon 20 in the protein kinase domain and are recognized as primary drivers in lung cancer, similar to other oncogenic drivers, such as EGFR, ROS, ALK, KRAS and BRAF (11). In NSCLC, it is controversial whether HER2 amplification is a driver gene. Some studies have suggested that amplification of ERBB2 is a driver event specifically in oncogene-negative lung adenocarcinoma (12). However, HER2 amplification may not be associated with HER2 mutation, and they may be involved in distinct clinical entities that need different therapeutic methods (26). Case reports have suggested that pyrotinib and afatinib may also be effective for lung adenocarcinoma patients with coexisting HER2 mutation and amplification (27, 28). The anti-HER2 antibody-drug conjugates (ADCs) have shown greater clinical benefit than TKIs in HER2-amplified cancers (29), specifically T-DM1 and deruxtecan-trastuzumab (T-DXd). T-DM1 was clinically effective in ERBB2-amplified/mutant lung cancer patients, and the ORR was 51%, with a mPFS of 5 months (30, 31). For heavily pretreated HER2-mutant NSCLC, a phase I study showed that the ORR of T-DXd was 72.7%, and the median PFS was 11.3 months (95% CI, 8.1–14.3) (32). Then in an ongoing phase II study (DESTINY-Lung01 study), T-DXd demonstrated an encouraging efficacy in this molecular subset of lung cancers. The ORR was 61.9%, and the median PFS was 14.0 months (95% CI, 6.4–14.0) (33). However, all of these studies are still in phase I or II, and the sample size is relatively small. Therefore, further exploration is required to identify specific types of HER2 alterations and assess their potential as novel therapeutic targets.

There are several limitations to this study. First, the sample size was too small, and the statistical results may have biased. Therefore, more prospective, larger sample size, randomized, controlled studies are needed. Second, the PD-L1 expression of these patients was negative, so the impact of PD-L1 status on the treatment response in these patients is unknown. Finally, the follow-up time of our study was only 12 months, and the overall survival (OS) of most patients was not reached. Thus, the patients still need to be followed up. Thus, the evidence from current clinical practice is inadequate, and further clinical data are needed to confirm our results.

To our knowledge, this study is the first to report chemo-immunotherapy as a first-line treatment for advanced NSCLC with HER2 alterations. Overall, our study aimed to provide additional data regarding the treatment of NSCLC with HER2 mutation or amplification. The results suggest that chemo-immunotherapy may be a hopeful first-line treatment option for these patients. However, further clinical trials are required to expand treatment options for NSCLC patients with HER2 alterations.
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Primary pulmonary lymphoepithelioma-like carcinoma (PPLELC) is a rare subtype of non-small cell lung cancer (NSCLC) for which there is currently no recognized treatment. Recently, favorable immune checkpoint blockade responses have been observed in PPLELC. This study aimed to review the effects of this regimen in patients with advanced PPLELC. PPLELC patients treated with immune checkpoint inhibitors at West China Hospital between January 2008 and December 2019 were retrospectively identified. Demographic parameters and antitumor treatment details were retrieved and reviewed. Among 128 patients diagnosed with PPLELC, 5 who received immune checkpoint inhibitors at advanced stages were included in the analysis. All of these patients were female nonsmokers with a median age of 55.6 (range 53-58) years at diagnosis. Their median PD-L1 expression was 40% (range, 30-80%). Although the patients underwent surgeries, chemotherapy and radiotherapy, all the treatments failed. Immune checkpoint inhibitors were administered palliatively, and three patients responded favorably, with the best overall response being partial remission (PR). Thus, immune checkpoint inhibitors may be a promising treatment for advanced PPLELC, and large clinical trials are warranted to obtain more evidence regarding this regimen.
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Introduction

Primary pulmonary lymphoepithelioma-like carcinoma (PPLELC) is a rare subtype of non-small cell lung cancer (NSCLC) that was first described by Begin et al. in 1987 (1). In the latest 2015 World Health Organization classification, PPLELC is categorized under “other and unclassified carcinomas” (2). Due to its rarity, the reported cases of PPLELC mainly occur in Southeast Asia and are believed to be associated with Epstein-Barr virus (EBV) infection (3).

Programmed cell death-1 (PD-1) is a member of the B7 family that is expressed by activated T cells along with its ligand, i.e., programmed death-ligand 1 (PD-L1), to mediate immunoregulation (4). PD-L1 is another immune checkpoint cell-surface protein that is expressed by tumor cells and host cells (5). The interaction between PD-1 in T cells and PD-L1 in tumor cells leads to inhibition of the proliferation of activated T cells (6). Thus, the inhibition of this interaction in vivo contributes to the enhancement of T-cell responses and can have antitumor activity (7).

Prior studies have shown higher than average expression of PD-L1 in PPLELC, which is also high compared with that in conventional NSCLCs (8, 9). Therefore, the high expression of PD-L1 in PPLELC suggests the potential benefit of using immunotherapy in this subtype of lung cancer. Currently, there has been no recognized treatment for PPLELC. Most patients diagnosed with PPLELC often present in early stages, and complete resection is performed (10). However, for advanced cases, multimodal therapy, including systematic chemotherapy and radiotherapy, is often needed (11). Recently, immune checkpoint inhibitors have emerged as treatment targets for NSCLCs, and favorable treatment responses against PPLELC have been reported (12–14).

In the present study, we enrolled patients with advanced PPLELC who underwent immune checkpoint blockade therapy with the aim of reviewing our preliminary experience with the use of this regimen in patients with advanced PPLELC.



Materials and Methods

This retrospective study included patients with histologically confirmed PPLELC at West China Hospital between January 2008 and December 2019. The patients were identified through hospital pathological and medical electronic databases, and records regarding demographic parameters, clinical manifestations, laboratory test results, chest computed tomography (CT) features, diagnostic methods, antitumor treatment and treatment reactions were simultaneously retrieved. All eligible patients received immunotherapy as the treatment for PPLELC and were followed up until June 30, 2020.

The pathological diagnosis of PPLELC was based on a combination of hematoxylin-eosin (HE) and immunohistochemical (IHC) staining and Epstein-Barr encoding region (EBER) positivity of lung tissue resections, and all patients underwent CT, magnetic resonance imaging (MRI), or positron emission tomography (PET)/CT to rule out nasopharyngeal cancer or lymphoepithelioma-like carcinoma (LELCs) of other origins. The tumor staging classification was based on the tumor-node-metastasis staging system (15). The expression level of PD-L1 was detected by immunohistochemistry using anti‐PD‐L1 antibody (clone 28-8, ab205921, Abcam). The results are expressed as a tumor proportion score (TPS), indicating the percentage of viable tumor cells showing partial or complete membrane staining at some intensity in the tissue specimens, i.e., TPS of 0–1% was regarded as negative, 1%–49% as low and ≥ 50% as high expression (16). We adopted the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 to assess changes in the tumor burden (17).



Results


Patient Characteristics

In total, we screened 128 patients diagnosed with PPLELC, including 5 who received immunotherapy. The demographic characteristics of these 5 patients are displayed in Table 1. All of these 5 patients were female nonsmokers with a median age of 55.6 (range 53-58) years at diagnosis. Furthermore, almost all of them had a tumor size greater than 3 (median 5.1, range 4.7-6.4) cm. In two patients, the tumors were located in the right middle lobe; in the other 3, the tumors were in the right lower lobe, left upper lobe and left lower lobe. The stage distribution at initial diagnosis was IA in one patient, IIIA in one patient and IV in three patients. Moreover, three patients had a PD-L1 TPS of less than 50% (case 1, 40%; case two, 30%; case 5, 5%), and two patients had a PD-L1 TPS of more than 50% (case 3, 90%; case 4, 80%). Two patients showed evidence of EBV infection, and the overall TPS of PD-L1 was 40% (range, 30-80%), including two patients with high expression (≥50%) and three with low expression (5-49%). Notably, one patient (case 3) was misdiagnosed with pulmonary squamous cell carcinoma before her biopsy samples were sent to the Pathology Department of our hospital for consultation. Representative images of the HE and IHC staining of PD-L1 expression are shown in Figure 1.


Table 1 | Demographic characteristics of the patients with PPLELC.






Figure 1 | Representative images for HE (×40) and IHC staining for PD-L1 expressions (×200). The expressions of PD-L1 in patients 1 to 5 were 40%, 30%, 90%, 80% and 5%, respectively.





Treatment Before Immune Checkpoint Blockade Therapy

The treatment details before application of immune checkpoint inhibitors are shown in Table 2. Only two patients underwent radical tumor resection, and adjuvant chemotherapy and gemcitabine plus cisplatin (GP regimen) were administered to Patient 1. Progression-free survival (PFS) in the first two patients was 19.4 months and 8.3 months, respectively. Palliative chemotherapies, including paclitaxel plus carboplatin (TC regimen), pemetrexed (Alimta) plus carboplatin (AC regimen), docetaxel plus cisplatin (DP regimen) and paclitaxel plus fluorouracil (TF regimen), were administered to all patients at advanced stages, and the median number of chemotherapy cycles given to them was 1. The first four patients received the TC regimen only and achieved stable disease (SD). The fifth regimen was administered sequentially to the AC, DP, and TF regimen patients and resulted in partial remission (PR). Additionally, three patients received thoracic radiotherapy. However, all patients ultimately had progressive disease (PD), and the median time to first tumor progression was 7.4 (range, 5.2-9.6) months.


Table 2 | Treatment details before immune checkpoint blockade therapy.





Immune Checkpoint Blockade Therapy

Table 3 presents details on the immunotherapy regimen. In total, three types of immune inhibitors were used in our patients, including sintilimab, pembrolizumab and nivolumab. These five patients underwent a median of 8.8 (range, 5.5-14.7) months of palliative chemotherapy and/or radiation before immunotherapy was adopted. The median number of immunotherapy cycles administered to our patients was 8 (range, 6-19), and the best treatment response achieved was PR in two patients and SD in three patients. At the end of the final month, two of our patients had developed PD. Our second patient developed PD in the initial four cycles of pembrolizumab alone, but SD was subsequently achieved once she received pembrolizumab combined with nab-paclitaxel. We were unable to contact Patient 3 to obtain more information regarding her treatment details and subsequent status. Briefly, Patient 4 showed PD in the second follow-up after partial remission with a PFS following ICBT of 7.5 months. Unfortunately, she died 7.8 months after progression. Compared with the PFS of 4.2 months following chemotherapy, survival for 15.3 months following ICBT may be considered an improvement. Patient 5 also experienced PD in the final month (in May 2020), with SD for 24.5 months. A stable period of 24.5 months following ICBT was a significant improvement over that resulting from the previous chemotherapy, especially because she suspended ICBT for more than 9 months due to financial reasons. Fortunately, both Patient 1 and Patient 2 continued to benefit from ICBT without progression. A summary of the overall treatment reaction is presented in Figure 2.


Table 3 | Treatment details of immune checkpoint blockade therapy.






Figure 2 | Summary of treatment reactions to chemotherapy and immune checkpoint blockade therapy. All of the patients underwent PD before immunotherapy, and three of them responded favorably to ICBT. The bars on the left and right side of the dotted line denote the treatment details before and after the administration of immune checkpoint inhibitors, respectively.



Images of the changes observed throughout treatment are displayed in Supplementary Figures 1–5, and additional information for the excluded 123 patients is presented in Supplementary Table 1.




Discussion

We reviewed the efficacy of immune checkpoint inhibitors in patients with PPLELC, and based on our preliminary experience, most patients responded favorably to the PD1/PD-L1 blockade therapy. To the best of our knowledge, this study is the first to thoroughly summarize the treatment response of PPLELC patients to different checkpoint inhibitors.

Our patients had a median age of 55.6 years (range 53-58) and were predominantly female. The patients were all nonsmokers, which is quite a distinctive demographic characteristic of PPLELC, as it generally affects younger Asian nonsmoking females (18). The features of PPLELC that distinguish it from other subtypes of NSCLC indicate that PPLELC is a unique subtype of lung cancer. In addition, epidemiological differences in PPLELC exist across different regions worldwide (18, 19). As reported by other studies (13, 20, 21), PPLELC in our study mainly originated in the right lower lobe and rarely in the right upper lobe, with a median diameter of 5.1 cm. All of the patients had EBER positivity, and two showed evidence of EBV infection; although it is widely believed that a connection exists between EBV infection and the development of PPLELC (3), conflicting findings have been reported in Western populations (22). In vitro studies of nasopharyngeal carcinoma have shown that EBV has the ability to upregulate PD-L1 expression through IFN-γ and latent membrane protein 1 (18). The results of our study revealed a median PD-L1 TPS of 40%, and 60% of the patients had low PD-L1 expression, which is similar to the findings reported in the study by Zhanhong Xie et al. (23).

Patient 1 and Patient 2 first underwent radical tumor resection during early stages of the disease. In resectable cases, complete removal is the preferred approach to PPLELC. A study by Liang et al. suggested that a high survival rate can be achieved through radical resection (24). In their study, among 40 patients who underwent complete tumor resection, recurrence occurred in 6 patients, ranging from 10.6 to 41.1 months after the surgery. At the end of the final month of follow-up, these two patients were alive, with tumor progression times following surgery of 19.4 and 8.3 months. Notably, adjunct chemotherapy was administered to Patient 1, so whether longer progression-free survival could be achieved by adjuvant chemotherapy and/or radiation is unknown. Additionally, in Liang’s study, the authors concluded that in PPLELC patients with stage IIIA disease who underwent radical resection, a better prognosis could be achieved when adjuvant chemotherapy was administered (24). The results of a meta-analysis showed that NSCLC patients in stage IIIA benefited the most from adjuvant chemotherapy (25, 26). Therefore, postoperative adjuvant chemotherapy should be used for cases at locally advanced tumor stages. In addition, palliative chemotherapy and/or radiation are often used for patients in advanced or metastatic stages. In our study, the most commonly used chemotherapy was the TC regimen, and the corresponding patients achieved the best overall SD, regardless of the inclusion of radiotherapy in the treatment regimen. Currently, the optimal chemotherapy for PPLELC remains unclear. A study conducted in Macau compared the efficacy of taxane-based and non-taxane-based combinations, and the results did not show a significant difference in terms of response or survival (13). A retrospective study on Chinese Taiwan patients revealed that platinum-based doublet chemotherapy could be considered the first-line treatment for advanced PPLELC (27). Another study by Zuan Lin et al. assessed three first-line chemotherapy regimens, i.e., GP, taxanes plus platinum (TP) and pemetrexed plus platinum (AP); of these regimens, GP achieved the highest response rate and longest PFS (28). Furthermore, due to the uncertainty of adding thoracic radiotherapy to first-line chemotherapy, Zuan Lin et al. evaluated the value of radiotherapy and concluded that palliative thoracic radiotherapy was beneficial for prolonging the survival of PPLELC patients with advanced-stage disease (28). Consistent with our study, PFS was longer in Patients 1, 2, and 5, all of whom received thoracic radiotherapy.

Since our patients were all positive for PD-L1 expression, they received immunotherapy after systematic chemotherapy and radiotherapy either with or without concurrent treatments. The immune inhibitor administered to our first patient was sintilimab, and she achieved a response of PR. Initially approved for the treatment of classical Hodgkin’s lymphoma, sintilimab is a fully humanized IgG4 monoclonal antibody that binds PD-1 to block the interaction between PD-1 and its ligands (29). To date, our patient is the first worldwide to receive sintilimab as a palliative treatment for PPLELC, and we confirmed its efficacy. The latest clinical trial conducted in mainland China evaluated the safety and outcome of sintilimab as a neoadjuvant treatment in patients with resectable NSCLC (stage IA-IIIB). The results showed that sintilimab was well tolerated, and a 40.5% major pathological response was obtained (30). Our results suggest that the use of the PD-1 inhibitor sintilimab in advanced PPLELC patients may be feasible. Pembrolizumab and nivolumab are other PD-1 antibodies approved for the treatment of unresectable NSCLC. Although patient 2 developed PD on pembrolizumab alone in the initial four cycles, she still had SD when it was subsequently combined with nab-paclitaxel. Patient 3 was treated with 1 cycle of pembrolizumab and was able to achieve SD. A study by Na Zhou et al. described a female patient from Macau treated with pembrolizumab after a three-line platinum-combined chemotherapy regimen, and SD was achieved (13), representing the first report of a favorable response to pembrolizumab in patients with advanced LELC. In patients with advanced NSCLC and a PD-L1 TPS of 50% or more, the first-line treatment has been pembrolizumab monotherapy instead of platinum doublet chemotherapy (31).

Moreover, a multicenter retrospective study recently conducted by Aguilar EJ showed that the treatment effect of the first-line treatment pembrolizumab was significantly better in NSCLC patients with PD-L1 expression ≥ 50% than in those with PD-L1 expression ≥ 90% (32). Their findings suggest that higher PD-L1 expression in NSCLC patients may lead to better clinical outcomes for patients receiving pembrolizumab. This finding may account for the effect difference of pembrolizumab in our patients. Unfortunately, we were unable to maintain contact with Patient 3, who only received one cycle of pembrolizumab, which may have affected the evaluation. Nevertheless, as mentioned above, our results still add evidence to the literature on the effectiveness of pembrolizumab for the treatment of unresectable PPLELC. Regarding Patients 4 and 5, who received nivolumab, the former achieved PR, and the latter achieved SD. Evidence of nivolumab for the treatment of advanced PPLELC is limited to case reports (12, 33, 34). One case report in our study was for Patient 4, who was the first patient worldwide to respond favorably (PR) to nivolumab. However, she unfortunately developed PD during the final month of the evaluation. Patient 5 still achieved SD.

Additionally, three patients were given concurrent treatments during the course of immunotherapy, two with anlotinib and one with nab-paclitaxel. To date, reports regarding the effectiveness of anlotinib in PPLELC remain lacking due to its rarity. Subgroup analysis from the ALTER0303 trial suggested that anlotinib could improve PFS and overall survival (OS) in patients with adenocarcinoma, and prolonged survival was shown in patients with squamous cell carcinoma (35). The same findings may apply to PPLELC, but more evidence is needed to determine whether the addition of anlotinib leads to better outcomes. For nab-paclitaxel, there is no evidence indicating its efficacy in PPLELC. The KEYNOTE-407 study reported the immune-chemotherapy combination in the treatment of untreated metastatic squamous NSCLC and concluded that longer OS and PFS could be achieved when pembrolizumab was added to chemotherapy (carboplatin plus paclitaxel or nab-paclitaxel) compared with chemotherapy alone (36). According to our results, it is likely that the combination of pembrolizumab and nab-paclitaxel may be feasible in the treatment of advanced PPLELC, but more clinical trials are needed.

This study has several limitations that should be noted. The most obvious weakness is the small sample size. Due to the rare incidence of PPLELC, only 128 patients were diagnosed with PPLELC at our center over the last decade, which is among the top hospitals nationwide, with more than 5000 newly diagnosed lung cancer cases each year. Second, immunotherapy is a relatively new treatment method. Among the 128 PPLELC patients, 5 received immune checkpoint inhibitors with different treatment regimens. Whether heterogeneity exists between the different treatments requires further exploration. Additionally, the follow-up period was restricted due to the emergence of new treatments. Multicenter studies with sufficiently long observation periods will be carried out by our team in the future to provide more convincing evidence. Finally, this study represents a descriptive investigation. Research concerning the mechanism of immune checkpoint inhibitors in PPLELC is required.

In summary, we evaluated a small number of patients and demonstrated that immune checkpoint inhibitors may be promising beneficial treatments for advanced PPLELC. Optimal treatments for this type of disease remain lacking, and large clinical trials are warranted.
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Lung cancer, the leading cause of cancer-related deaths worldwide, can be classified into small cell lung cancer and non-small cell lung cancer (NSCLC). NSCLC is the most common histological type, accounting for 85% of all lung cancers. Kirsten rat sarcoma viral oncogene (KRAS) mutations, common in NSCLC, are associated with poor prognosis, likely due to poor responses to most systemic therapies and lack of targeted drugs. The latest published clinical trial data on new small-molecule KRAS G12C inhibitors, AMG510 and MRTX849, indicate that these molecules may potentially help treat KRAS-mutant NSCLC. Simultaneously, within the immuno-therapeutic process, immune efficacy has been observed in those patients who have KRAS mutations. In this article, the pathogenesis, treatment status, progress of immunotherapy, and targeted therapy of KRAS-mutant NSCLC are reviewed.
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Introduction

Lung cancer ranks first worldwide for malignant tumour-related deaths. Non-small cell lung cancer (NSCLC) is the most common histological subtype, accounting for 85% of all lung cancers (1). Compared with other mutations, Kirsten rat sarcoma viral oncogene (KRAS) mutations are among the most common mutations in NSCLC. However, patients with NSCLC harbouring KRAS mutations respond poorly to chemotherapy and have a poor overall prognosis (2). The rapid development of immunotherapy has brought hope for patients, improving the clinical outcomes of patients with KRAS-mutant NSCLC (3, 4). Currently, there are no KRAS-mutant NSCLC targeted drugs; however, promising clinical trial data on new small-molecule KRAS G12C inhibitors (2), AMG510 (5) and MRTX849 (6), showing that they may potentially treat KRAS-mutant NSCLC have come to light. Moreover, many different targeted drugs are currently being developed. This article summarises the current treatment options for patients with KRAS-mutant NSCLC.



Molecular Biological Functions of KRAS

The rat sarcoma viral oncogene (RAS) gene mainly encodes a low molecular weight G protein (21 kD), with guanosine triphosphatase activity that acts as a molecular signal transduction switch and participates in regulating cell growth and differentiation. RAS protein is activated upon binding to guanosine triphosphate (GTP) and/or upstream signalling factors, activating downstream molecules and different signalling pathways that regulate basic cellular processes. The main RAS-mediated signalling pathways include the mitogen-activated protein kinase (MAPK) pathway (7–9); RAS-rapidly accelerated fibrosarcoma (RAF)-MAPK extracellular signal-regulated kinase (ERK) kinase (MEK)-ERK pathway, which mainly regulates cell proliferation and survival; and the phosphatidylinositol 3-kinase (PI3K)-protein kinase B (AKT)-mechanistic target of rapamycin (mTOR) pathway, which primarily controls cell proliferation. The RAS-like proto-oncogene guanine nucleotide dissociation stimulator pathway primarily stimulates the transcription of genes that promote survival and cell cycle progression. However, RAS is inactivated by guanosine diphosphate (GDP) (7). This activation/deactivation process involves GTP hydrolysis and GDP/GTP exchange, and both steps involve other regulatory proteins, such as guanine nucleotide exchange factors (GEFs) and guanosine triphosphatase activating protein (GAP).

In summary, RAS proteins regulate signal transduction by activating different effectors, thereby controlling different cellular functions.

There are three genes related to human tumours in the RAS gene family, Harvey rat sarcoma viral oncogene (HRAS), KRAS, and Neuroblastoma rat sarcoma viral oncogene (NRAS), which are located on chromosomes 11, 12, and 1, respectively (10). Among them, KRAS most significantly impacts human cancer (Figure 1). The small G protein encoded by the mutated KRAS oncogene can still bind to GTP but prevents the GAP from increasing guanosine triphosphatase activity, inhibiting GTP hydrolysis to GDP and facilitating KRAS binding to GTP to maintain the active state. Without extracellular signals, an intracellular cascade reaction is initiated, resulting in unlimited cell growth and inducing tumourigenesis (7).




Figure 1 | Inhibitors of Kirsten rat sarcoma viral oncogene homolog (KRAS) effector signalling. RAS protein acts as a binary molecular switch in a variety of signal transduction pathways. It is active when combined with GTP, but doesn’t have activity when combined with GDP. The GDP/GTP cycle is regulated by GEFs, which can promote the formation of active RAS - GTP and GAP stimulates GTP hydrolysis and forms inactive RAS - GDP. Normal RAS can be activated by upstream signalling factors, which in turn activates multiple downstream signalling pathways, including: MAPK, pathway; PI3k - AKT - mTOR, and pathway; RALGDS pathways. MAPK pathway, PI3K, pathway and JAK-STAT pathways promote the transcription of genes related to cell proliferation, metastasis, and drug resistance. PD -1 exists on the surface of activated T cells. When it is combined with PD-L1/2, it causes a series of immunosuppressive effects. Many Several methods have been developed to directly inhibit KRAS and inhibit KRAS downstream signalling pathways. Many new treatment strategies for KRAS inhibitors, KRAS downstream signalling pathway inhibitors, and ICIimmune checkpoint inhibitors are under investigation.





KRAS Mutations and Their Role in NSCLC

KRAS mutations are some of the most common drivers of NSCLC and are almost only detected in lung adenocarcinoma and rarely found in squamous cell carcinoma. Over 80% of KRAS mutations occur in codon 12, and the most common mutations are KRAS G12C (mutation of glycine to cysteine; approximately 40%), KRAS G12V (mutation of glycine to valine; approximately 18–21%), and KRAS G12D (mutation of glycine to aspartic acid; approximately 17–18%), amongst others. Unlike other mutation types, KRAS mutations are mostly associated with smoking habits; approximately only 5% of KRAS mutations occur in light- or non-smokers. Notably, non-smokers are more likely to have KRAS G>A transformation mutations (mainly G12D) than smokers, while the most common mutation in smokers is a G>T translocation mutation (1, 7). Patients with KRAS-mutant NSCLC have a shorter median overall survival (OS) and a lower two-year survival rate (1).



Prognosis of KRAS-Mutant NSCLC

At present, for NSCLC patients harbouring KRAS mutations, platinum-containing chemotherapy is central to a variety of treatments. However, the use of KRAS mutations as predictive markers for the onset of chemotherapy is disputable. A variety of studies have shown that KRAS mutations adversely affect OS and progression-free survival (PFS) and lower disease control rate (DCR) in patients with advanced NSCLC (11, 12). Furthermore, an earlier study showed that patients carrying KRAS mutations had high frequencies of liver (P = 0.01) and brain (P = 0.04) metastasis at baseline by radiological evaluation, suggesting that the presence of KRAS mutations may lead to more aggressive disease manifestations (11). As the epidermal growth factor receptor (EGFR) gene is located upstream of KRAS, a decrease in the tyrosine kinase activity of these receptors can reduce KRAS activation. However, KRAS mutations can counteract the therapeutic effects of EGFR tyrosine kinase inhibitors (TKIs), such as gefitinib and erlotinib, which are approved for the treatment of EGFR-mutant NSCLC but have poor efficacy in KRAS-mutant NSCLC (13).

In summary, currently available therapeutic options have little, if any, effect on NSCLC patients carrying KRAS mutations, whose prognoses remain poor.



Progress in Immunotherapy of KRAS-Mutant NSCLC

In recent years, immunotherapy based on immune checkpoint inhibitors has been successful in treating NSCLC, especially in patients with a high tumour mutation burden (TMB), CD8+ tumour cell infiltration, and programmed death-ligand 1 (PD-L1) expression (14). In a retrospective study, Valero et al. showed that neutrophil-to-lymphocyte ratio (NLR) is a suitable and promising biomarker for immunotherapy (15). They suggested that higher NLR is associated with poor prognosis after immune checkpoint inhibitors (ICI) therapy. In addition, lymphocyte-to-monocyte ratio (LMR) is also associated with immune responses (16). In contrast to the NLR, the higher the LMR, the better the immune effect (16). It was recently discovered that a normal expression of the human leukocyte antigen (HLA) class is a marker of favourable responses to immunosuppressive agents/immunoinhibitors. Patients with complete loss respond poorly compared to patients with partial loss or normal expression of HLA class I (17). A recent study showed that in NSCLC, KRAS mutation status positively correlated with TMB, PD-L1 expression, and T cell infiltration (14). Since KRAS-mutant NSCLC is smoking-related lung cancer, high T cell infiltration and high TMB are usually observed in smokers with KRAS mutations (18, 19). The high T cell infiltration suggests that KRAS-mutant NSCLC may respond well to immunotherapy.

However, the influence of KRAS mutation status on the immune responses of NSCLC patients remains controversial. In a study of multi-line nivolumab treatment in those patients who have KRAS-mutant NSCLC (20), regardless of KRAS status, there were similar remission rates: overall response rate ([ORR] 20% vs. 17%; P = 0.39), DCR (47% vs. 41%; P = 0.23), median PFS (4 months vs. 3 months; P = 0.5), and OS (11.2 months vs. 10 months; P = 0.8). However, compared with the KRAS wild-type, the three-month PFS rate of patients with KRAS-mutant NSCLC was significantly increased (53% vs. 42%; P = 0.01). A subgroup analysis of randomised phase III study CheckMate057 indicated that during the second-line treatment for patients who carry KRAS mutations, nivolumab monotherapy had a higher OS benefit than docetaxel monotherapy (HR = 0.52; 95% CI: 0.29–0.95). Additionally, the subgroup with KRAS mutations had the highest OS benefit in nivolumab monotherapy, while the OS benefit of patients with wild-type KRAS was limited (HR = 0.98; 95% CI: 0.29–0.95) (4). According to the KRAS mutation status, the results of OS analysis in the OAK research, a randomised, double-blind III period clinical study, showed that patients with KRAS-mutant NSCLC could also benefit from atezolizumab treatment in terms of OS (HR = 0.71; 95% CI: 0.38–1.35) (3). First-line studies using immunosuppressants indicate some benefits for patients with KRAS-mutant NSCLC. The exploratory analysis of KEYNOTE-042 showed that the first-line pembrolizumab monotherapy in patients with KRAS-mutant NSCLC has higher PFS (12 months vs. 6 months; HR = 0.51; 95% CI: 0.29-0.87) and OS (28 months vs. 11 months; HR = 0.42; 95% CI: 0.22-0.81) than platinum-containing chemotherapy (21). The subgroup analysis of KEYNOTE-189 (21) showed that first-line pembrolizumab combined with platinum-containing chemotherapy has improved clinical efficacy compared with platinum-containing chemotherapy alone in patients with advanced NSCLC (PFS: 9 months vs. 5 months; HR = 0.47; 95% CI: 0.29-0.77; OS: 21 months vs. 14 months; HR = 0.79; 95% CI: 0.45-1.38). However, regardless of the KRAS mutation status, the PFS (9 months vs. 9 months), OS (21 months vs. 23 months), and ORR (40.7% vs. 47.6%) benefits are similar in pembrolizumab combined with platinum-containing chemotherapy. Furthermore, many studies have suggested that there may be a synergistic effect between KRAS G12C inhibitors and immunotherapy drugs. In preclinical studies, the use of AMG510 in immune-competent mice allowed T cells, especially CD8+ T cells, to infiltrate a large number of tumours, resulting in a pro-inflammatory tumour microenvironment that produced durable responses alone or in combination with ICI (22). Another study also verified the immunomodulatory effect of KRAS G12C inhibitors, that is, the ability to reshape the immune microenvironment (23). Therefore, the combination therapy model using KRAS G12C inhibitors and anti-PD-1 therapy is expected to become a new treatment direction.

Interestingly, the different KRAS mutation subtypes may be related to the immune responses of patients with NSCLC. A retrospective study suggested that (24), among the common subtypes of KRAS mutations, the KRAS G12D mutation was related to poor OS (HR: 2.43; 95% CI: 1.15–5.16; P = 0.021), while the remaining KRAS mutation subtypes had no significant correlation with OS. This indicates that for patients with KRAS-mutant NSCLC, the KRAS G12D mutation is a negative prognostic factor compared to the negative expression of PD-L1 (<1%). Additionally, KRAS G12C mutation is related to weakly positive expression of PD-L1 (1%–49%) which suggests that it may predict immunotherapy benefits. Another retrospective study of patients with advanced KRAS-mutant NSCLC treated with immunosuppressive agents showed no significant differences in OS or PFS among the main KRAS mutation subtypes (G12A, G12C, G12D, G12V, and G13C) (25).

Furthermore, KRAS may have co-mutations with other master genes, which may affect immunity. In one Lung Cancer Mutation Consortium (LCMC) study (1), 27% of patients with lung adenocarcinoma had KRAS mutations, and as many as one-third of these patients had another carcinogenic driver. Skoulidis et al. (26) discovered three clusters based on strong expression: co-mutation with serine/threonine kinase 11 (STK11)/liver kinase B1 (LKB1) known as the KL subgroup, tumour protein 53 (TP53)(KP subgroup), and cyclin-dependent kinase inhibitor 2A/B (CDNK2A/B) inactivation plus thyroid transcription factor-1 low expression (KC subgroup). In addition, Kelch-like ECH-associated protein 1 (KEAP1)/Nuclear factor E2 related factor 2 (NFE2L2) is also a critical co-mutation, which is also enriched in the KL subgroup (2, 7). These clusters had various biological characteristics and treatment reaction: the ORR of immunotherapy for NSCLC due to KRAS mutations alone, KRAS co-mutations with STK11/LKB1 and TP53 was approximately 28.6%, 7.4% (because the blocking of PD-1 by immunosuppressive agents was reduced), and 35.7% (showing better efficacy), respectively (27). Patients with co-mutations in KEAP1/NFE2L2 have a significantly shorter survival (HR = 1.96; 95%CI: 1.33–2.92; p ≤ 0.001). This may be owing to the high levels of tumour-infiltrating cytotoxic CD8+ cells, a significantly high overall mutation load, and high expression of PD-L1 in the KP subgroup tumours. In the KL subgroup tumours, STK11 deletion promotes neutrophil recruitment, and the production of pro-inflammatory cytokines leads to a significant reduction in the number and function of T cells. Besides, STK11/LKB1 inactivation reduces the expression levels of PD-L1 (24, 26, 28). KRAS-mutant NSCLC with KEAP1 mutations were mostly immune inert tumours, with low T cell inflammation and low expression of PD-L1 ligands (7).

Blocking the PD-1/PD-L1 pathway is a promising treatment strategy for the treatment of KRAS-mutant NSCLC. Compared with immune combination chemotherapy, immunomonotherapy offers more evident PFS, ORR, and OS benefits (3, 4, 20, 21).

Cytotoxic T lymphocyte antigen-4 (CTLA-4) is considered another critical immune checkpoint, negatively regulating T cell immune responses. Ipilimumab (one of the CTLA-4 inhibitors) was widely used against melanoma (29). However, researchers are still studying the effect of CTLA-4 inhibitors on NSCLC. According to the data published by the CheckMate 227 (ClinicalTrials.gov Identifier: NCT02477826) and CheckMate 9LA (ClinicalTrials.gov Identifier: NCT03215706) studies, which included KRAS-mutant NSCLC patients, first-line treatment with nivolumab plus ipilimumab led to better survival than did chemotherapy in patients with NSCLC, regardless of PD-L1 expression level (30, 31).

In addition, tumour lymphoid-infiltrating cells are significantly cytotoxic and can accurately identify cancer cells. Therefore, therapy with these cells may be a promising new strategy.

Immunotherapy is a potential first-line treatment option for patients with KRAS-mutant NSCLC. However, because of the heterogeneity of KRAS-mutant NSCLC, especially the existence of co-mutations, individualised immunotherapy is needed.



Progress in Targeted Therapy for KRAS-Mutant NSCLC

KRAS protein lacks a suitable “pocket” for small-molecule binding. Notably, KRAS has a very strong affinity for GTP and GDP (1000 times stronger than adenosine triphosphate [ATP]). There was very little difference between KRAS wild-type and mutant structures. Within the G or catalytic domain sequences, KRAS proteins are reportedly highly homologous with other RAS proteins, with nearly 90% similarity (10). Drugs targeting KRAS mutations often affect the normal KRAS. The similar structure of KRAS mutants challenges the development of effective drugs selectively targeting mutant KRAS (32).


Direct Inhibition of KRAS

The most common type of KRAS mutation is KRAS G12C. The mutant cysteine is located near a pocket (P2) in the switch II region. The P2 pocket only exists in the inactive GDP-binding conformation of KRAS, which can be used to make KRAS G12C irretrievable inhibitors (33). KRAS G12C allele inhibitors trap oncoproteins in an inactive state by inhibiting the reactivation of exchanged nucleotides, thereby blocking the proliferation of tumour cells that depend on the protein’s signalling pathways (34). AMG510 is a selective and irreversible small molecule targeting KRAS G12C with a mechanism similar to that described above. Preclinical studies have shown that AMG510 can inhibit almost all measurable ERK phosphorylations, a key downstream effector of KRAS, thereby enabling KRAS G12C mutant tumour mice to achieve long-lasting tumour regression (22). According to the latest data published by the CodeBreak 100 study (5), among the 59 patients who carry the KRAS G12C mutation in patients with advanced NSCLC undergoing multi-line therapy, a total of 19 patients had definite objective remission, with an ORR of 32.2% [95% CI: 20.62–45.64]; 52 patients had clear disease controVS-6766l, with a DCR of 88.1% (95% CI: 77.07–95.09). The median PFS was 6.3 months, significantly improved compared with previous second/third-line treatments for NSCLC. In terms of safety, 39 cases (66.1%) of treatment-related adverse events and 11 cases (18.6%) of adverse events of grade 3 or above were reported. The latest research data of CodeBreak 100 Phase II was announced at the 21st World Lung Cancer Conference. Among 124 patients with evaluable efficacy, the ORR was 37.1%, the DCR was 80.6%, and the median PFS was 6.8 months. In terms of safety, during treatment with AMG510, no dose-limiting side effects were observed, and no treatment-related deaths occurred. These findings indicate that AMG510 is safe, causes remission and long-lasting benefits in patients with KRAS-mutant NSCLC (35). Based on the positive results from the preliminary clinical trials, FDA has granted Sotorasib (AMG510) the title of breakthrough therapy for the treatment of locally advanced or metastatic NSCLC with KRAS G12C mutation on December 8, 2020. The CodeBreak 101 (ClinicalTrials.gov Identifier: NCT04185883) study investigated AMG510 monotherapy and combination therapy with anti-tumour drugs, and the CodeBreak 200 (ClinicalTrials.gov Identifier: NCT04303780, Table 1) study compared the effects of AMG510 in second-line treatment with standard chemotherapy. These studies have entered the clinical trial phase, and the results are promising.


Table 1 | Ongoing Clinical Trials of KRAS-Mutant Lung Cancer.



A preclinical study of another oral, selective, small molecule (MRTX849) targeting KRAS G12C showed a broad spectrum of activity in tumours with the KRAS G12C mutation in in vivo models, resulting in significant tumour regression in most models (23). Mirati reported the latest clinical trial results of the Phase I/II clinical study of MRTX849 (6). In patients with advanced NSCLC who received chemotherapy and a PD-1/PD-L1 inhibitor, MRTX849 monotherapy has indicated up to 96% ORR and 45% DCR. Seventy percent (16/23) of patients with confirmed remission had more than 40% tumour reduction in comparison with the baseline. In terms of safety, 30% of patients experienced grade 3 or 4 treatment-related adverse events, 4.5% terminated treatment due to adverse reactions, and two patients died from treatment-related adverse events (one pneumonia and one heart failure case). The currently published data show that the efficacy of MRTX849 is slightly better than that of AMG510; however, the adverse effects are more significant, especially cardiac toxicity. The evaluation of the efficacy of these two drugs needs a larger cohort size. The Phase I/II clinical study (ClinicalTrials.gov Identifier: NCT04330664) of MRTX849 combined with the Src homology phosphortyrosyl phosphatase 2 (SHP2) inhibitors, TNO155, is underway.

Furthermore, the small-molecule KRAS G12C inhibitor JNJ-74699157 (ARS-3248) is in Phase I clinical trials (ClinicalTrials.gov Identifier: NCT04006301). Another newly developed small-molecule inhibitor, LY3499446, is under Phase I/II clinical study (ClinicalTrials.gov Identifier: NCT04165031) in combination with cyclin-dependent kinase (CDK) 4/6 inhibitor (abemaciclib), EGFR inhibitor (cetuximab), erlotinib, and docetaxel, respectively. A new KRAS G12C irreversible covalent inhibitor, GDC-6036, has also entered clinical trials (ClinicalTrials.gov Identifier: NCT04449874).

Although the emergence of KRAS G12C inhibitors has brought hope to patients with KRAS G12C mutations, the duration of response (DOR) (range 1.1 to 13.6 months) is not as good as the EGFR inhibitors (range 7.3 to 22.0 months) (35–37).

Furthermore, Mei Zeng et al. (38) have designed a library of C12 directed covalent degradation molecules (PROTACs). Although the degradants they found, in the end, cannot degrade the endogenous KRAS G12C, it provides new ideas and insights for the development of KRAS degradants.

In addition to the KRAS G12C mutation, mutations such as KRAS G12D also play an important role in the occurrence and development of tumours. The KRAS G12D-specific inhibitor MRTX1133, developed by Mirati, can reversibly bind to the activated and inactivated KRAS G12D mutants and inhibit their activity. The specificity of MRTX1133 to KRAS G12D is more than 1000 times that of wild-type KRAS, and its half-life is more than 50 hours (6). In vitro experiments indicated that MRTX1133 has a dose-dependent inhibition of the KRAS signalling pathway activity and significantly reduced the size of tumours with KRAS G12D mutations in pancreatic and colorectal cancer models compared with the control group (6).



Inhibition of the Nucleotide Exchange Cycles

The conversion of inactive KRAS-GDP to active KRAS-GTP requires GEFs, including the most common one, the Son of Sevenless (SOS) protein (39). A study (40) screened out a specific small-molecule SOS1 inhibitor, BAY-293, which can effectively destroy the mutual effect between KRAS and SOS1, prevent the formation of the KRAS-SOS1 complex, and thereby inhibit the activity of all KRAS mutants. Another SOS1 inhibitor, BI-1701963, is in Phase I clinical trial (ClinicalTrials.gov Identifier: NCT04111458) (41).



Inhibition of KRAS Membrane Positioning

KRAS needs to be processed by post-translational enzymes to bind to cell membranes and exert its activity, which requires the regulation of a variety of enzymes, such as farnesyltransferase, geranylgeranyltransferase, RAS-converting enzyme 1, isoprenylcysteine carboxyl methyltransferase, etc. The rate-limiting step in this series of enzymatic reactions is the isoprenylation of cysteine in the cysteine–aliphatic–aliphatic–terminal amino acid (CAAX) tetrapeptide structure mediated by farnesyltransferase (42). However, farnesyltransferase inhibitors (FTIs) such as tipifarnib, lonafarnib, and second-generation salirasib, did not show significant efficacy. This may be because when KRAS-mutant cells are deactivated by FTIs, farnesylation is deactivated. However, KRAS is modified by γ-glutamyl transpeptidase (GGT), a geranylgeranyl KRAS which allows its membrane positioning and signal transduction and overcomes the influence of FTIs (42). Simultaneous inhibition of farnesyltransferase and geranylgeranyltransferase may be an effective method, but it is necessary to observe toxicity levels. Another method to prevent the compensation effect of geranylgeranyltransferase on FTIs in KRAS-mutant NSCLC is to target other enzymes such as RAS-converting enzyme 1 and isoprenylcysteine carboxyl methyltransferase, whose inhibitors still need to be further studied. Phosphodiesterase-δ (PDE-δ) is an isoprene-binding protein that regulates the correct positioning and signal transmission of farnesylated KRAS. PDE-δ inhibitors interfere with the binding of mammalian PDE-δ and KRAS, change their location on the membrane, and inhibit carcinogenic KRAS signals (43). However, PDE-δ inhibitors’ stability is unclear, and they may lack sufficient selectivity for KRAS protein, thus, warranting further research.



Inhibition of the Downstream Signal Pathway of KRAS

RAF-MEK-ERK pathway inhibition: Sorafenib (BAY 43-9006) is the first compound developed specifically for RAF. It is a multi-TKI (not a specific RAF kinase inhibitor) against vascular EGFR, platelet-derived growth factor receptor, and proto-oncogene tyrosine-protein kinase (44). In the BATTLE trial and the phase III MISSION trial, sorafenib did not have a noticeable therapeutic effect on KRAS-mutant NSCLC, nor did it prove KRAS-mutant state has predictive value for the efficacy of sorafenib (45–47). Unlike sorafenib, v-RAF murine sarcoma viral oncogene homolog B1 (BRAF) inhibitors are RAF-specific inhibitors. Currently, many BRAF inhibitors, for instance, dabrafenib, vemurafenib, and encorafenib, have been approved to target BRAF V600 mutations, but RAF kinase inhibitors do not perform well in KRAS-mutant cells (48, 49). ATP-competitive RAF inhibitors inhibit ERK signalling in mutant BRAF cells but enhance signal transduction in wild-type BRAF cells (50). The study found that type 1.5 RAF inhibitor, PLX-8394, and type II inhibitors, AZ-628 and LY3009120, had a certain inhibitory effect on KRAS-mutant cells and did not cause the contradictory MAPK pathway activation (49). An effective RAF inhibitor, HM95573 (belvarafenib), is under Phase I clinical study (ClinicalTrials.gov Identifier: NCT03284502).

MEK is a serine/threonine kinase, a downstream signal of KRAS and BRAF. Activated RAF activates MEK, which activates ERK and other transcription factors, in turn promoting cell cycle progression and cell proliferation. MEK inhibitors have shown potential efficacy in cancers with MEK or BRAF mutations, especially in BRAF V600E mutant tumour cell lines (50, 51). However, data from a number of studies have shown that the MEK1/MEK2 inhibitors, smeltinib (AZD6244; ARRY-142886) and trametinib (GSKll20212) cannot improve the prognosis of patients with KRAS-mutant NSCLC (52, 53). The reason may be that MEK inhibitors can induce signal feedback of the MAPK pathway in KRAS-mutant tumours, resulting in drug resistance to MEK inhibitors (54). HL-085 is a new ATP non-competitive MEK inhibitor in Phase I clinical trial (ClinicalTrials.gov Identifier: NCT03990077). Binimetinib (MEK162) is a selective MEK1/2 inhibitor in ongoing clinical trials (ClinicalTrials.gov Identifier: NCT01859026 and NCT02964689). Another Phase I clinical trial (ClinicalTrials.gov Identifier: NCT01986166) of the combination of the MEK inhibitor cobimetinib (GDC-0973) with MEHD7945A has not yet announced its results. Hyejin Choi et al. (55) used MEK inhibitors (MEKis) for pulsatile treatment in preclinical studies instead of continuous treatment. They found that the pulse regimen alone has a better anti-tumour effect and delayed the emergence of drug resistance. In addition, pulse MEK treatment combined with CTLA-4 blockade can prolong the survival time of KRAS-mutant tumour in mice, which may be related to T cell activation and increased CTLA-4 expression due to MEK pulse therapy.

A single application of a MEK- or RAF inhibitor for KRAS mutations shows no clinical efficacy. On the contrary, the combined application of a MEK inhibitor and a RAF inhibitor may be a feasible strategy. Combining the RAF inhibitor LXH254 and the MEK inhibitor trametinib is currently in Phase I clinical trial (ClinicalTrials.gov Identifier: NCT02974725). A Phase I clinical study (ClinicalTrials.gov Identifier: NCT03284502) of belvarafenib combined with cobimetinib is in progress. VS-6766 (RO5126766), a new targeted drug, whose Phase II clinical study (ClinicalTrials.gov Identifier: NCT04620330) is underway, inhibits both MEK and RAF.

SHP2 plays an indispensable role in KRAS mutation-driven tumours. SHP2 is involved in the downstream signal transduction of a variety of growth factors, cytokines, and integrin receptors, and its reduced activity inhibits tumour progression (56). Ruess et al. (56) reported that the combination of SHP2 with MEK inhibitors to target the xenograft models of KRAS-mutant NSCLC resulted in a synergistic effect to control tumour growth continuously. The RMC-4630 single drug Phase I clinical study (ClinicalTrials.gov Identifier: NCT03634982) and the clinical trial (ClinicalTrials.gov Identifier: NCT04418661) on its combination with pembrolizumab have been launched. TNO155 has also entered a Phase I clinical trial (ClinicalTrials.gov Identifier: NCT03114319). Notably, JAB-3312 can block the PD-1 pathway of T cells and the KRAS-MAPK pathway of tumour cells by inhibiting SHP2; thus, it plays a dual role in tumour immunity and tumour targeting. It is currently in Phase I clinical studies both in China and abroad (ClinicalTrials.gov Identifier: NCT04121286 and NCT04045496).

ERK is the final kinase in the MAPK pathway. The resistance of KRAS-mutated tumours to RAF or MEK inhibitors is usually caused by ERK feedback activation. Combined inhibition of ERK may be a feasible strategy to prevent drug resistance. Currently, ERK inhibitors such as JSI-1187-01, ASN007, and KO-947 are in Phase I clinical trials; ClinicalTrials.gov Identifier: NCT04418167, NCT03415126, and NCT03051035, respectively.

PI3K-AKT-mTOR pathway inhibition: PI3K is a cell effector molecule downstream of KRAS, and PI3K inhibitors BKM120, GDC0941, and XL147 have shown promising results in Phase I clinical trials (57–59). Serabelisib is a P13K catalytic subunit inhibitor and is in a Phase I/II clinical study (ClinicalTrials.gov Identifier: NCT04073680). TAS0612 is a new AKT inhibitor in Phase I clinical trial (ClinicalTrials.gov Identifier: NCT04586270). mTOR is a serine/threonine kinase downstream of PI3K in the PI3K-AKT-mTOR pathway. The mTOR inhibitor rapamycin and its analogues (CCI-779, RAD001, and AP23573), which induce cell cycle arrest in the G1 Phase, have certain anti-tumour activity in NSCLC (60). AZD2014 is a new mTOR inhibitor in Phase I/II clinical studies (ClinicalTrials.gov Identifier: NCT02583542).

Inactivation of a single MAPK or PI3K pathway has poor efficacy in KRAS-mutated tumours. The inhibition of the MAPK pathway activates the PI3K pathway, reducing KRAS-mutated cell sensitivity to MEK inhibitors (61). Therefore, the P13K-AKT-mTOR and RAF-MEK-ERK pathways were targeted simultaneously may be a promising strategy, but its toxicity should be observed.

Janus kinase-signal transducer and activator of transcription 3 (STAT3) inhibition: In KRAS-mutant NSCLC, after inhibiting MEK, STAT3 is activated via fibroblast growth factor receptor and Janus kinase; combined inhibition of this receptor, MEK, and Janus kinase can promote tumour regression (62).



Inhibition of KRAS Synergetic Genes

KRAS-mutated tumour cells can be killed by inhibiting other synergetic lethal genes responsible for their growth and survival. There are many transcription factors, including Wilms tumour 1 and GATA (A conserved sequence in a gene promoter whose core base sequence is Cys-X2-Cys-X17-Cys-X2-Cys)-binding protein 2 (GATA2) and small molecules involved in the nuclear factor kappa B (NF-κB) pathway. Wilms tumour 1 is a key regulator of ageing and proliferation downstream of oncogenic KRAS signalling (63). Kumar et al. (64) demonstrated that KRAS-mutant NSCLC relies on GATA2, and the deletion of GATA2 reduces the activity of KRAS-mutant NSCLC cells without affecting the wild-type cells. Bortezomib, a proteasome inhibitor that affects ubiquitin-proteasome pathways, disrupts protein homeostasis, leads to cell cycle interruption, inhibits transcription factors such as NF-κB, and produces anti-angiogenic effects, which inhibit tumour growth and proliferation, ultimately leading to apoptosis (65). In addition, the nuclear outlet receptor, exportin 1, has a strong synergetic lethal effect on KRAS-mutated cancer cells in vitro and in vivo (66). The exportin 1 inhibitor selinexor (KPT-330) is currently under Phase I/II clinical study (ClinicalTrials.gov Identifier: NCT03095612).

Heat shock protein 90 (HSP90) is a conservative and highly active molecular chaperone protein that stabilises the protein conformation of important signal transduction factors in the tumour pathogenesis pathway and protects the proteasome from degradation. Sos et al. (67) found that KRAS mutations enhanced tumour dependence on HSP90. They also found that tumours significantly regressed when treated with HSP90 inhibitors in a mouse model of lung adenocarcinoma driven by KRAS. Ganetespib is an HSP90 inhibitor. In a Phase II study, ganetespib monotherapy showed efficacy in KRAS-mutant NSCLC, but it was more significant in patients with anaplastic lymphoma kinase fusion (68). In a Phase II trial of ganetespib combined with docetaxel, the combination failed to improve PFS or OS in patients with KRAS-mutant NSCLC (69). AUY922 is a highly effective ATP-competitive HSP90 inhibitor. Although preclinical research results have shown that KRAS-mutant NSCLC is sensitive to AUY922, no clinical benefit of AUY922 has been observed in patients with KRAS mutations (70). Puyol et al. (71) found that CDK4 has a specific synthetic effect on KRAS-driven NSCLC. Abemaciclib and palbociclib (PD-0332991) are both CDK4/6 inhibitors under clinical study.



Other Therapy Options

Mesenchymal-epithelial transition factor (MET) is a transmembrane tyrosine kinase receptor involved in invasion, proliferation, angiogenesis, and metastasis and can also activate the KRAS pathway. MET amplification is discovered from approximately 4% of lung adenocarcinomas and leads to resistance to EGFR TKIs via activating the KRAS-PI3K-AKT-mTOR pathway. Currently, MET inhibitors include onartuzumab, a monoclonal antibody targeting the MET receptor, and tivantinib (ARQ 197), a small-molecule c-MET receptor TKI. In a Phase II study of onartuzumab combined with erlotinib, no response was observed in KRAS-mutant NSCLC (72). Another randomised Phase II study showed (73) that tivantinib combined with erlotinib did not improve prognosis in patients with unselected advanced NSCLC (PFS was 3.8 months in the ET group and 2.3 months in the EP group, respectively (HR: 0.81; 95% CI: 0.57–1.16). However, an exploratory analysis showed a significant improvement in PFS in patients with KRAS-mutant NSCLC (HR: 0.18; 95% CI: 0.05–0.70; P = 0.006).

Focal adhesion kinase (FAK) participates in the adhesion between cells and the extracellular matrix. The ERK-RAS Homolog Family Member A (RHOA) -FAK pathway is necessary to maintain KRAS-mutant lung adenocarcinoma. Inhibition of FAK can selectively induce KRAS-mutant cell death and lead to KRAS-mutant lung cancer regression (74). In a Phase II study (ClinicalTrials.gov Identifier: NCT01778803) (75) on defactinib (VS-6063; a selective oral inhibitor of FAK) treatment of advanced KRAS-mutant NSCLC, defactinib monotherapy showed moderate clinical activity. The study included 55 patients with KRAS-mutant NSCLC; 15 patients (28%) achieved a 12-week PFS endpoint, and one patient achieved partial remission with a median PFS of 45 days. Moreover, defactinib was generally well-tolerated.

Human vascular endothelial growth factor (VEGF) plays a vital role in promoting the proliferation, migration, and survival of endothelial cells (ECs); VEGF also can stimulate tumour angiogenesis. Besides, bevacizumab can directly inhibit deoxyribonucleic acid (DNA) repair in tumour cells. The reason may be that anti-angiogenic therapy can downregulate DNA repair genes, such as excision repair cross complementary gene 1 (ERCC-1) and X-ray repair of complementary cross gene 1 (XRCC-1), thereby enhancing the radiosensitivity of tumours (76). Some studies showed that bevacizumab combined with chemotherapy had no survival benefit for KRAS-mutant NSCLC (77, 78). Poly adenosine diphosphate (ADP)-ribose polymerase 1 (PARP1) plays an essential role in DNA damage repair and apoptosis, which, combined with WEE1 inhibitors, is associated with the killing of 25%-40% of KRAS-mutant NSCLC cells (79).

Many other combined inhibition therapies are available, for example, the combined inhibition of mTOR and Wee1 nuclear kinase (80), combined inhibition of checkpoint kinase 1 and MAPK-activated protein kinase 2 (81), and MEK/Bromodomain and extraterminal combined inhibitors (82), which have shown synergistic effects in preclinical studies and need to be demonstrated in further clinical trials.




Prospects

The treatment of lung cancer has made rapid progress due to developments in medicine, particularly immunotherapy. The immunotherapy of KRAS-mutant NSCLC has shown promising efficacy. Many studies have indicated that immunotherapy can be recommended as the first-line treatment for KRAS-mutant NSCLC. However, it is also necessary to pay attention to the existence of its mutation subtypes and co-mutations and design individualised treatment. The clinical trials on AMG510 and MRTX849, inhibitors that directly target KRAS G12C, have shown surprising results. Nevertheless, the efficacy, duration of efficacy, and potential drug resistance of KRAS G12C inhibitors in treating different mutation subtypes warrant further research. Targeting KRAS downstream effector molecules (PI3K, BRAF, mTOR, MEK, etc.), especially the combined use of downstream effector molecule inhibitors, shows promising prospects. Furthermore, the combination of a variety of therapeutic drugs with different mechanisms has shown synergistic effects in preclinical studies and is a promising strategy that can improve drug efficacy and solve drug resistance. We believe that drug combinations can help patients with KRAS-mutant NSCLC bring more effective treatment.
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Brain metastases remain a critical issue in the management of non-small cell lung cancer (NSCLC) because of the high frequency and poor prognosis, with survival rates often measured in just months. The local treatment approach remains the current standard of care, but management of multiple asymptomatic brain metastases always involves systemic therapy. Given that anti-angiogenic agents and immune checkpoint inhibitors (ICIs) both target the tumor microenvironment (TME), this combination therapy has become a promising strategy in clinical practice. Increasing number of preclinical and clinical studies have shown remarkable anti-tumor activity of the combination therapy, but the efficacy in brain metastases is unclear due to the strict selection criteria adopted in most clinical trials. This review briefly summarizes the potential synergistic anti-tumor effect and clinical development of the combination of anti-angiogenic agents and ICIs in NSCLC brain metastases, and discusses the existing challenges and problems.
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Introduction

Lung cancer is one of the most common malignant tumors and the leading cause of cancer-related mortality worldwide (1, 2). Non-small cell lung cancer (NSCLC) is the most frequent subtype of lung cancer and approximately 57% patients with NSCLC are in advanced stage including 20% presenting with brain metastases at the time of diagnosis (3). Brain metastases are also the common pattern of distant relapse after initial treatment (4, 5). Brain metastases are associated with poor prognosis and portend limited effective treatment options (6).

Current treatment strategies include local and systematic management. For the patients with symptomatic and immediately life-threatening brain metastases, surgical resection and radiotherapy are the major therapeutic approaches because of their relatively effective local control (7–9). However, surgery is typically reserved for intracranial hemorrhage, large lesions, and solitary brain metastases (10). Similarly, the use of stereotactic radiosurgery is limited by the number of metastatic lesions and is not suitable for the tumors which are larger than 4cm or located in critical structures (11, 12). Whole brain radiotherapy is still the main method for the patients with multiple brain metastases or when stereotactic radiosurgery is not feasible (13). Although local treatment has an irreplaceable status in brain metastases currently, its toxic effects should warrant enough attention, such as cognitive decline and symptomatic radiation necrosis (7, 14, 15). Moreover, local treatment could delay the initiation of systemic treatment, which would lead to the progression of primary tumors and compromise long-term outcomes.

Considering the limitations of local treatment, systematic therapy for NSCLC brain metastases has been explored due to its simultaneous treatment for both intracerebral and extracerebral diseases. Chemotherapy is not so often an effective approach for metastatic brain lesions, whereas tyrosine kinase inhibitors (TKIs) therapy such as Osimertinib in oncogene driven disease has shown a good activity also on brain metastases (16–18). In the era of immunotherapy, there is increasing evidence supporting the use of immune checkpoint inhibitors (ICIs) in the treatment of NSCLC brain metastases when no targetable driver mutation has been identified (19). Despite the encouraging data, only few patients respond to immunotherapy and additional combination treatment strategies are in urgent need. Given that both anti-angiogenesis and immune checkpoint blockade focus on targeting the tumor microenvironment (TME), the combination of ICIs and anti-angiogenic agents has become an attractive strategy. This review summarizes the potential synergistic anti-tumor effect and clinical development of this combination therapy strategy in NSCLC brain metastases.



Potential Mechanisms

Tumorigenesis involves a succession of genetic alterations which have been classified into eight distinctive and complementary biologic capabilities, including sustaining proliferative signaling, evading growth suppressors, deregulating cellular energetics, enabling replicative immortality, resisting cell death, inducing angiogenesis, avoiding immune destruction and activating invasion and metastasis (20). Therefore, angiogenesis and immune escape are two critical processes of tumorigenesis. Moreover, TME is widely accepted as an important regulator of cancer formation and progression. The tumor vasculature is a key component of the microenvironment that can be targeted through the use of anti-angiogenic agents. Blood vascular and lymphatic endothelial cells have important roles in regulating the microenvironment and modulating the immune response. Improving access to the tumor through vascular normalization with anti-angiogenic agents may prove an effective combination strategy with immunotherapy approaches, and this combination therapy could have synergistic effects on TME to inhibit tumorigenesis. However, even though TME is a potentially rich source of therapeutic targets, our knowledge of the brain TME lacks comprehensive and integrative analysis.

The brain has long been regarded as immune privileged organ because blood brain barrier (BBB) and blood cerebrospinal fluid barrier (BCB) limit the entry of immune cells from the periphery. However, the immune privileged status of brain has been recently challenged by the discovery of lymphatic vessels that connect the central nervous system (CNS) with the periphery and are able to carry both fluid and immune cells (21, 22). This discovery leads to a reassessment of long-held assumptions in neuroimmunology and sheds new light on the application of immunotherapy in brain metastases. Several in-depth studies of immune microenvironmental landscape within CNS have revealed disease-specific enrichment of immune cells, including tissue-resident microglia, infiltrating monocyte-derived macrophages, neutrophils, and T cells (23, 24). Principal-component analysis has confirmed that monocyte-derived macrophages, neutrophils, and CD4+ and CD8+ T cells are the major immune cell determinants of the TME landscape of lung cancer brain metastases (24). In addition, brain metastases can disrupt the integrity of the BBB and BCB and recruit different immune cells from the myeloid and lymphoid lineage to the CNS (25). Angiogenesis is one of the specific hallmarks of NSCLC brain metastases and pivotal for the progression of metastasizing lesions, which have been proven by the observations of human autopsy specimens (26, 27). In addition, the tumor vasculature has important immunomodulatory roles including preventing the immune rejection of tumors (28). There have been several clinical studies suggesting that inclusion of anti-angiogenic therapies should be evaluated in selected patients with asymptomatic NSCLC brain metastases (29, 30). These findings provide theoretical supports for the use of ICIs and anti-angiogenic agents in NSCLC brain metastases. The development of this combination strategy is based on the understandings of the interaction between these two therapeutic interventions and their effects on the TME.


Anti-Angiogenic Agents Promote Anti-Tumor Immune Response

Angiogenesis involves many signaling pathways, such as vascular endothelial growth factor (VEGF)-VEGF receptor (VEGFR), platelet derived growth factor (PDGF)-PDGF receptor (PDGFR) and fibroblast growth factor (FGF)-FGF receptor (FGFR). These signaling pathways influence multiple steps of the cancer immune response (31, 32) (Figure 1). VEGF is one of the most studied factors triggering angiogenesis. In the circulation, the level of VEGF was found to be inversely correlated with the level of mature dendritic cell (DC) which is the main antigen-presenting cell (33). VEGF-VEGFR signaling pathway could inhibit the transcriptional activation of nuclear factor-κB to affect the differentiation and maturation of DCs (34, 35). Moreover, VEGF could also inhibit the antigen-presentation function of DCs by upregulating programmed cell death protein ligand-1 (PD-L1) expression on DCs (36). As a result, cancer antigens fail to be presented to T cells, leading to silence of cytotoxic T lymphocytes. In addition, PDGF could also restrain DC maturation (31). Anti-angiogenic agents could increase the level of mature DCs and enhance the uptake of antigen presentation, resulting in the promotion of anti-tumor immune response (37, 38).




Figure 1 | The role of tumor angiogenesis in TME. Pro-angiogenic factors and hypoxia restrict the maturation and migration of dendritic cells, reduce the proliferation and differentiation of effector CTLs, and promote the recruitment of suppressive immune cells. TME, tumor microenvironment; DC, dendritic cell; CTL, cytotoxic T lymphocytes; NK, natural killer cell; TAM, tumor-associated macrophage; Treg, regulatory T cell; MDSC, myeloid-derived suppressor cell; EC, endothelial cell; HIF, hypoxia-inducible factor.



T cell infiltration is widely accepted as a key component of adaptive cancer immune response. VEGF could inhibit the differentiation of CD8+ and CD4+ T cells from hematopoietic progenitor cells and lead to the occurrence of T-cell deficiency (39). Moreover, activation of VEGF-VEGFR signaling pathway on CD8+T cells could induce T cell exhaustion and reduce T cell cytotoxicity by increasing the expression of programmed cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (40). Similarly, natural killer cells (NK) cytotoxicity could be impaired by VEGF-VEGFR signaling pathway (41). Overexpressed VEGF could also inhibit the recruitment of type 1 helper T cells (Th) at tumor site but enhance the recruitment and proliferation of immunosuppressive cells including regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSC) to promote the formation of immunosuppressive microenvironment (31).

The steps of immune cells infiltrating into the TME include entering the tumor vessels, attaching to the endothelial cells and finally migrate to the TME through the vascular wall (42). Angiogenic molecules are capable to regulate the expression of different adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM1) to inhibit the transfer of immune cells to TME (28). Moreover, tumor endothelial cells could not only form a specific selective barrier to inhibit the penetration of certain immune cells (31), but also modulate the activity and variability of immune cells to regulate immunosuppression (32).

Abnormal tumor vasculature could aggravate the hypoxia in TME, leading to immune suppression through multiple mechanisms including recruitment of MDSCs, accumulation of Tregs (43) and activation of hypoxia-inducible factor (HIF) which is a critical factor of regulating angiogenesis and immune response (44). HIF could participate in innate and adaptive immunity. For example, HIF could promote recruitment of monocytes and M2 tumor-associated macrophages (TAMs) by upregulating the expression of nuclear factor-κB (44). TAMs have emerged as prominent players in brain cancer (24). They are highly plastic cells that integrate input from cytokines, growth factors, and other stimuli, resulting in diverse activation states and cellular phenotypes, including promotion of invasion, angiogenesis, metastasis, and immune suppression (24). HIF could also inhibit DC maturation, inactivate cytotoxic T lymphocytes (CTLs) and target PD-L1 to evade anticancer immune responses (31).

Overall, the immunomodulatory effects of tumor vasculature are important targets in understanding and manipulating the TME. Anti-angiogenic therapy could not only normalize the tumor vasculature, but also transform the immunosuppressive TME to the immunosupportive one to improve anti-tumor immune response.



ICIs Enhance the Anti-Tumor Effects of Anti-Angiogenic Agents

Tumor immune response is closely influenced by angiogenesis. Meanwhile, tumor angiogenesis also highly depends on immunosuppressive microenvironment. ICIs could activate immune cells to secret immune-mediating cytokine with anti-angiogenesis effects to induce tumor vessel normalization (45). IFN-γ is one of the important mediums during the process (Figure 2). For example, the activation of IFN-γ signaling pathway on CD8+T cells might be one of the potential mechanisms of the vasculature-normalizing effect of ICIs (32). IFN-γ could inhibit some pathways inducing angiogenesis, such as Notch signaling pathway, to effectively retard tumor growth (31). IFN-γ could also reduce the VEGF secretion of tumor-associated fibroblasts to down-regulated angiogenesis (31). In addition, IFN-γ could increase expression of CXCL9, CXCL10, and CXCL1 which recruit Th1 cells (46), and Th1 cells could secrete IFN-γ in turn, which is significantly associated with vessel normalization (47). Besides, activated CD4+ T cells in the brain could loosen the BBB to circulating antibodies through local IFN-γ production, which is a mechanism that anti-PD-1/PD-L1 therapy could potentially enhance (48).




Figure 2 | Activated immune cell secrets IFN-γ to inhibit angiogenesis. ICIs, immune checkpoint inhibitors; VEGF, vascular endothelial growth factor.



Immunosuppressive cells could also stimulate tumor angiogenesis by cooperating with pro-angiogenic factors. For instance, MDSCs could enhance the proliferation and migration of endothelial cells by secreting VEGF, and promote tumor angiogenesis by inducing the production of matrix metalloproteinase 9 to act on the extracellular matrix (31). DC precursors could induce tumor angiogenesis in cooperation with VEGF-VEGFR signaling pathway which could further induce DC precursor endothelial-like specialization and migration to blood vessels (31). Moreover, through the expression and secretion of pro-angiogenic factors, some other myeloid cell subgroups might be also equipped with the ability to promote angiogenesis, including TAMs, Tregs, B cells, monocytes and neutrophils (31). These basic researches have provided the evidence that anti-angiogenic therapy could be more effective following the generation of an immunosupportive microenvironment.

Basic researches have suggested that immune response and angiogenesis are mutually regulated, and alleviated immunosuppression coupled with normalization of the tumor vasculature could achieve a loop of positive feedback that promotes each other (32). Some preclinical studies indicated that the efficacy of ICIs combined with anti-angiogenesis was significantly superior to monotherapy in advanced NSCLC. Sha Zhao et al. demonstrated that based on syngeneic lung cancer mouse model, low-dose apatinib could result in alleviating hypoxia, increasing infiltration of CD8+ T cells, reducing recruitment of TAMs in tumor and decreasing TGF-β level both in tumor and serum (49). They also found that combining low-dose apatinib with anti-PD-L1 antibody could significantly retard tumor growth and metastases, and induce prolonged survival in mouse models (49). Additionally, apatinib could improve the anti-tumor efficacy of anti-PD-l therapy via upregulating PD-L1 expression in a syngeneic mouse model (50), which might provide a rationale for this combination strategy in the clinic.




Clinical Data

Based on the synergistic effect on TME, the combination of ICIs and anti-angiogenic agents has been performed in advanced NSCLC. Although data are still immature, clinical benefits have been obtained from this combination strategy. The results of clinical trials investigating the combination effect of anti-angiogenic agents and ICIs were presented in Table 1.


Table 1 | Clinical trials investigating the combination effect of anti-angiogenic agents and ICIs in NSCLC.



Herbst et al. designed a multi-cohort phase I trial (NCT02443324) to assess the effect of ramucirumab plus pembrolizumab in the patients with advanced NSCLC with prior progression on systemic therapy (51). This trial enrolled 27 patients with 77.8% adenocarcinoma and 14.8% squamous cell carcinoma. Median progression-free survival (PFS) was 9.7 months and overall survival (OS) rate at 6 month was 84.9%. Objective response rate (ORR) and disease control rate (DCR) were 30% and 85%, respectively. Treatment related adverse events (TRAEs) occurred in 25 (92.6%) patients with 18.5% grade 3 including adrenal insufficiency, delirium, hypertension, hyponatremia, infusion related reaction, proteinuria and respiratory failure. No grade 4-5 TRAEs occurred. In addition, Chu et al. conducted a phase Ib trial (NCT03628521) to evaluate chemo-free first-line strategy of sintilimab combining anlotinib in treatment-naive and stage IIIB/IV NSCLC patients (52). Twenty-two patients were enrolled in the study and four had baseline brain metastases. The results showed high ORR (72.7%) and DCR (100%) with acceptable tolerability. The incidence rate of grade 3 TRAEs was 54.5%. No grade 4 TRAEs were observed, and one case of grade 5 immune-related pneumonitis occurred. The most common TRAEs were hemorrhage (59.1%), hypothyroidism (50.0%) and hyperuricemia (40.9%). Moreover, Rizvi et al. reported preliminary results from a phase I study (NCT01454102) evaluating the efficacy and safety of nivolumab plus bevacizumab as maintenance therapy in advanced NSCLC without progress on first-line platinum based chemotherapy (53). Median PFS was 37.1 weeks and 1-year OS rate was 75%. TRAEs occurred in 11/12 (91.7%) patients with 33.3% grade 3 and no grade 4 TRAEs. Grade 3 adverse events included pneumonitis, cough and tubulointerstitial nephritis.

IMpower150, a phase III randomized trial, showed a significant prognostic improvement with the addition of atezolizumab to bevacizumab and chemotherapy as first-line treatment for nonsquamous metastatic NSCLC (54). This clinical study enrolled a total of 1202 patients and randomly assigned them to three group, atezolizumab plus bevacizumab plus carboplatin plus paclitaxel (ABCP group, 400 patients), atezolizumab plus carboplatin plus paclitaxel (ACP group, 402 patients) and bevacizumab plus carboplatin plus paclitaxel (BCP group, 400 patients). The results indicated that ABCP group had higher rate of PFS at 12 months and objective response than BCP group, regardless of the PD-L1 expression status. It was worth mentioning that ABCP group also showed significant survival benefit in comparison to BCP group in the patients with sensitizing EGFR mutations and liver metastases (55). However, the frequency of TRAEs did not increase with the addition of atezolizumab and the safety profile was consistent with previously reported safety risks of the individual medicines (54). Although IMpower150 study confirmed successful combination of ICIs and anti-angiogenic agents in metastatic NSCLC, this study excluded patients if they had untreated metastases of the central nervous system. In contrast, a multi-cohort phase I study (NCT02039674) explored the anti-tumor activity and safety of pembrolizumab plus carboplatin-paclitaxel-bevacizumab in advanced non-squamous NSCLC without prior systemic therapy (56). This study randomly assigned patients into 3 cohorts (A, B and C) and the patients in cohort B received pembrolizumab plus carboplatin-paclitaxel-bevacizumab. Cohort B enrolled 25 patients with 4 (16%) brain metastases. ORR was 56% with 1 (4%) complete response and 13 (52%) partial response. Median PFS was 7.1 months and median OS was 16.7 months. TRAEs occurred in 95.8% patients and most events were of mild-to-moderate severity. It should be noted that TRAEs resulted in discontinuation of study treatment in 5 cases in cohort B, including neutropenia, autoimmune colitis, diarrhea, drug hypersensitivity, and pneumonitis.

A real-world retrospective study enrolled 69 patients with NSCLC to explore the efficacy of ICIs combining anti-angiogenesis therapy (57). Sixty-three (91.3%) patients were at stage IV and 16 (23.2%) had sensitizing EGFR mutations. Twenty-nine (42%) patients received nivolumab and 40 (58%) received pembrolizumab. Bevacizumab was used in 45 (65.2%) patients and the remaining patients received apatinib, anlotinib or endostar. ORR was 31.9% and DCR was 89.9%. Median PFS was 8.37 months, while median OS was not reached. It should be noted that the patients receiving combined therapy within 6 months after diagnosis had better ORR than those exceeding 6 months (59.1% vs. 19.1%, P = 0.001). These results suggested that it would be better to apply ICIs plus anti-angiogenic agents at the early stage after initial diagnosis. TRAEs appeared in 62% of patients. Most TRAEs were grade 1-2 with only 2 (2.9%) grade 3 (pneumonitis, diarrhea) and no grade 4-5 events. The most common adverse events were fatigue, decreased appetite and nausea.

The combination of ICIs and anti-angiogenic agents showed encouraging anti-tumor activity and tolerable safety profile. Due to the potential neurological sequelae, patients with brain metastases were often excluded from clinical trials. Major ongoing or planned trials investigating ICIs in combination with anti-angiogenic agents in patients with NSCLC (Table 2) include NCT03377023 (a trial of nivolumab plus ipilimumab plus nintedanib), NCT03689855 (a trial of atezolizumab plus ramucirumab), NCT03527108 (a trial of nivolumab plus ramucirumab) and NCT02681549 (a trial of pembrolizumab plus bevacizumab) (58). However, at the time of writing, there are no published trial data from prospective randomized controlled trials focusing on the effects of this combination strategy in NSCLC patients with brain metastases which warrant further studies.


Table 2 | Major ongoing or planned trials investigating ICIs in combination with anti-angiogenic agents in patients with NSCLC.





Predictive Indicators

Despite the promising prospect of immunotherapy and anti-angiogenesis therapy in NSCLC brain metastases, this combination strategy still faces many challenges, one of which is identifying ideal predictive indicators to screen suitable populations. As for anti-angiogenesis therapy, circulating VEGF-A level was evaluated for the prognostic and predictive value in a retrospective analysis (59). This study included five trials involving three types of cancer, AVF2107 (colorectal cancer), E4599 (NSCLC), AVAiL (NSCLC), AVOREN (renal cell carcinoma) and AVF2938 (renal cell carcinoma). In E4599 trial, bevacizumab-based treatment was predictive for PFS benefit in high circulating VEGF-A group (>36 pg/mL) but not in low VEGF-A group. By contrast, circulating VEGF-A level (cutoff value, 45 pg/mL) was not prognostic for PFS and OS in AVAiL trial. Other biomarkers such as VEGFR-2, FGF-2 and IL-8 were proposed and investigated, but none could predict response to anti-angiogenesis therapy (60). Several studies indicated that anti-angiogenic TRAEs and the number of circulating endothelial cells were positively associated with the clinical benefit (60, 61), but none were validated for routine clinical use. Similarly, the use of ICIs for the treatment of intracranial metastatic tumors also requires effective predictive indicators. Previous studies have proven that the expression of PD-L1 and the presence of tumor-infiltrating lymphocytes (TILs) within TME are considered prognostic and predictive markers in patients treated with immunotherapy (62, 63). However, the PD-L1 expression and the presence of TILs might be different in CNS when compared with extracranial sites, with lower PD-L1 expression and less TILs infiltration in brain metastases compared with matched NSCLC primary tumors (64). Tumor mutational burden (TMB) was also a useful biomarker for response to ICIs in advanced NSCLC (65), but its value in brain metastases remains unclear. DNA mismatch repair-deficient (dMMR)/microsatellite instability-high (MSI-H) has also been reported to be able to predict the efficacy of ICIs, but the low frequency in NSCLC limits its clinical application (66).

As for the combination therapy, the phase Ib trial (NCT03628521) indicated that the patients with TMB ≥10 mutations per megabase showed higher ORR than those with TMB <10 mutations per megabase (85.7% vs. 63.6%) (52). It is worth mentioning that ORR in the patients with positive and negative PD-L1 expression was 69.2% and 75%, respectively (67). The phase I trial (NCT02039674) showed that patients with PD-L1 TPS ≥50% were seemed to have higher ORR than those with PD-L1 TPS <50% (75% vs. 47%) (56). IMpower150 also suggested that high expression of an effector T-cell (Teff) gene signature in the tumor was associated with survival benefit (54). However, in comparison to primary tumor of NSCLC, brain metastasis lesions displayed significant downregulation of genes related to immune response and immune cell activation (68). In addition, it is unclear whether aspects of the tumor vasculature are different in tumors that respond to immunotherapy and those that do not, and if features such as hypoxia or production of pro-angiogenic factors may serve as predictive biomarkers. These problems suggest that it is unlikely to precisely predict the efficacy of immunotherapy and anti-angiogenesis combination in brain metastases through current biomarkers. The specific predictive indicators to distinguish appropriate population need further exploration.



Discussion

Given recent advances in immunotherapy, emerging clinical evidence suggests that ICIs have anti-tumor effects in brain metastases from NSCLC. The OAK study showed that the hazard ratio (HR) for OS with atezolizumab vs. docetaxel was 0.73 for the overall population, 0.74 for patients without brain metastases, and 0.54 for patients with brain metastases (69). Similarly, the KEYNOTE-189 study comparing pembrolizumab plus chemotherapy with chemotherapy alone indicated that the HR for OS was 0.36 for patients with brain metastases, with 0.49 for the overall population and 0.53 for patients without brain metastases (70). A pooled analysis of CheckMate 063, 017 and 057 also demonstrated that nivolumab showed a survival advantage in second-line therapy for stable brain metastases when compared with docetaxel (71). Beyond oncogene-driven NSCLC, ICIs have recently shown promising activity in the CNS in patients with NSCLC brain metastases.

Despite the significant benefits of immunotherapy, there are still some problems such as limited patient response rates and drug resistance. Because of both targeting aspects of the TME, immunotherapy and anti-angiogenesis are expected to mutually enhance the anti-tumor effect through reprogramming the TME from immunosuppressive to immunosupportive, but whether this combination can improve response rate or delay drug resistance of monotherapy remains unclear and needs further clinical studies. Tumors can be categorized as inflamed and non-inflamed phenotypes based on the spatial localization of immune cells with respect to the tumor and stromal compartments (72). Almost all relevant therapeutic advances in the field of immunotherapy have been achieved in inflamed tumors, while non-inflamed tumors tend to respond poorly to ICIs (72). Whether anti-angiogenic therapy could expand the benefits of immune checkpoint inhibition to non-inflamed tumors requires additional researches. Clinically, steroids are frequently used in NSCLC patients with brain metastases with the aim of palliating cancer-related symptoms, but the use of steroids is associated with a lower efficacy of ICIs and a worse outcome (73). A retrospective study suggested that anlotinib could potentially replace glucocorticoids and effectively improve edema from brain metastases but this study only included 13 NSCLC patients with 23 brain metastases (74). Whether anti-angiogenesis can indeed counteract the negative effect of steroids needs further research. Hyperprogression is defined as rapid disease progression during immunotherapy, which is associated with poor survival outcome (75). In theory, rapidly proliferative cancer cells need an abundance of blood supply for nutrition, while bevacizumab could starve these cells of blood supply and nutrients and provide potential benefit (76). However, the clinical data is absent and needs further study.

Although the preliminary clinical results have suggested that immunotherapy and anti-angiogenesis combination could potentially provide significant activity against brain metastases, the field of this combination strategy faces many challenges in the pursuit of overcoming the defect of monotherapy and improving the outcome of patients. Firstly, there are various combination regimens involving ICIs (PD-1, PD-L1 and CTLA-4 inhibitors) and anti-angiogenic agents (anti-VEGF antibody, anti-VEGFR antibody and VEGFR TKIs). Which combination regimen is most effective for brain metastases remains to be answered by more data. Secondly, early phase clinical studies have reported the use time and the dosage of ICIs and anti-angiogenic agents (51–53), and the use of anti-angiogenic agents prior ICIs was seemed to be more beneficial in vitro and vivo experiments (77). However, no studies have analyzed the changes of pharmacokinetic and pharmacodynamic profiles of each agent after combinational use. The optimal time and sequence of each agent in the combination are currently unknown. The appropriate dosage of each agent also remains unclear. Thirdly, although preliminary studies have showed acceptable toxicities and tolerance of the combination therapy, those studies are at early phase and the samples are small. The toxicities still require close attention. Finally, lacking of efficient and sensitive predictive indicators for the combination therapy leads to difficult selection of optimal candidates.

In conclusion, although resolving the above problems requires a long distance, the combination of ICIs and anti-angiogenic agents has opened a new door for the treatment of NSCLC patients with brain metastases, and is expected to change the clinical management of those patients in the near future. Further studies are urgently needed to obtain the definitive data for the use of this combination strategy in clinic and facilitate the development of the optimal combination algorithm.
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Background

Immune-related adverse events (irAEs) may complicate the immune checkpoint inhibition (ICI) therapy. The effect of age on these irAEs is not elucidated. The aim of the study was to compare the occurrence of irAEs in different age groups.



Methods

Patients with lung cancer receiving anti-programmed death- (ligand)1 (PD-(L)1) were selected from the US Food and Drug Administration Adverse Event Reporting System (FAERS) database. Immune cell infiltration data set was obtained from TIMER 2.0 web server. The patients were stratified for age as follows: <65 year-old (young patients, YP), 65 to 75 year-old (middle aged patients, MP), ≥75 year-old (old patients, OP). The severity of irAEs was compared using logistic binary regression model. The distribution differences of immune cell infiltration were estimated using non-parametric tests.



Results

Of all the 17,006 patients treated by anti-PD-(L)1, 7,355 were <65 (YP), 6,706 were 65–75 (MP), and 2,945 were ≥75 (OP). In general, we analyzed a total of 16 irAEs in this article and found that pulmonary toxicity was more frequent in OP (OP vs. YP: OR = 1.45, 95% CI: 1.28–1.64) and MP (MP vs. YP: OR = 1.38, 95% CI: 1.24–1.52), but hepatitis was less frequent in OP (OP vs. YP: OR = 0.56, 95% CI: 0.32–0.97) and MP (MP vs. YP: OR = 0.57, 95%CI: 0.38–0.85). Further analysis demonstrated that older patients showed less B cell, CD8+ T cell and myeloid dendritic cell infiltration than younger patients.



Conclusions

Elderly patients exhibited higher incidences of pulmonary toxicity, while hepatitis was found at low incidence. Therefore, clinicians should carefully monitor comorbidities in elderly patients.





Keywords: aging, immune checkpoint inhibitors, immune-related adverse events, immune cell infiltration, lung cancer



Introduction

Programmed cell death protein-1 (PD-1) and programmed cell death protein- ligand 1 (PD-L1) are the two most intensively studied immune regulatory checkpoint pathways in cancer (1), which relies on the presence of ongoing antitumor immune response after blocking this pathway (2). Monoclonal antibody therapies at various clinical levels have now been developed to against these immune checkpoint proteins (3, 4). Immune checkpoint inhibitors (ICIs) against PD-(L)1 have changed the treatment landscape of many different cancers so far. Responses occur in a large proportion of patients and are often long-lasting and even curative (5, 6). PD-(L)1 inhibitors can reactivate previously activated T cells that have lost their effector and proliferative functions during the process of immune response. Potential host anti-tumor immune response is the basis for the clinical benefit of PD-(L)1 agents (7).

Although ICIs such as anti-PD-1 or anti-PD-L1 have been shown to be effective against many cancers, patients who receive ICIs may experience immune-related adverse events (irAEs). IrAEs are common side effects of checkpoint inhibition (CPI) therapy for PD-(L)1. It has been found that the toxic effects associated with ICIs may occur at any part of the body and result from the activation of autoreactive T cells, thereby destroying host tissues (8). The most representative irAEs are usually colitis, hepatitis, pneumonia, hypophysitis, thyroid toxicity, and skin toxicity, and adverse events involving the heart, nervous system, and other organs, though rare, can also occur. These rare, violent, and deadly toxic effects may complicate the transformative treatment of PD-(L)1. These toxic effects are a major clinical challenge and an obstacle to the development of more effective combinations (9).

ICIs has now showed noteworthy therapeutic advantages compared with traditional therapies. However, there is still relatively limited information on the use of ICIs and the irAEs generated by ICIs in older patients. Previous studies found that the body’s immune system function declines with age, manifested by a higher tendency to respond to autoantigens, a decrease in the ability of host defenses against microbes and cancer, and disorders between different immune system components. These signs of a weakened immune system may be associated with “immunosenescence,” which may reduce the efficacy and safety of immune-based therapies and may contribute to the increased incidence of irAEs and development of cancer (10, 11). As only a small part of the participants are 75 years or older, the representativeness of the elderly population in clinical trials is generally low. Research on the irAEs of elderly is sparse. In this study, we use two large real-world data sets to explore the differences of irAEs and determine the distribution differences of tumor-infiltrating immune cells among patients of different ages.



Methods


Data Selection and Preprocessing

The US Food and Drug Administration Adverse Event Reporting System (FAERS) is a database designed to support the Food and Drug Administration (FDA)’s post-marketing monitoring program for drugs and therapeutic biological products. The database includes all adverse event information and medication error information. In this study, we extracted 17006 eligible lung cancer (LC) patients receiving PD-(L)1 inhibitor treatment registered as of December 31, 2019 from FAERS. The study was exempt from ethical review under the EKOS (Ethikkommission Ostschweiz, Switzerland) ethics committee policy because all of the analyzed data sets were identified and publicly available. Five reported PD-(L)1 monoclonal antibodies were searched from FAKERS public dashboard. Search terms included “nivolumab,” “pembrolizumab,” “atezolizumab,” “avelumab,” and “durvalumab.” We also selected sixteen common irAEs, including pulmonary toxicity, radiation pneumonitis, myasthenia gravis, adrenal insufficiency, colitis, myocarditis, hepatitis, myositis, hypophysitis, encephalitis, skin reaction, diabetes, thyroid toxicity, hematologic toxicity, neurologic toxicity, and gastrointestinal reaction (9). Clinicopathological characteristics enrolled in the model were sex, serious, pathological type, and country. Serious means that one or more of the following outcomes were documented in the report: death, hospitalization, life-threatening, disability, congenital anomaly, and/or other serious outcome. Subsequently, the cohort was trichotomized into three (younger patients (YP) with age <65, middle aged patients (MP) with 65≤age<75, and elder patients with age≥75) subgroups using cut-off age of 65 and 75 years.



Tumor-Infiltrating Immune Cell Analysis

The data set of tumor-infiltrating immune cells was downloaded from TIMER 2.0 (http://timer.cistrome.org). TIMER 2.0 consists of three major components, including immune, exploration, and estimation. The estimation component was used to infer immune cell infiltration levels. The TIMER algorithm was chosen for our study. Then, the TIMER data set was matched with the lung cancer data set obtained from the Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov) according to the TCGA ID number. Similarly, the immune infiltration data was stratified into three subgroups by age (<65 years, 65–75 years, and ≥75 years). A violin plot was constructed using Origin ver. 2019 to show the distribution of tumor-infiltrating immune cells.



Statistical Analysis

All data manipulation and statistical analyses were performed using IBM SPSS version 22 (IBM Corporation, Armonk, NY, USA) and Microsoft Excel (2016, Microsoft). The differences in irAEs of each age group were calculated using a crosstab. Univariate logistic binary regression analysis was applied to calculate the odds ratio (ORs) and 95% confidence intervals (CIs). Subsequently, multivariate logistic regression was used to estimate the odds ratios (ORs) and 95% CI for the association between age and different irAEs, while controlling for potential confounders, including sex, treatment modality, comorbidity (pre-existing autoimmune condition). A forest plot was generated using Stata ver.12.0 to summarize data for each group with ORs and 95% CIs to provide a visual analysis of studies evaluating fatal toxicity events. The distribution of immune cells among different age groups was analyzed using TIMER 2.0 web server. Statistically significant difference was defined as a P-value <0.05.



Ethical Statement

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. Institutional review board approval was not required because FAERS is an unlinkable anonymized database open to the public. Informed consents from patients were waived due to the anonymity of individual patient data. The study was conducted in accordance with the Declaration of Helsinki (as revised in 2013).




Results


Characteristics of the Study Population

In our study, we identified 17006 LC cases from FDA database. Among them, 7355 (43.2%) patients were in the YP (age <65) group, 6706 (39.4%) were in the MP (65≤age<75) group and 2945 (17.4%) were in the OP (age≥75) group. The median (range) age of YP, MP, and OP subgroups was respectively 58 (0–64), 69 (65–74), and 78 (75–101) years old. In total, 11335 (66.7%) of the patients were male, 10584 (62.2%) were non-small cell lung cancer, and 16351 (96.1%) had serious outcomes. The main countries were Japan (5826[34.3%]), United States (3506[20.6%]), France (1881[11.1%]), and others (1562[9.2%]). The baseline characteristics in each subgroup are presented in Table 1.


Table 1 | Characteristics of 17006 Patients.



We run an univariate and multivariate logistic regression analysis of the odds ratio for different irAEs (Supplementary Table 1). In the univariate analysis, the incidence of irAEs including pulmonary toxicity, radiation pneumonitis, hepatitis, hypophysitis, hematologic toxicity, and gastrointestinal reaction was significantly higher for OP than MP and YP, and subjects with pulmonary toxicity, radiation pneumonitis, adrenal insufficiency, encephalitis, skin reaction, hematologic toxicity were more likely to be males. Multivariate analysis, after controlling for the confounders, demonstrated an independent and significant association between demographic and clinical characteristics and the increased likelihood of irAEs (Supplementary Table 1). The risk of pulmonary toxicity was independently positively associated with older subjects [adjusted OR of 1.381 (95% CI 1.243–1.534, p<0.001) and being male [adjusted OR of 1.537 (95% CI 1.407–1.680, p<0.001); adjusted OR of 1.418 (95% CI 1.115–1.804, p=0.004)]. In addition, patients receiving combinational agent treatment [adjusted OR of 1.334 (95% CI 1.236–1.441, p<0.001)] were also observed with increased pulmonary toxicity. Independent negative associations were observed among the risk of combinational agent treatment [adjusted OR of 0.652 (95% CI 0.526–0.808, p<0.001] (Supplementary Table 1). However, subjects who have hepatitis were younger [adjusted OR of 0.622 (95% CI 0.420–0.922, p=0.018)] and received combinational agents [adjusted OR of 2.924 (95% CI 1.966–4.349, p<0.001)].



Impact of Aging on Immune-Related Adverse Events

To confirm whether aging increases the risk of irAEs, we performed analyses of the association between age and irAEs using a crosstab. A total of 16 irAEs were included in our analysis (Table 2, Supplementary Table 1, P<0.05). Among 2137 (12.6%) patients with pulmonary toxicity, 772 (10.5%) were in the YP group, 939 (14%) were in the MP group, and 426 (14.5%) were in the OP group. Compared with YP, OP (OP vs. YP: adjusted OR = 1.381, 95% CI: 1.243–1.534; P<0.001) and MP (MP vs. YP: adjusted OR = 1.270, 95% CI: 1.163–1.388; P<0.001) had increased risks of developing pulmonary toxicity. We also found that OP group had a higher risk of developing pulmonary toxicity than MP group. Within 207 (1.2%) patients with adrenal insufficiency and 177 (1.0%) with hematologic toxicity, the risk of developing adrenal insufficiency (MP vs. YP: adjusted OR = 1.505, 95% CI: 1.092–2.074) in the MP group and hematologic toxicity (OP vs. YP: adjusted OR = 1.513, 95% CI: 1.024–2.236) in the OP group were higher than that in the YP group, while the risk of developing gastrointestinal reaction (OP vs. YP: adjusted OR=1.537, 95% CI: 1.041–2.268) in the OP group was higher than that in the YP group. However, in the 124 (0.7%) patients with hepatitis, both the OP (OP vs. YP: adjusted OR=0.504, 95% CI: 0.295–0.861) group and the MP (MP vs. YP: adjusted OR=0.614, 95%CI: 0.416–0.907) group reduced the risk of irAEs. Besides, the OP group had a lower risk of developing hepatitis than MP group. The risk of other irAEs did not differ among the YP, MP, and OP group (Table 2, P > 0.05).


Table 2 | Univariate and multivariate logistic regression analysis of the odds ratio for different irAEs, controlling for multiple conditions.



In order to further explore the effect of irAEs on patients receiving anti-PD-(L)1 treatment in combination with anti-cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) agents, we analyzed separately in OP, MP and YP subgroups. In YP subject treated with both anti-PD-(L)1 and anti-CTLA-4, 125 (4.0%) patients developed colitis, 49 (1.6%) developed hepatitis, 23 (0.7%) developed hypophysitis, 45 (1.4%) developed diabetes, implying an increased risk of irAEs with the combination treatment (Table 3, p<0.05). Among OP subjects, 29 (0.9%), 24 (0.7%), and 28 (0.8%) cases had an increased risk of developing hepatitis, hypophysitis, and encephalitis (Table 3, p<0.05). However, the risk of irAEs on patients aged 75 and older appeared to have no differences in treatment type.


Table 3 | The severity of irAEs in patients with/without anti-CTLA4 agents.





The Distribution of Tumor-Infiltrating Immune Cells

To determine if aging affects tumor-associated immune cell infiltration as well as the number of immune cells primarily involved, split violin plots (Figure 1) were built, allowing a direct comparison between the two populations (OP and MP) and YP. As can be seen from Figure 1A, the immune cell infiltration level of B cell, CD8+ T cell, and myeloid dendritic cell in the OP group was significantly reduced compared with YP group. These immune cells infiltrated exhibited similar distribution patterns between groups of MP and YP (Figure 1B, P<0.05). CD8+ T cell, neutrophil, and macrophage infiltrated did not differ in the OP or MP group versus YP group. The statistical significance was lost in CD8+ T cell, neutrophil and macrophage. Therefore, the OP and MP groups may have unique biological features that are different from YP group.




Figure 1 | Split violin plots estimating the distributions and levels of immune cell infiltration. (A) Infiltration differences of 6 immune cells between patients aged ≥75 (old patients) versus patients aged <65 (young patients). Red indicates the young patient subgroup and blue indicates the old patient subgroup. (B) Infiltration differences of six immune cells between patients aged 65 to <75 (middle-aged patients) versus patients aged <65 (young patients). Red indicates the young patient subgroup and blue indicates the middle-aged patient subgroup.






Discussion

ICI therapy is now increasingly used to treat a variety of solid tumors, including LC. However, the use of PD-(L)1 pathway inhibitors, such as monoclonal antibodies against PD-1 or PD-L1, will inevitably generate a variety of adverse events. ICIs have their own idiosyncratic adverse events, collectively defined as irAEs. Although ICI has a safe toxicity profile in cancer treatment, the toxicity of these molecules may be more challenging in elderly patients due to reduced functional reserve, age-associated comorbidities and polypharmacy.

Some clinical trials have found the relationship between age and toxicities. A previous clinical trial analyzing pooled data from a Nivolumab Phase III registry of different cancer types found that patients aged 70 years and older had higher skin toxicities than those under 65 years old (12). There was also an increase rate of grade III to V toxicities in patients aged 70 years or over than those under 70 years of age (13). In addition, a research team from Sloan Kettering Cancer Center presented at the American Society of Clinical Oncology (ASCO) meeting the benefits and toxicity of ICIs in patients over 80 years of age for melanoma (14). They reported that older patients had slightly higher rates of irAEs and early discontinuation of treatment than younger people. Our comprehensive study that included 17006 patients from FDA database investigated the occurrence of irAEs in elderly patients with lung cancer as compared with younger patients and middle-aged patients. In our results, our analysis showed an increased level of toxicities in older patients than in their younger counterparts when treated with anti-PD-(L)1 agents. Besides, the OP subgroup was having a higher risk of irAEs than MP and YP subgroup. Toxicities were more frequent on lung and endocrine in OP and MP compared with YP (Table 2). These results showed strong evidence of the increasing toxicities of anti-PD-(L)1 for older patients.

In recent years, more and more researchers have reached a consensus that immunosenescence has become a vital intersection of the increasing frequency and severity of cancer, aging, and immunity (15). Immunosenescence refers to a phenomenon of decreased immune function as a result of age-associated declines and impairments of immune function, affecting the process of producing specific responses to foreign antigens and autoantigens (16). One of the major theories to explain immunosenescence is autoimmunity (17). With advancing age, the immune system’s ability to distinguish between invaders and normal tissue diminishes and immune cells begin to attach normal body tissues. Similarly, irAEs are associated with infiltration of normal tissue by activated T cells responsible for autoimmunity. Autoimmune diseases caused by ICIs may be typical examples (18, 19).

T cells play an important role in anti-cancer immune defense mechanisms and they recognize tumor antigens, so they are activated and widely clear tumor cells. Studies have shown that diminished T-cell mediated immunity is the primary factor involved in the pathophysiology of immunosenescence (20). T cells undergo significant changes with aging: their absolute number, especially the naive CD8+T cells, declines with aging, partly due to thymic retreat and lymphoid stem cell contraction (21–23), and thus resulting in a decreased T cell diversity, decreased T cell proliferation and survival after T cell receptor stimulation, altered cytokines, and decreased cytotoxicity of CD8+T cells (24, 25). In this article, we explored the age-related immune cell alterations. Our results identified that older age is associated with less CD8+ T cell. Therefore, the decrease in the number and function of CD8+ T cells might lead to poor immunity in patients, which are more likely to have irAEs when using ICIs and thus have a direct impact on the efficacy and toxicity of ICIs in this population. Our current understanding of immunosenescence implicates changes in the adaptive immune system—particularly within T cell populations—as the primary determinants of declining immune function with age. On the other hand, with the increase of age, the infiltration of immune cells into normal tissues increases, which leads to immune hyperactivity and triggers autoimmunity, thereby potentially increasing the incidence of irAEs (17–19).

At the same time, irAEs may be more challenging in older patients due to reduced functional reserve and age-associated comorbidities. Therefore, early detection of irAEs should be strengthened for management of elderly patients, and the severity of irAEs should also be carefully monitored and evaluated as associated comorbidities may be more likely to be decompensated. Finally, it is well known that older patients have a higher prevalence of autoantibodies, and it is expected that ICIs may reveal subclinical autoimmune diseases. Therefore, it is important to investigate individual or familial autoimmune diseases or viral infections before ICI treatment to prevent irAEs.

This study has some limitations that warrant mention. First, the present study was a retrospective study. Second, adverse events reported in the FAERS database cannot be identified whether they were caused by the drug. When submitting the reports, FDA does not require proof of a causal relationship between an adverse event and a drug, and reports typically do not include detailed information that evaluates an adverse event. Third, the information stored in the FAERS database is basically based on spontaneous reporting. Whether an event can be reported is influenced by a variety of factors, such as the time the product is on the market and the level of public awareness of adverse events. FDA is unable to collect all serious adverse events from patients, which leads to reporting bias.

In conclusion, our study compared the risks of irAEs and the distribution differences of tumor-infiltrating immune cells among different age groups based on real-world data analyses. Our analysis showed increased pulmonary toxicity and decreased hepatitis toxicity in the older group than younger group. Less B cell, CD8+ T cell, and myeloid dendritic cell infiltration were observed in the patients aged ≥75 years. These trends often result in rapid clinical deterioration and poor outcomes. Therefore, clinicians should carefully assess and manage comorbidities in elderly patients, which is essential for better multidisciplinary cancer treatment.
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This study was designed to investigate the impact of blood tumor mutational burden (bTMB) on advanced NSCLC in Southwest China. The relationship between the tTMB estimated by next-generation sequencing (NGS) and clinical outcome was retrospectively analyzed in tissue specimens from 21 patients with advanced NSCLC. Furthermore, the relationship between the bTMB estimated by NGS and clinical outcome was retrospectively assessed in blood specimens from 70 patients with advanced NSCLC. Finally, 13 advanced NSCLC patients were used to evaluate the utility of bTMB assessed by NGS in differentiating patients who would benefit from immunotherapy. In the tTMB group, tTMB ≥ 10 mutations/Mb was related to inferior progression-free survival (PFS) (hazard ratio [HR], 0.30; 95% CI, 0.08-1.17; log-rank P = 0.03) and overall survival (OS) (HR, 0.30; 95% CI, 0.08-1.16; log-rank P = 0.03). In the bTMB group, bTMB ≥ 6 mutations/Mb was associated with inferior PFS (HR, 0.32; 95% CI, 0.14-1.35; log-rank P < 0.01) and OS (HR, 0.31; 95% CI, 0.14-0.7; log-rank P < 0.01). In the immunotherapy section, bTMB ≥ 6 mutations/Mb was related to superior PFS (HR, 0.32; 95% CI, 0.14-1.35; log-rank P < 0.01) and objective response rates (ORRs) (bTMB < 6: 14.2%; 95% CI, 0.03-1.19; bTMB ≥ 6: 83.3%; 95% CI, 0.91-37.08; P = 0.02). These findings suggest that bTMB is a validated predictive biomarker for determining the clinical outcome of advanced NSCLC patients and may serve as a feasible predictor of the clinical benefit of immunotherapies (anti-PD-1 antibody) in the advanced NSCLC population in Yunnan Province.
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Introduction

Recently, immune checkpoint blockade (ICB) therapy has shown improved clinical benefits in patients with advanced non-small cell lung cancer (NSCLC) (1, 2). Tissue with high tumor mutational burden (tTMB-H), which is related to genomic instability and overall neoantigen load, is a new prognostic biomarker for clinical benefit to multiple ICB therapies (3–5). More recent studies have demonstrated a relationship between tTMB-H and superior clinical benefit in patients receiving anti-PD-1 (anti cognate ligand of programmed death 1) antibodies therapy (6–10). However, up to 30% to 50% of patients with advanced NSCLC cannot supply sufficient cancer tissue for TMB detection (9, 11). Therefore, there is an urgent need to create noninvasive methods that can differentiate patients who would benefit from ICB therapy.

More recent studies have demonstrated that blood tumor mutational burden (bTMB, measured by circulating tumor DNA [ctDNA]) may be a substitution for overall neoantigen production (12–14). Gandara et al. (12) found an association between high bTMB (≥ 16 mutations/Mb) and superior progression-free survival (PFS) with atezolizumab in NSCLC. Zhijie Wang et al. (13) reported that bTMB (≥ 6 mutations/Mb) is related to PFS and that objective response rates (ORRs) benefit from ICB therapy in NSCLC. However, most previous studies have shown that there is not a relationship between high bTMB and greater overall survival (OS) in NSCLC patients received ICB therapy (12, 13, 15). Moreover, whether bTMB can be estimated by ctDNA is still unclear (16). Therefore, further evidence of bTMB is needed to identify its utility value as a biomarker for immunotherapy.

bTMB testing facilities (by NGS) have been established in our cancer center since 2018. The bTMB status in advanced NSCLC patients in the Yunnan Province is not clear, so we first investigated advanced NSCLC with bTMB in Yunnan Province and further determined the feasibility of bTMB as a prognostic biomarker for ICB therapy.



Materials and Methods


Patients

This research included 2 sections: we first recruited 21 advanced NSCLC patients (all of patients receiving platinum-based chemotherapy) and obtained tissue samples for retrospectively determining their tTMB status from the Yunnan Cancer hospital between February 2018 and August 2020. Second, we recruited 83 advanced NSCLC patients (70 patients receiving platinum-based chemotherapy and 13 patients receiving ICB therapy) with blood samples for retrospectively determining their bTMB status from the same center between January 2018 and August 2020. This work was performed in full accordance with the Declaration of Helsinki, and each patient provided informed consent. Protocol approval was acquired from the ethics committee of the Yunnan Cancer hospital. Advanced NSCLC patients from Yunnan Province with sufficient tissue or blood samples were considered eligible for this TMB analysis. Patients with known EGFR mutations or ALK translocations sensitive to targeted therapy or with an autoimmune disease were excluded. Twenty-one tissue samples underwent tTMB analysis, and 83 blood samples underwent bTMB analysis to obtain PFS and OS data. Finally, we collected other information, including clinical and molecular parameters.



DNA Extraction and NGS Library Construction

Plasma ctDNA extraction and purification [Thermo (k0782)], leukocyte enrichment from whole blood, and low-speed centrifugation for DNA extraction and quality identification (Qubit dsDNA HS Assay Kit) were performed before library construction. The ctDNA libraries were prepared by the Vazyme ND607 DNA Library Kit with unique identifiers (UIDs, also called barcodes) to tag individual DNA molecules. The extracted DNA was used for end repair and poly(A)-tail addition by KAPA enzymatic digestion. Target fragments were captured by magnetic beads, and PCR enrichment amplification was performed after hybridization.

The tumor tissue DNA extraction and NGS library construction were performed following the methods described in our previous study (17).



Sequencing and Data Processing

Captured probes were supplied by Integrated DNA Technologies (IDT) xGen Lockdown Probes (including 547 cancer-relevant genes) to evaluate the TMB, and then the probes were separately used to capture tissue gDNA and plasma ctDNA following standard protocols. Both captured libraries for tissue gDNA and plasma ctDNA were processed into the Illumina® HiSeq X-TEN for sequencing according to the manufacturer’s instructions. Both raw parameters were processed by using Illumina® HiSeq X-TEN, and error reads were corrected by using the hg19 reference genome. Our program KEYseq V2.0 was used to analyze these data.



bTMB Detection

The TMB was calculated by summing all synonymous and nonsynonymous variants with ≥ 5% (0.5% in blood) frequency, which was demonstrated with the mutations per megabase (mut/Mb) unit, and germline variants and driver gene mutations were removed. Our bTMB algorithm contains single nucleotide polymorphism (SNP) sites and driver gene mutations filtering common untrue mutations, while synonymous mutations, small fragments and single base insertion-deletion mutations were not filtered. Our bTMB algorithm is based on the latest official standards of Foundation Medicine, a leading provider of genome sequencing analysis services. The tTMB cutoff point was 10 mutations/Mb, and the bTMB cutoff points were 6, 10, and 16 mutations/Mb based on recent studies (12, 13, 17).



Outcomes Assessment

In the group of patients who did not receive ICB therapy, PFS was defined as the time from the start of TMB detection to objective disease progression or death, and this was evaluated with the Response Evaluation Criteria In Solid Tumors (RECIST) v 1.1 or death. OS was defined as the time from the start of TMB detection until death due to any cause. In the group of patients who received ICB therapy, PFS was defined as the time from the start of ICB treatment to objective disease progression or death. OS was defined as the time from the start of ICB treatment to death due to any cause. The ORR is measured as the percentage of patients with a complete response (CR) or a partial response (PR) (as defined by RECIST v1.1). Tumor assessments were performed every 3 months after the first TMB detection, and the last follow-up was on August 8, 2020.



Statistical Analysis

Chi-square or Fisher’s exact test was used to analyze the correlation between TMB and clinical data. For survival analysis, Kaplan-Meier curves (P values determined with log-rank test) were performed, and the hazard ratios (HRs) were calculated by using a Cox proportional hazards regression model. P levels < 0.05 (two-sided) were considered statistically significant. All statistical analyses were performed by SPSS 22.0 (SPSS, Inc., Chicago, IL, USA) and Graph-Pad Prism version 8.0 (San Diego, CA, USA).




Results


Patient Characteristics

This study included 2 independent cohorts. Cohort 1 consisted of 21 patients with tissue samples; median age, 53 (range 36-75) years; 7 (33.3%) females. Cohort 2 consisted of 83 patients with blood samples; median age, 56 (range 31-82) years; 30 (36.1%) females. Thirteen patients received anti-PD-1 antibodies therapy as a second-line treatment. No evident differences were found in the patient characteristics (eTables 1–3 in the Supplement).



tTMB Estimated by NGS and Clinical Outcomes of NSCLC Patients

In cohort 1, the cutoff level of bTMB was 10 mutations/Mb based on previous studies and FDA guidelines (4, 9). PFS and OS were evidently shorter in patients with tTMB-high (≥ 10 mutations/Mb) than in patients with tTMB-low (< 10 mutations/Mb). The median PFS was 8.5 months and 19.0 months, respectively (hazard ratio = 0.30, 95% CI 0.08 to 1.17, p = 0.03, Figure 1A). The median OS was 10.0 months and 21.0 months, respectively (hazard ratio = 0.30, 95% CI 0.08 to 1.16, p = 0.03, Figure 1B). In the univariable Cox proportional hazards regression model, the bTMB status was related to PFS and OS (HR, 3.87; 95% CI, 1.14-13.12; p = 0.03) (HR, 3.92; 95% CI, 1.15-13.35; p = 0.02) (Tables 1, 2). In the multivariable Cox proportional hazards regression model, the bTMB status was also associated with PFS and OS (HR, 4.20; 95% CI, 1.02-17.20; p = 0.04) (HR, 4.20; 95% CI, 1.01-17.49; p = 0.04) (Tables 1, 2).




Figure 1 | Kaplan-Meier plots of PFS and OS of patients by tTMB status: (A) PFS by tTMB status. (B) OS by tTMB status.




Table 1 | Univariable and multivariable analysis of PFS.




Table 2 | Univariable and multivariable analysis of OS.





bTMB Estimated by NGS and Clinical Outcomes of NSCLC Patient Who Did Not Receive ICB Therapy

In cohort 2, when the cutoff level of bTMB was 6, both HR and P levels were minimum values (Figures 2A, B). PFS and OS were evidently shorter in patients with bTMB-high (≥ 6 mutations/Mb) than in patient with bTMB-low (< 6 mutations/Mb). The median PFS was 10.0 months and 18.0 months, respectively (hazard ratio = 0.32, 95% CI 0.14 to 1.35, p < 0.01, Figure 3A). The median OS was 11.0 months and 25.0 months, respectively (hazard ratio = 0.31, 95% CI 0.14 to 0.7, p < 0.01, Figure 3B). In the univariable Cox proportional hazards regression model, bTMB status was related to PFS and OS (HR, 3.74; 95% CI, 1.85-7.54; p < 0.01) (HR, 4.48; 95% CI, 2.14-9.37; p < 0.01) (Tables 3, 4). In the multivariable Cox proportional hazards regression model, bTMB status was also related to PFS and OS (HR, 4.20; 95% CI, 1.02-17.20; p = 0.04) (HR, 4.20; 95% CI, 1.01-17.49; p = 0.04) (Tables 3, 4).




Figure 2 | Forest plots of HRs for the relationship between bTMB cutoff values and PFS and OS. (A) PFS and (B) OS in the bTMB cohort (excluding patients who treated with ICB therapy), bTMB cutoff values of ≥6, ≥10 and ≥16.






Figure 3 | Kaplan-Meier plots of PFS and OS of patients (excluding patients who received ICB therapy) by bTMB status. (A) PFS by bTMB status. (B) OS by bTMB status.




Table 3 | Univariable and multivariable analysis of PFS.




Table 4 | Univariable and multivariable analysis of OS.





bTMB Estimated by NGS and Clinical Outcomes of NSCLC Patients Who Treated With ICB Therapy

In this work, we further investigated the relationship between bTMB status and clinical benefit in advanced NSCLC patients who treated with ICB (anti-PD-1 antibody) therapy. The PFS was significantly shorter in patients with bTMB-low (< 6 mutations/Mb) than in patients with bTMB-high (< 6 mutations/Mb). The median PFS was 4.0 months and 10.0 months, respectively (hazard ratio = 3.96, 95% CI 1.083 to 14.48, p < 0.01, Figure 4A). Furthermore, bTMB-high was related to a higher ORR than bTMB-low (83.3%; 95% CI, 0.91-37.08 vs. 14.2%; 95% CI, 0.03-1.19; P = 0.02, Figure 4B). Eventually, nonresponders had significantly lower bTMB levels than responders (median, 4; interquartile range, 1-8 vs. median, 11.5; interquartile range, 5.7-15, P < 0.01, Figure 4C).




Figure 4 | Association of clinical outcome and bTMB in NSCLC patients received ICB therapy. (A) PFS by bTMB status. (B) Comparison of ORRs in the two bTMB groups (P =0.02). (C) Comparison of bTMB values between the nonresponse and response groups (P < 0.01).





Prevalence of Genetic Alterations in Patients

We found a wide range of cancer-related genetic alterations depended on tissue NGS genotyping. The landscape of genetic alterations had been shown in Figure 5A. The most frequently mutated genes were TP53 (8 of 21, 38.1%) and KRAS (4 of 21, 19.0%). In addition, through plasma NGS genotyping, we also identified a wide range of cancer-related genetic alterations. The landscape of genetic alterations had been shown in Figure 5B. The most frequently mutated genes were TP53 (29 of 83, 34.9%), KRAS (16 of 83, 19.3%) and PIK3A (12 of 83, 14.5%).




Figure 5 | Circos plot describing whole-genome DNA-seq data. Track 1: cytoband, chromosomes are depicted qter to pter. Track 2: Genomic location of mutant genes in tissues (A) or blood (B) of detected patients is located inside or outside cytoband of related genome. Gene name is in black represent. Track 3: Each line represent mutant genes existing in a patient.





Mutation Variant Allele Frequency (VAF) Distribution of All Patients

In the tissue VAF subgroup, we found that the median TP53 VAF was 35.77% (range 5.06% to 42.20%) in patients with tTMB-low, while it was 28.93% (range 13.12% to 57.85%) in patients with tTMB-high. The median TP53 VAF was 14.50% (5.06% to 57.85%) in patients with adenocarcinoma and 38.27% (21.33% to 51.70%) in patients with squamous cell carcinoma. However, there were no significant differences in the tumor type and TMB level (eTable 4). In the blood VAF subgroup, we found that the median TP53 VAF was 7.76% (range 1.62% to 73.16%) in patients with bTMB-low and 17.18% (range 0.97% to 79.10%) in patients with bTMB-high. The median TP53 VAF was 12.18% (1.27% to 79.10%) in patients with adenocarcinoma and 11.92% (4.24% to 62.12%) in patients with squamous cell carcinoma. The median KRAS VAF was 13.13% (range 2.57% to 59.07%) in patients with bTMB-low and 28.71% (range 5.05% to 61.21%) in patients with bTMB-high. Similarly, there were no significant differences in the tumor type and TMB level (eTable 5).




Discussion

In this work, we first examined the association between the tTMB values and advanced NSCLC patients’ clinical outcomes who did not receive ICB therapy in Southwest China. Our findings were consistent with our previous study (17), and tTMB (cutoff value = 10 mutations/Mb) is a vital and independent predictive biomarker in advanced NSCLC. Many recent studies demonstrated that 30% to 50% of advanced NSCLC patients could not provide sufficient cancer tissue for tTMB detection (9, 12, 13). Therefore, whether bTMB could be a reliable biomarker to guide immunotherapies has attracted extensive attention from scientists. However, most of the research has focused on the relationship between bTMB values and advanced NSCLC patients’ clinical benefits from ICB therapy. The relationship between bTMB values and clinical outcomes in patients who did not receive ICB therapy is still not clear. Herein, this is the study that demonstrates that advanced NSCLC patients (receiving platinum-based chemotherapy) with bTMB-low (cutoff value < 6 mutations/Mb) were associated with better outcomes in Yunnan Province (Figures 3A, B). These findings are similar to our previous tTMB study (17). It may be inferred that bTMB values are important for estimating advanced NSCLC patients’ clinical outcomes and are similar to the outcomes estimated by tTMB levels.

This study also demonstrated that advanced NSCLC patients with bTMB-H (≥ 6 mutations/Mb) would benefit from ICB (anti-PD-1 antibody) therapy. These findings are also similar to those from previous studies (13). However, we also found that unlike tTMB, the OS benefit did not occur in advanced NSCLC patients with bTMB-H during ICB (anti-PD-1 antibody) therapy (1, 2). Therefore, more studies on bTMB are needed to investigate its intrinsic nature and reveal the potential mechanism.

The selection of bTMB cutoff points is still controversial (12, 13). Gandara et al. (12) and the phase III IMpower 110 study (18, 19) reported that advanced NSCLC patients with bTMB-H (≥ 16 mutations/Mb) would benefit from ICB therapy. More recently, MYSTIC study reported that advanced NSCLC patients with bTMB cutoff points (≥ 20 mutations/Mb) would benefit from ICB therapy (20). Subsequently, Zhijie Wang et al. (13) reported that advanced NSCLC patients with bTMB-H (≥ 6 mutations/Mb) would benefit from ICB therapy. In our study, we confirmed that the cutoff level of bTMB was 6 mutations/Mb, which is a suitable cutoff point that can differentiate advanced NSCLC patients from Yunnan Province who would benefit from ICB (anti-PD-1 antibody) therapy. The difference in the bTMB cutoff point between our findings and the other previous studies may result from five factors (12, 13, 18–20). First, the difference in the gene panel size between our research (547 cancer-relevant genes) and the study by Gandara et al. (394 cancer-relevant genes) may contribute to a discrepancy in the selection of the bTMB cutoff point. Second, the difference in patients’ race between our research (all patients were Chinese) and Gandara et al.’s study (most patients were White) may contribute to a bias in the selection of the bTMB cutoff point. Third, the limited sample size in our study (only 13 patients received anti-PD-1 antibody therapy) may lead to a bias in the selection of the bTMB cutoff point. Fourth, the difference in the calculation of bTMB between our research (summing all synonymous and nonsynonymous variants) and other studies (summing all nonsynonymous variants) may contribute to a bias in the selection of the bTMB cutoff point (20, 21). Finally, our study was a retrospective analysis that may contribute to a statistical discrepancy. Therefore, further prospective studies with large sample sizes are needed.

In our study, a comprehensive analysis of genetic alterations in NSCLC patients demonstrated that the majority of mutations appeared in TP53 and KRAS (Figure 5). These findings are similar to our previous study (17).

In summary, our findings suggest that bTMB (cutoff point was 6 mutations per megabase) is a validated predictive biomarker for determining the clinical outcome of advanced NSCLC patients with chemotherapy. Using a bTMB cutoff point ≥ 6 mutations per megabase, we found that Yunnan advanced NSCLC patients who obtained an increased PFS benefit from anti-PD-1 antibody therapy. Further prospectively validated studies with large sample sizes are needed.

There are three limitations to our study. Firstly, our study was retrospective research, which may limit the interpretation of the clinical results. Secondly, the small sample size may cause unavoidable selection bias and measurement bias, relatively weakening the reliability of our conclusions. Thirdly, in our study, there were no matched blood and clinical tissue samples from the same patient for TMB detection. Therefore, it may lead to a bias between tTMB and bTMB in diagnostic concordance assessment. Further prospective researches are expected.
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ROS1 rearrangements have been identified as driver mutations, accounting for 1–2% of lung adenocarcinoma, but are extremely rare in case of lung squamous cell carcinoma. In this work, we report a lung squamous cell carcinoma in a patient with peripheral lung cancer radiological manifestation, harboring ROS1 rearrangement, with high sensitivity to crizotinib. Our findings suggest that clinicians should pay more attention toward the occurrence of ROS1 rearrangements and the application of crizotinib for lung squamous cell carcinoma treatment.




Keywords: lung squamous carcinoma, ROS1 rearrangement, crizotinib, atypical imaging manifestation, hypoalbuminemia



Introduction

In the last few decades, genetic testing and targeted therapy have resulted in survival benefits among patients with lung adenocarcinoma, although progress in the treatment of lung squamous cell carcinoma (SCC) remains stagnant. Recently, there has been a growing biological significance to identify the molecular characteristics of patients with lung SCC. ROS1 is a proto-oncogene and one among the sevenless subfamily of tyrosine kinase insulin receptor genes. ROS1 rearrangements are a known oncogenic driver in 1–2% of patients with lung adenocarcinoma, while it is widely believed that ROS1 in SCC is very rare (1). Crizotinib is a standard treatment for adenocarcinomas with ROS1 rearrangement (2), although we still have no data regarding the application of crizotinib in patients with lung SCC. Here, we report a rare case of a non-smoker female patient, diagnosed with peripheral lung SCC harboring ROS1 rearrangement, who was extremely sensitive to crizotinib.



Case Description

A 47-year old woman presented with repeated fever and fatigue in the past 3 months. She had a history of idiopathic thrombocytopenic purpura (ITP) and had undergone splenectomy 5 years ago with no evidence of recurrence. She was a non-smoker. Bilateral cervical lymph nodes (LNs) were palpable, and other physical examinations showed no abnormalities. Chest computed tomography (CT) scan showed diffuse round high-density lesions with small pleural effusion in the lungs bilaterally, accompanied by multiple enlarged LNs in the mediastinum and right supraclavicular area (Figure 1A). Ultrasound evaluation of the cervical LNs suggested bilateral supraclavicular lymphadenopathy (size in the right was 2.6 cm × 1. 6cm, size in the left was 2.2 cm × 1.1 cm). Abdominal CT, transvaginal ultrasound and cranial magnetic resonance (MR) imaging were normal. The results of representative serum tumor markers were as follows: CEA 7.6 ng/ml (normal < 5.0 ng/ml), CYFRA21 >100.0 ng/ml (normal < 3.3 ng/ml), NSE 17.6 ng/ml (normal < 30 ng/ml), SCCA >70.0 ng/ml (normal < 1.5 ng/ml). Positron emission tomography (PET)–CT showed no distal metastasis, which showed similar lesions with increased Fluorodeoxyglucose (FDG) uptake as chest CT in the lung and LNs (N2, N3) (Figure 2). Therefore, she underwent ultrasound-guided biopsy of the lung and right supraclavicular LNs. Tissue histopathology by hematoxylin and eosin (HE) staining revealed lung SCC. Immunohistochemical staining confirmed the diagnosis of SCC with positive P40 and CK5/6, negative transcription factor-1 (TTF-1), and napsin A (Figure 3). The patient was clinically diagnosed with stage IVA lung SCC, T4N3M1a. Genetic status, including EGFR, ALK, ROS1, KRAS, BRAF, RET, MET, HER2, NRAS, and PI3KA presence, was detected by amplification refractory mutation system (ARMS) with AmoyDx Mutations Detection Kit (Amoy Diagnostics Co., Ltd., Xiamen, China), revealing that the tumor harbored ROS1 rearrangement (Figure 3).




Figure 1 | Timeline of the patient’s chest CT scan showed the obvious remission of the patient’ s diffused lesions in the bilateral lung and enlarged lymph nodes after crizotinib treatment: (A) 7 July, 2020 (baseline), (B) 24 August, 2020, (C) 22 September, 2020, (D) 14 December, 2020, (E) 25 April, 2021.






Figure 2 | The patient’ s PET/CT scan showed diffused lesions with increased FDG uptake like chest CT located in the lung and LNs without distal metastasis.






Figure 3 | Pathological and molecular examinations of the case. HE staining showed the microscopic appearance of squamous cell carcinoma with nests of polygonal cells with pink cytoplasm and distinct cell borders (×200). Immunostaining of lung tissue and supraclavicular lymph node showed strongly positive for p40 and CK5/6, and negative for TTF-1 and Napsin A (×200). ARMS assay of lung tissue showed ROS1 rearrangement.



The patient was treated with crizotinib (250 mg twice daily) from August 3, 2020. After 3 weeks of treatment, a chest CT scan showed an obvious reduction in tumor size and metastasis (Figure 1B), quickly resulting in partial response (PR) according to the Response Evaluation Criteria for Solid Tumors (RECIST, version 1.1) (3). The patient continued receiving crizotinib and developed mild treatment-related adverse events (TRAEs), such as rashes, nausea, and anemia. She stopped molecular targeted therapy for 2 weeks because of severe hypoalbuminemia and secondary bilateral pleural effusion which might be relative to crizotinib (Figure 1C). After returning to baseline, crizotinib treatment was reinitiated. The tumor lesions and enlarged LNs further reduced after 4 months (Figure 1D). We are still following up with the patient, and she has remained PR for 9 months till the last follow-up (Figure 1E).



Discussion

We report a rare case of a woman diagnosed with lung SCC harboring ROS1 rearrangements, who was extremely sensitive to crizotinib. The ROS1 rearrangements occurred in only 1–2% of patients with non-small cell lung cancer (NSCLC), mainly with adenocarcinoma (2). To date, only six cases of lung SCC with ROS1 have been reported (one was ALK and ROS1 double-rearranged) (1, 2, 4–6). ROS1 rearrangement is very rare in lung SCC (7). Chest CT scans of two previous patients with lung SCC were typical, both presenting a central mass, enlarged mediastinal and hilar LNs (4, 5). However, the CT scan of our patients showed diffuse nodules in the bilateral lung, which we initially suspected as lung adenocarcinoma or lung metastasis from other cancers. We excluded other malignant tumors, mainly by PET–CT. Although we could not completely rule out the possibility of adenosquamous carcinoma, we confirmed the diagnosis of squamous carcinoma based on histopathology of double specimens, immunohistochemistry, and sensitivity of the lesions to crizotinib.

Crizotinib has been approved for the treatment of NSCLC patients with ROS1 rearrangements. As reported in PROFILE 1001 study, crizotinib showed an objective response rate (ORR) of 72%, median progression free survival (PFS) of 19.3 months, median overall survival (OS) of 51.4 months, and 48-months survival probability of 51% in 53 advanced NSCLC patients with ROS1 rearrangements, and TRAEs were mainly grade 1 or 2 per CTCAE v3.0 (8). The efficacy and safety of crizotinib were also confirmed in a phase II OxOnc Study in East Asian patients, with an ORR of 71.7%, median PFS of 15.9 months, and median OS of 32.5 months; most TRAEs were grade 1 or 2 in severity (9). Both two studies showed that the ORR of crizotinib in the treatment of ROS1 rearrangement in NSCLC exceeded 70%. In fact, studies on crizotinib in the treatment of ROS1 rearrangement NSCLC have focused on lung adenocarcinoma since the vast majority of ROS1 mutations occur in the adenocarcinoma subtype. Significantly, the patient in our case was diagnosed with peripheral lung SCC and surprisingly showed a remarkable shrinkage of both tumor lesions and enlarged LNs and has remained PR for 9 months after receiving crizotinib treatment until now. The most commonly reported TRAEs (occurring in more than 25% of patients) of crizotinib in clinical trials were visual disturbances, gastrointestinal toxicities, edema, and elevated ALT/AST, mostly assessed as grade 1/2 in severity (10, 11). Hypoalbuminemia is an uncommon TRAE that was quite severe in this patient. The patient was treated with an albumin infusion. Fortunately, when she resumed crizotinib treatment, severe TRAEs did not recur and she remained PR for a long time. Among the six previous cases, two patients received crizotinib as the first line (5, 6) and two patients received crizotinib as the second line treatment (2, 4). Compared patients with lung SCC receiving first-line treatment with crizotinib, our patient had a better treatment effect and a longer PFS.



Conclusion

In conclusion, we presented the case of a lung SCC patient with an atypical imaging manifestation and molecular pathology, suggesting that rare ROS1 rearrangement could also unexpectedly occur in patients with lung SCC and is a sensitive target of crizotinib in lung SCC.
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Background

First-line treatment strategies for programmed death-ligand 1 (PD-L1) negative non-small cell lung cancer (NSCLC) patients include chemotherapy and combination with anti-angiogenesis drugs and/or immune checkpoint inhibitor. We conducted a Bayesian network meta-analysis to evaluate the efficacy of these therapeutic options.



Methods

We included phase III randomized controlled trials comparing two or more treatments in the first-line setting for NSCLC, including data in PD-L1–negative patients. First-line strategies were compared and ranked based on the effectiveness in terms of overall survival (OS) and progression-free survival (PFS). A rank was assigned to each treatment after Markov Chain Monte Carlo analyses.



Results

Fourteen trials involving 14 regimens matched our eligibility criteria. For OS, none of the treatment were significantly more effective than chemotherapy. Nivolumab plus ipilimumab plus chemotherapy was probably the best option based on analysis of the treatment ranking (probability = 30.1%). For PFS, nivolumab plus chemotherapy plus bevacizumab, atezolizumab plus chemotherapy plus bevacizumab, and atezolizumab plus chemotherapy were statistically superior to chemotherapy in pairwise comparison. Nivolumab plus chemotherapy plus bevacizumab was likely to be the preferred option based on the analysis of the treatment ranking (probability = 72.9%).



Conclusions

Nivolumab plus chemotherapy, in combination with angiogenesis inhibition or anti-cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4), had maximal benefits for NSCLC patient of PD-L1–negative expression. These findings may facilitate individualized treatment strategies. Safety at an individual patient level should be considered in decision making. Further validation is warranted.
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Introduction

Non-small cell lung cancer (NSCLC) accounts for ~85% of all lung cancer cases, and the prognosis for patients with advanced/metastatic NSCLC remains limited (1). Platinum-based chemotherapy has long been the first-line treatment of choice for advanced NSCLC patients who do not harbor activating driver mutations. Checkpoint blockade has led to a paradigm shift in the treatment landscape of NSCLC, making long-term survival possible (2).

Thus far, several effective first-line systemic treatment options have been shown to be effective in advanced NSCLC. Programmed death-ligand (PD-L1) expression on tumor or immune cells emerged as the first potential predictive biomarker for the sensitivity to immune checkpoint blockade and patient stratification (3). For NSCLC patients with PD-L1 expression in ≥50% of tumor cells, pembrolizumab confers a superior progression-free survival (PFS) and overall survival (OS) compared with platinum-doublet chemotherapy in the first-line setting (4). For PD-L1 expression of 1% to 49%, programmed death-1 (PD-1) or PD-L1 inhibition has been shown to be comparable to chemotherapy (5, 6). In contrast, for patients with negative PD-L1 expression, no definite optimal therapeutic strategy has been defined. Most importantly, this group accounts for about half of the whole NSCLC patient population (7). A lack of head-to-head randomized controlled trials (RCTs) comparing chemotherapy, anti-angiogenesis drugs, and immunotherapies leaves uncertainty regarding optimal first-line treatment for advanced NSCLC patients with negative PD-L1 expression.

Network meta-analysis offers the unique opportunity to perform indirect comparisons between treatments never directly compared in RCTs but compared to a common treatment, as well as to rank multiple treatments (8). The present study aims to probe optimal therapeutic management with advanced NSCLC with negative PD-L1 expression.



Materials and Methods


Search Strategy

A literature search was performed using databases including PubMed, Embase, and Cochrane databases. The upper date limit of October 30, 2020, was applied, with no lower date limit. Our search strategy included the following Medical Subject Headings (MeSH) terms and keywords: “NSCLC”, “(advanced) or (metastatic) or (stage IV)”, “(first-line) or (untreated) or (front-line)”. Searches were performed using the filter “clinical trial” or “study” or “investigation” or “phase 3”. We also reviewed abstracts and presentations from conference proceedings, including American Society of Clinical Oncology (ASCO), World Conference on Lung Cancer (WCLC), European Society for Medical Oncology (ESMO), European Lung Cancer Conference (ELCC), and American Association for Cancer Research (AACR). To ensure that no RCTs were missing, reference lists of published reviews, meta-analyses, and included RCTs were manually checked, and www.clinicaltrials.gov was searched.



Study Selection

Eligibility criteria for inclusion in this meta-analysis were as follows: (1) prospective phase III RCTs in patients with advanced NSCLC who had received no previous treatment for metastatic disease; (2) English language; (3) data available regarding PD-L1 expression negative population; and (4) in cases of duplicate publications, only the most recent and updated report of the clinical trial were also included. Review articles, non-randomized trials, and observational studies, non-English studies were excluded from the analysis. The selection process is shown in Figure 1.




Figure 1 | Selection process for the trials included in the meta-analysis. PRISMA diagram. NSCLC, non-small cell lung cancer; RCT, randomized-controlled trial.



Articles that could not be categorized based on title and abstract alone were retrieved for full-text review. Disagreements were resolved by consensus between the authors. To determine the issue of multiple publications from the same data sets, we confirmed clinical trial information, such as the trial number and the period of patient recruitment of the articles. We also assessed the eligibility of the articles and abstracts identified by the search, and discrepancies were resolved by consensus. Study quality was assessed using the Jadad five-item scale, which takes into account randomization, double blinding, and withdrawals. The final score ranged from 0 to 5 (9).



Data Extraction

The meta-analysis was performed based on outcomes coming from the included studies. Data were extracted from eligible studies, which include the following items: study name, year of publication, source of publication, histology, number of patients, treatment arm and control arm, hazard ratio (HR), and 95% confidence intervals (CIs) of PFS and OS. In the case of trials that did not report PD-L1 expression subgroup, we reviewed each published trial’s supplementary material. If data from any of the above categories were not reported in the study, items were treated as NR (not reported). The primary variables of interest were HRs with 95% CIs for OS or PFS.



Statistical Analysis

All calculations were performed using R (version 4.0.2) and STATA (version 14.0, Stata Corp LP, College Station, TX). OS and PFS were treated as time-to-event variables; therefore, these parameters were expressed as HR and 95% CI for each study. The primary endpoints of this network meta-analysis were the HRs for OS and PFS in PD-L1–negative patients. The Bayesian network meta-analysis (NMA) used a non-informative uniform prior to distribution to the parameters. For each outcome, three Markov chains with different starting values, generated using the method described by Gelman and Rubin were run in parallel for 100,000 iterations to obtain the posterior distribution. We used 10,000 burn-ins and a thinning interval of 10 for each chain. The model fit of each analysis was assessed by deviance information criterion (DIC) (10). Result heterogeneity across studies was evaluated with Cochrane’s Q statistic and quantified with the inconsistency statistic (I2). Statistical significance was considered at p less than 0.05, and heterogeneity was considered low, moderate, or high for I2 values under 25%, between 25% and 50%, and over 50%, respectively (11). Effect sizes for the Bayesian network meta-analysis were described with 95% credible interval (CrL), the Bayesian equivalent of 95% CIs. Relative ranking of OS and PFS was presented as the probabilities. The probability of each regimen being the best among all regimens was computed by ranking the relative efficacies of all regimens in each iteration and then calculating the proportion of each regimen being ranked first across all iterations, which equals to 1 when a treatment is certain to be the best and 0 when a treatment is certain to be the worst.




Results


Study Selection and Characteristics

We found 4,125 potentially relevant articles. After initial exclusion of irrelevant, duplicate, and non-randomized studies, 14 original studies were considered eligible for the meta-analysis (Figure 1). The major baseline characteristics of the 14 eligible studies were represented in Table 1. Ten studies were double-arm design, whereas the remaining four referring three-arms. Overall, there were 14 different treatment strategies: chemotherapy, chemotherapy plus bevacizumab, atezolizumab plus chemotherapy, atezolizumab plus chemotherapy plus bevacizumab, nivolumab plus chemotherapy, nivolumab plus ipilimumab, nivolumab plus ipilimumab plus chemotherapy, nivolumab plus chemotherapy plus bevacizumab, pembrolizumab plus chemotherapy, caremlizumab plus chemotherapy, durvalumab, durvalumab plus tremelimumab, tislezumab plus chemotherapy, and sintilimab plus chemotherapy.


Table 1 | Main characteristics and results of the eligible studies.



Studies were chosen and systemically reviewed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (26). Similarity was evaluated by reviewing characteristics of the trials with respect to any of those characteristics that are potential treatment effect modifiers, assuring validity of making indirect comparisons. It was impossible to calculate the Jadad’s score for 2 of the studies (RATIONALE-304 and ONO-4538-52), which have not yet been published at the time of the analysis. The Jadad’s score was evaluated for the rest 12 studies with scores ranging from 3 to 5.



Network Meta-Analysis of OS

Eight studies provided HR values for OS. The comparisons between treatments were shown by network plot (Figure 2). The forest plot of OS for pairwise comparison results were presented in Figure 3. In  pairwise comparison, compared with chemotherapy, none of the  treatments had a significant lower hazard risk of OS. The results providing indirect comparisons between treatments are presented in Figure 4, with none of the treatments performing significantly better than other treatment regimen in terms of OS. Comparative efficacy of treatments for OS based on treatment ranking was shown in Figure 5 and Table 2, among which, combination of nivolumab and ipilimumab and chemotherapy was the most possible therapy to be ranked as first for OS (probability = 30.1%), nivolumab plus ipilimumab ranked the second (probability = 22.4%), and pembrolizumab plus chemotherapy ranked the third (probability = 18.8%). Comparing the DIC between the consistency and inconsistency models suggests that the consistency model has a similar fit to the data with inconsistency model (21.35 vs. 21.39). The overall heterogeneity assessment of the results showed that the heterogeneity was low for OS (I2 = 0%).




Figure 2 | Network plot for effectiveness of 10 and 9 different treatment modalities for patients with PD-L1–negative expression for OS (A) and PFS (B), respectively. Circles represent the intervention as a node in the network and their size is proportional to the number of included studies; lines represent direct comparisons within the frame of randomized clinical trials (RCTs); the line thickness indicates the number of RCTs included in each comparison. CT, chemotherapy; Atezo, atezolizumab; Bev, bevacizumab; Nivo, nivolumab; Ipi, ipilimumab, Pembro, pembrolizumab; Carem, caremlizumab; Durva, durvalumab; Treme, tremelimumab; Tisle, tislezumab; Sinti, sintilimab; NR, not reported.






Figure 3 | Forest plots showing OS (A) and PFS (B) hazard ratio analyses. Efficacy of 10 and 11 treatment modalities for OS and PFS, respectively. Outcome measure: hazard ratio (HR). PrI, predictive interval; CT, chemotherapy; Atezo, atezolizumab; Bev, bevacizumab; Nivo, nivolumab; Ipi, ipilimumab; Pembro, pembrolizumab; Carem, caremlizumab; Durva, durvalumab; Treme, tremelimumab; Tisle, tislezumab; Sinti, sintilimab; NR, not reported.






Figure 4 | Comparative efficacy of treatments for OS (A) and PFS (B) in network meta-analysis. Comparisons should be read from left to right. HR (95% credible interval) for comparisons is in cells in common between column-defining and row-defining treatment. Bold cells are significant. HR >1 favors row-defining treatment, and HR <1 favors column-defining treatment. CT, chemotherapy; Atezo, atezolizumab; Bev, bevacizumab; Nivo, nivolumab; Ipi, ipilimumab; Pembro, pembrolizumab; Carem, caremlizumab; Durva, durvalumab; Treme, tremelimumab; Tisle, tislezumab; Sinti, sintilimab; NR, not reported.






Figure 5 | Ranking probabilities based on the multiple comparisons on OS (A) and PFS (B) in NSCLC patients with PD-L1–negative expression. CT, chemotherapy; Atezo, atezolizumab; Bev, bevacizumab; Nivo, nivolumab; Ipi, ipilimumab; Pembro, pembrolizumab; Carem, caremlizumab; Durva, durvalumab; Treme, tremelimumab; Tisle, tislezumab; Sinti, sintilimab; NR, not reported.




Table 2 | Ranking probabilities of different first-line treatment strategies for PD-L1–negative NSCLC patients.





Network Meta-Analysis of PFS

As for PFS, there were nine studies reported the HR values (Figure 2). As shown in Figure 3, nivolumab plus chemotherapy plus bevacizumab (HR, 0.34; 95% CrI, 0.12–0.89), atezolizumab plus chemotherapy plus bevacizumab (HR, 0.47; 95% CrI, 0.22–0.97), and atezolizumab plus chemotherapy (HR, 0.67; 95% CrI, 0.45–0.95) were statistically superior to chemotherapy in pairwise comparison. Indirect comparison results were illustrated in Figure 4, with nivolumab plus chemotherapy plus bevacizumab, atezolizumab plus chemotherapy plus bevacizumab, and atezolizumab plus chemotherapy have better PFS than chemotherapy. The probabilities of rank plot (Figure 5 and Table 2) were as follows: combination of nivolumab, chemotherapy, and bevacizumab was most likely to be the best regimen (probability = 72.9%), atezolizumab plus chemotherapy plus bevacizumab ranked the second (probability = 11.9%). The DIC between the consistency and inconsistency models suggests that the consistency model has a similar fit to the data inconsistency model (27.05 vs. 27.06). The overall heterogeneity assessment of the results showed that the heterogeneity was low for PFS (I2 = 22.1%).




Discussion

The PD-L1 axis is regulated by different stimuli through multiple levels, including genomic, transcriptional, post-transcriptional, translational, and post-translational levels (27). PD-L1 expression has been proposed as distinct biomarker of response to PD-(L)1 inhibitor. In NSCLC, PD-L1 expression is highly variable and is associated with distinct clinicopathologic and genomic features (28). Clinical studies in NSCLC have demonstrated that PD-L1 expression on tumor and/or immune cells has a positive correlation with the efficacy of anti-PD-(L)1 therapy. A real-world EXPRESS study evaluated the PD-L1 expression profile in locally advanced or metastatic NSCLC, revealing that PD-L1–negative patients account for about 40% to 53% (7). Efficacies of PD-(L)1 blockade treatment in patients that are PD-L1 positive or negative are significantly different (29). Here, our analysis is designed to answer the open question of the optimal therapeutic management in advanced NSCLC with negative PD-L1 expression.

The expression of PD-L1 can be classified into constitutive and inducible expression depending on the extrinsic or intrinsic stimuli (30). Constitutive expression is dependent on cell genomics, while inducible PD-L1 expression is dependent on exposure of cells to cytokines, such as IFNγ, TNFα, IL-1α, and IL-1β via TLRs or IFN receptors (31). PD-L1–negative expression of a tumor is sometimes considered as the tumor being “cold” to use a somewhat colloquial term (32). The absence of PD-L1 expression on tumor cells might, for example, indicate impaired IFN-γsignaling (33). By turning “cold” tumors to “hot”, combination strategies emerge, which involve different immune checkpoint inhibitors (ICIs) with chemotherapy, anti-angiogenesis, and other new classes drugs or, for example, oncolytic viruses (34).

The 14 treatment modalities in our meta-analysis for PD-L1–negative NSCLC can be categorized into seven types: chemotherapy, chemotherapy plus angiogenesis inhibition, mono anti-PD-(L)1, anti-PD-(L)1 plus chemotherapy, anti-PD-(L)1 plus anti-cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4), anti-PD-(L)1 plus anti-CTLA-4 plus angiogenesis inhibition, and anti-PD-(L)1 plus anti-CTLA-4 plus chemotherapy.

Chemotherapy was previously considered to be immunosuppressive, whereas cytotoxic drugs may also exert an immunomodulatory role in NSCLC and other solid tumors (35). A recent pooled analysis of three randomized trials assessing PD-L1–negative patients receiving pembrolizumab with chemotherapy combination strategy confirmed a clinically meaningful benefit improvement (36). The inclusion of HR from phase II studies might influence the results; therefore, only phase III trials were included in this analysis, leaving phase II KEYNOTE-021G trial (37) ineligible for our analysis.

The rationale for combining anti-angiogenesis drug with ICIs rests in aspects, including immuno-metabolism and tumor microenvironment (38), which leads to a synergistic effect. Therapeutic regimens of chemotherapy with anti-angiogenesis drugs, such as ECOG-4599 (39), BEYOND (40), were not included in the network meta-analysis because of lack of PD-L1 expression status. In the IMpower150 trial, ACP (atezolizumab plus chemotherapy) and BCP (bevacizumab plus chemotherapy) had similar outcomes for the PD-L1–negative population (15).

Another combination choice for PD-(L)1 inhibitor is the combination of a CTLA-4 inhibitor, as used by CheckMate 227. Anti-PD-1 and anti–CTLA-4 dual blockade offers a “chemo-free” choice for PD-L1–negative patients. Dual blockade of CTLA-4 and PD-1 therapy is sufficient to induce unique cellular responses compared with either monotherapy, which has been proven in preclinical studies (41). However, the toxicity of adding another ICI to a PD-(L)1 inhibitor leads to more toxicity (42). In our network meta-analysis, we have no data for toxicity regarding PD-L1–negative patients receiving different treatment strategies. However, based on a previous meta-analysis, combination with CTLA-4 inhibitor might lead to more toxicities (42).

For OS and PFS, based on treatment ranking probabilities, nivolumab plus chemotherapy plus ipilimumab/bevacizumab ranked first, respectively. However, nivolumab plus chemotherapy plus ipilimumab (CheckMate 9LA) did not report PFS subgroup data regarding PD-L1–negative patients, whereas nivolumab plus chemotherapy plus bevacizumab (ONO-4538-52) did not report OS data in PD-L1 negative patients. These subgroup data are missing and will thus impact the result of network meta-analysis comparison. Although these four-drug combinations prevailed in survival than the other regimens by ranking probability, more toxicities might also occur in four-drug combinations. In CheckMate 9LA trial, three times of treatment-related adverse events (TRAEs) of nivolumab plus ipilimumab plus two cycles of chemotherapy than control arm render a four-drug combination, an option for PD-L1 negative patients but may not be the standard of care.

Our meta-analysis has several limitations. First, there were no clinical trials investigating only PD-L1–negative NSCLC patients. Therefore, data were derived from subgroup analysis of each primary study, and none of these trials were powered to detect the difference in OS or PFS in the PD-L1–negative subgroup, which explained why none of the treatment were significantly more effective in OS than chemotherapy. Some of the trials did not report OS, making comparisons not identical between PFS and OS. Second, the antibodies using to detect PD-L1 expression varied in different trials. Spatial and temporal heterogeneity of PD-L1 expression and different test platforms have made PD-L1 an imperfect biomarker. However, PD-L1 expression especially in tumor cells is currently the most widely used biomarker in patient stratification. Third, we have no access to toxicity data for patients with PD-L1–negative expression, and such expression is often heterogenous (43). Balancing the benefit/risk to a specific patient population is always challenging (44).

In summary, our meta-analysis is the first study to systematically investigate the treatment options for PD-L1–negative patients of NSCLC. In the absence of an RCT directly comparing first-line treatment options for NSCLC of PD-L1–negative expression, our findings suggest that two combined therapies, nivolumab plus ipilimumab plus chemotherapy, and nivolumab plus chemotherapy plus bevacizumab, both appear the most effective therapeutic strategies for this patient population in terms of OS and PFS, respectively. Further research, particularly phase III RCTs comparing treatment options in PD-L1–negative patients are required.
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Background

Invasive mucinous adenocarcinoma (IMA) of the lung is a rare and distinct subtype of adenocarcinoma. At present, people have no idea whether IMA patients can benefit from immunotherapy and target therapy; thus there is an urgent need to clarify the immune microenvironment and genetic characteristics of this cohort.



Methods

A total of 31 IMA patients matched with 27 non-mucinous adenocarcinoma (non-IMA) patients were enrolled in this study, and clinical data was collected. The expression of PD-L1, CD8+ tumor-infiltrating lymphocytes (TILs) and ALK was determined by immunohistochemistry. Polymerase Chain Reaction was used to determine the mutations of EGFR. The Chi-square test, Kaplan–Meier method and Cox proportional hazard regression model were used to explore the correlations between these clinicopathological variables, survival and identify risk factors.



Results

Of the patients with IMA 9.7% (3/31) revealed positive PD-L1 expression and 35.5% (11/31) showed CD8+ TIL infiltration, which were markedly lower than that of non-IMA group [PD-L1: 48.1% (13/27); CD8: 81.5% (22/27)]. Moreover, five (16.1%) patients in IMA group and 10 (37.0%) patients in non-IMA group had EGFR mutations, and nine (29.0%) patients in IMA group and zero (0.0%) patient in non-IMA group had ALK rearrangements. Additionally, we observed that IMA patients with CD8+ TIL infiltration had a worse prognosis than CD8-negative group (P = 0.024). Multivariate analyses showed that CD8 was an independent prognostic factor for patient’s survival (HR = 5.60, 95% CI: 1.35–23.22, P = 0.017).



Conclusion

Patients with IMA have down-regulated expression of PD-L1 and less CD8+ TIL infiltration in tumor microenvironment. Besides, a lower frequency of EGFR mutations was detected in patients with IMA than non-IMA patients while a higher rate of ALK rearrangements was found. Our results provide important reference for therapy of lung IMA.
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Introduction

Lung cancer remains the leading cause of cancer-related mortality worldwide which can be pathologically classified into two major subtypes, non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC) (1). Lung adenocarcinoma (ADC) is the most frequent type of NSCLC. According to the new classification proposed by the European Respiratory Society (ERS), American Thoracic Society (ATS) and International Association for the Study of Lung Cancer (IASLC) in 2011, invasive mucinous adenocarcinoma of the lung (IMA) is a rare and unique lung ADC subtype, about 2–5% (2). IMA is histologically characterized by goblet and/or columnar cells with basal nuclei and abundant cytoplasmic mucin (3). As for prognosis, IMA is related with poor prognosis mainly owing to airway propagation mode (4). In addition, pathological parameters, including tumor cell spread size, invasive size, and mucin spread size, were also adverse prognostic factors for IMA (5). As a subtype of lung ADC, the same therapeutic regimen as for other ADCs was usually applied for treating patients with IMA. However, neither platinum-based chemotherapy nor targeted therapy has been demonstrated to be obviously effective against IMA (6, 7). Thus, new therapeutic approach for IMA is necessary.

IMA has a special gene expression profiling. Recent research studies have proved that KRAS mutation was the most frequent oncogenic driver mutations in IMA (63–90%) followed by NRG1 fusions (7–27%) (8–11). Compared with non-mucinous adenocarcinoma (non-IMA), IMA has a lower rate of EGFR mutations (only 0–5%) and a higher rate of ALK rearrangements (2.2%) and ERBB2 mutations (1.2%) (6, 12, 13). In addition, rare gene mutations, such as HER2, BRAF, and PI3KA mutations, and rare gene fusions, such as TRIM4-BRAF, VAMP2-NRG1, and CD74-NRG1fusions, were observed in IMA patients with KRAS-negative (8). However, owing to the rarity of treatable mutations, IMA patients are usually ineligible for target therapy (6).

Recently, immune checkpoint inhibitors (ICIs) have greatly changed the treatment landscape of patients with non-small cell lung cancer (14). However, due to the rarity of IMA, the studies of immune-checkpoint expression in patients with IMA have been limited, and no specific immune checkpoint therapy has been established for IMA yet (15). Nakagomi et al. (7) found that PD-L1 expression tended to be lower in the IMA group (6.1%) compared to the conventional ADC group (59.7%). Another study (16) detect PD-L1 expression in NSCLC including various adenocarcinoma subtypes. Out of the 90 samples, only four were IMA and none of them expressed PD-L1. In general, the PD-L1 expression in IMA patients was rather low and, in fact, whether IMA patients can benefit from ICIs still needs further investigation. Moreover, B7-H3 expressed highly in IMA group (42.4%), which maybe a potential and promising immunotherapeutic target.

Based on the available literature, although IMA is a variant of lung ADC, it has specific genetic profiles and immune-checkpoint status, which means that innovative therapies are needed for this subgroup. Unfortunately, there are only a few studies relevant. In our study, by reviewing the clinicopathological features, genetic mutations, tumor microenvironment (TME), and survival of 31 IMA patients, we aimed to clarify PD-L1 expression and tumor-infiltrating lymphocytes (TILs) in IMA, the correlation between these factors and patient’s survival, and the potential of targeted therapy and immunotherapy in IMA patients.



Materials and Methods


Study Population

A total of 9,260 patients with lung cancer were reviewed; only 148 patients with lung IMA were confirmed from January 2010 to December 2015 at Zhejiang Cancer Hospital. IMA patients who satisfied all of the following criteria were enrolled: (1) All collected tumor samples must be pathologically diagnosed as IMA; (2) All patients had complete clinical and follow-up information; (3) All patients did not receive any anti-tumor treatment; and (4) All patients signed informed consent. As a control group, NSCLC patients with non-IMA were also included. The clinical characteristics of the participants are listed in Table 1. The study was conducted in accordance with the ethical standards of the Ethics Committee of Zhejiang Cancer Hospital, and informed consent for the use of tumor specimens was obtained.


Table 1 | Clinicopathological characteristics of the 58 patients with lung adenocarcinoma.





Immunohistochemistry

Immunohistochemistry (IHC) assay was performed in tumor samples comprising 41 surgical samples and 17 biopsies. The 4-µm tissue sections were cut from formalin-fixed paraffin-embedded (FFPE) tumor tissues. After deparaffinization and rehydration, slides were stained in an automated system (Leica Biosystems, Wetzlar, Germany). Antibodies used were rabbit anti-PD-L1 (1:100, clone SP142, cat# ZA-0629, Beijing zhongshan Jinqiao Biotechnology Co., Ltd, Beijing, China), mouse anti-CD8 (1:100, clone ES05, cat# IR079, Dako, Agilent Technologies, Santa Clara, CA, USA), and rabbit anti-ALK (1:100, clone D5F3, cat# 3633S, Cell Signaling Technology, MA, USA).

PD-L1 expression was evaluated by the tumor proportion score (TPS), defined as the percentage of tumor cells observed as partial or complete membrane staining. The cut-off for PD-L1 positive expression was set at ≥1%. The positivity of CD8+ T cells of all nucleated cells in the intercellular substance was defined as ≥10%. PD-L1+/CD8+ expression was defined as both positive expression of PD-L1 and CD8+ T cell.

ALK expression was determined using binary interpretation. We defined ALK positivity as any percentage of presence of strong granular cytoplasmic staining in the tumor cells; otherwise, the absence of strong cytoplasmic staining was deemed ALK negative. IHC assay was performed according to the manufacturer’s protocols, and two pathologists independently scored staining with blind assessments.



EGFR Mutation Analyses

DNA was extracted from the FFPE tumor tissues using Amoydx FPE DNA Kit (Amoy Diagnostics, Xiamen, China) according to protocols. Polymerase chain reaction (PCR) was performed at the Mx3000PTM real-time PCR system (Strata gene, La Jolla, USA). EGFR mutations were detected by EGFR 29 Mutations Detection Kit (Amoy Diagnostics, Xiamen, China). We used ΔCt method to quantify the amplification. If ΔCt values were higher than 2.0, the patient was identified as “EGFR mutant”; otherwise, the patient was identified as “EGFR wild-type”.



Statistical Analyses

To compare categorical characteristics, the Chi-square test was performed. Survival analyses were performed by plotting Kaplan–Meier curves with the log-rank test, and the hazard ratio (HR) was determined by multivariable Cox proportional hazard regression model. Variables included in this model were sex, age, smoking status, clinical stage, EGFR and ALK status, PD-L1, and CD8 expression. P value ≤0.05 was considered statistically significant. The data were statistically analyzed by using SPSS software, GraphPad Prism (version 5), and version 22.0 for Windows (Chicago, IL, USA).




Results


Patient Characteristics

From a screened population of 9,260 patients with lung cancer, a total of 31 IMA patients were identified; see flow chart in Figure 1. The non-IMA group consisting of 27 individuals was matched with the IMA group for age, sex, and smoking status. The median age of patients at diagnosis was 58 years (range: 29–85 years); 27 (46.6%) were men and 31 (53.4%) were women. Among them, 81.0% (47 patients) were <65 years, 37.9% (22 patients) were have a history of smoking, and 22.4% (13 patients) were diagnosed at stage IV. There were no significant differences between the IMA and non-IMA groups in terms of sex, age, smoking, and clinical stage. Five (16.1%) patients in IMA group, and 10 (37.0%) patients in non-IMA group had EGFR mutations, and nine (29.0%) patients in IMA group and zero (0.0%) patient in non-IMA group had ALK rearrangements. The ALK rearrangements rate were significantly higher in the IMA group (P = 0.002). Clinical and pathological characteristics of this cohort were presented in Table 1.




Figure 1 | Flow chart of the protocol followed for patients’ enrollment.





Correlation With the Clinicopathology and Prognosis of PD-L1 Expression and CD8+ TIL Status

Figure 2 presents the representative images for PD-L1 expression on the membrane of tumor cells and CD8+ TILs. As shown in Table 1, 9.7% (3/31) of the IMA patients had positive expression of PD-L1, and 35.5% (11/31) showed positive CD8 staining, which were markedly lower than that of non-IMA group [PD-L1: 48.1% (13/27); CD8: 81.5% (22/27)]. Differences between the groups were statistically significant (P < 0.001). Neither the PD-L1 expression nor CD8+ staining showed the association with other clinical factors (Tables S1, S2). The median OS was significantly shorter in patients with CD8+ staining than in those obscene (47.3 vs 60.2 months, P = 0.024, Figure 3A). As presented in Table 2, CD8 TIL status was correlated with poor OS (HR = 4.32, 95% CI: 1.08–17.34, P = 0.039) by the univariate analyses. Furthermore, after adjusting for clinicopathological factors, multivariate analysis suggested that CD8 was an independent prognostic factor for survival (HR = 5.60, 95% CI: 1.35–23.22, P = 0.017). Neither the PD-L1 expression nor the mutations of EGFR, ALK showed prognostic value (P > 0.05). Neither the PD-L1 expression nor the mutations of EGFR, ALK showed prognostic value (P > 0.05, Figures 3B–D)




Figure 2 | Representative images of PD-L1 and CD8 immuno-staining (×400 original magnification). H&E (A) and PD-L1 (B) staining of patients with PD-L1+; H&E (C) and PD-L1 (D) staining of patients with PD-L1−; (E) presence of CD8+ TILs; and (F) absence of CD8 + TILs.






Figure 3 | (A) Kaplan–Meier analysis of overall survival (OS) in IMA patients based on CD8+ TIL infiltration. (B) Kaplan–Meier analysis of OS in IMA patients based on PD-L1 expression. (C) Kaplan–Meier analysis of OS in IMA patients based on EGFR mutations. (D) Kaplan–Meier analysis of OS in IMA patients based on ALK mutations.




Table 2 | Univariate and multivariate Cox regression analyses of prognostic factors for survival in patients with IMA.





Response to Immunotherapy of IMA

To evaluate the clinical efficacy of checkmate inhibitor based on TME status, we collected clinical data of a patient with IMA of the lung who was treated with PD-1 inhibitors. As shown in Figure 4, the patient was a 32-year-old young woman with lung ADC with pleural metastases (cT2bN2M1a, stage IVA). The IHC of her biopsy sample showed positive PD-L1 expression (50%) and strong CD8+ staining (40%). After four cycles of pembrolizumab plus pemetrexed–platinum regimen, the patient exhibited partial response (PR), with obviously shrunken pulmonary lesions (Figure 4). This patient then continued to receive pembrolizumab monotherapy and experienced a disease stabilization. Ultimately, after six cycles of pembrolizumab monotherapy, the patient developed disease progression due to a relapse with lung lesions; PFS was of 11.9 months.




Figure 4 | The clinical response to immune checkpoint inhibitors combined with chemotherapy in an IMA patient with PD-L1 expression and CD8+ TIL infiltration.






Discussion

As ICIs have dramatically changed anticancer strategies recently, there is a great need to better understand the immune axis and crosstalk with the TME in tumors. To our knowledge, this is the first study to evaluate the expression of PD-L1 and the infiltration of lymphocytes in patients with IMA. By reviewing the clinicopathological data of 31 IMA patients, we mainly investigate the immunophenotypic characteristics and their clinical relevance in IMA patients.

First, our study found a statistically significant decrease in PD-L1 expression and CD8+ TIL infiltration in IMA patients compared to non-IMA patients. Similar to our results, previous studies have also shown a low level of PD-L1 expression in IMA group (7, 17, 18). However, studies regarding TIL abundance in patients with IMA have not been carried out yet, which need to be verified by experiments with large sample sizes. As far as we know, interferon-γ (IFN-γ) can up-regulate PD-L1 expression through the JAK2–STAT1 and PI3K–AKT pathways in NSCLC (19, 20). Considering that CD8+ TILs could produce IFN-γ and induce PD-L1 expression (21), we speculate that the decrease of PD-L1 expression in IMA patients is associated with low levels of CD8+ TIL infiltration by inhibiting IFN-γ production. However, the mechanism underlying low CD8+ TIL infiltration in IMA needs further investigations.

Moreover, in the present study, 16.1% of IMA patients have EGFR mutations and 29.0% with ALK rearrangement, which was consistent with previous studies indicating that IMA patients have a lower frequency of EGFR mutations and a higher frequency of ALK rearrangements than non-IMA patients (8, 9, 12). Our former next-generation sequencing (NGS)-based study using a panel of 425 genes has identified that KRAS mutations were the most frequent oncogenic driver mutations in IMAs (23.1% in pure-IMA group and 4.0% in mixed-IMA group) (22). However, owing to the rarity or absence of targetable mutations, there are few studies on the target therapy of IMA (23). Several studies have suggested that KRAS mutations, ERBB2 mutations, and ALK rearrangements could be targeted for therapeutic intervention; however, its efficacy for IMA patients has not be verified in clinical practice yet (24, 25). Since NRG1 fusions are in a high proportion of lung IMA, multiple studies have demonstrated that afatinib, an irreversible ErbB family inhibitor, is effective in NSCLC patients with NRG1 fusions, which maybe a potential therapeutic strategy to IMA patients (26–28). Hence there is an urgent need to determine the molecular mechanisms driving IMA and identify novel target therapy.

Second, we observed that the CD8-negative group exhibited longer overall survival (OS) than CD8+ TIL group, and CD8 was an independent prognostic factor for IMA patients’ survival. Contrary to our results, CD8+ T lymphocytes are thought to be the dominant cytotoxic immune cells that are able to eliminate tumor cells (29). Recently, elevated levels of cytotoxic CD8+ T cells in the TME have been linked with positive anti-tumor effects in various cancers, indicating a good prognosis in patients with elevated cytotoxic CD8+ TILs (30–32). Researchers have found that CD8+ TILs at different tumor sites have diverse clinical attributes and a number of factors in the TME, such as the activation of inhibitory checkpoint pathways, abnormal tumor angiogenesis, and chemokine secretions, can exactly suppress the function of CD8+ TILs (33). Thus, we speculate that IMA patients have a special TME that affect CD8+ TILs.

Our results showed that IMA patients have low PD-L1 expression and less CD8+ infiltration, which indicated poorer response rates to checkmate inhibitors (34, 35). Therefore, we considered that patients with IMA cannot benefit from ICI monotherapy; surgery and platinum-based conventional chemotherapy are still the main therapeutic modalities. In our study, one female patient with strong PD-L1 expression (50%) and abundant CD8+ T cell infiltration (40%) experienced PR to ICIs combined with chemotherapy. We speculate that the combination of immunotherapy and chemotherapy may be a new therapeutic direction for advanced IMA patients. In addition, the favorable clinical efficacy of ICIs is also associated with positive PD-L1 expression and CD8+ T cell infiltration in the tumor tissue, as sufficient CD8+ TILs in the TME is the foundation of anti-tumor effect activated by ICIs (36). However, the potential of PD-L1 and CD8 as predictive biomarkers to immunotherapy in IMA patients remains to be further investigated.

Our study has several limitations. First, the number of patients enrolled in this study was relatively small due to the rarity of IMA. Second, the IMA group was not further divided into pure-IMA and mixed-IMA subgroups, leading to the possible heterogeneity of the IMA group which may influence the expression of PD-L1 and CD8+ TILs. Third, some patients were diagnosed at an early stage, and the median OS in the IMA group was unavailable. Fourth, because of insufficient samples, ALK rearrangement was not reconfirmed by fluorescence in situ hybridization (FISH) assay. Finally, as the samples used in study were obtained years ago, the PD-L1 expression may be underestimated because the expression of PD-L1 might be dynamic with time going.

In conclusion, we demonstrated that IMA patients might have lower levels of PD-L1 expression and CD8+ TIL infiltration than non-IMA patients. We also observed a lower frequency of EGFR mutations and a higher frequency of ALK rearrangements and KRAS mutations in IMA patients. Moreover, patients with CD8+ TIL infiltration had shorter OS and worse prognosis, and CD8 was an independent prognostic factor of IMA patients’ survival. Based on the characteristics of gene and immune microenvironment, target therapy and immunotherapy in IMA patients are limited, which needs further investigation.
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Background

To assess the effect of asymptomatic and/or treated brain metastases (BMs) on the efficacy of immune checkpoint inhibitors (ICIs) in metastatic non-small cell lung cancer (NSCLC).



Patients and Methods

PubMed, Embase, Cochrane Library, Web of Science, and recent meetings were searched for randomized controlled trials (RCTs). The primary outcomes of interest were overall survival (OS) and progression-free survival (PFS).



Results

Seventeen articles reporting 15 RCTs with 10,358 patients (1,199 with and 9,159 without BMs) were eligible. ICIs were associated with longer OS and PFS than those in chemotherapy either in patients with (hazard ratio [HR], 0.65; 95% confidence interval [CI], 0.51–0.82 and HR, 0.60; 95% CI, 0.45–0.79) or without BMs (HR, 0.74; 95% CI, 0.70–0.78 and HR, 0.70; 95% CI, 0.57–0.86); no significant difference in the pooled HRs for OS (Pinteraction = 0.29) and PFS (Pinteraction = 0.37) was observed between the two patient populations. Subgroup analyses revealed that either ICI monotherapy or combination therapy significantly improved OS and PFS compared with those in chemotherapy both for patients with and without BMs. Superior OS benefit from ICI combination therapy than that in monotherapy was observed in patients with BMs (HR, 0.49 vs. 0.81, Pinteraction = 0.005) but not in patients without BMs (HR, 0.71 vs. 0.76, Pinteraction = 0.27).



Conclusion

There was no compelling statistical evidence that the efficacy of ICIs in metastatic NSCLC was modified by the presence of asymptomatic and/or treated BMs. Patients with BMs were likely to obtain more OS benefit from ICI combination therapy than that from monotherapy.





Keywords: immune checkpoint inhibitors, chemotherapy, non-small cell lung cancer, brain metastases, meta-analysis



Introduction

Brain metastases (BMs) are a common complication of advanced lung cancer with poor prognosis, occurring in 20% to 40% of patients with non-small cell lung cancer (NSCLC) (1). Currently, tyrosine kinase inhibitors (TKIs), especially third-generation TKIs, such as osimertinib and alectinib, have been recommended for epidermal growth factor receptor (EGFR) or anaplastic lymphoma kinase (ALK) mutations in NSCLC patients with BMs (2). However, for patients without these genetic aberrations, there are few satisfactory systemic treatment options. Recently, immune checkpoint inhibitors (ICIs) have changed the therapeutic landscape of metastatic NSCLC patients lacking EGFR or ALK alteration. However, the majority of ICIs trials systematically excluded patients with untreated/unstable BMs. Some recent RCTs (3–19) have included a small number of patients with asymptomatic and/or treated BMs but with inconsistent results. In CheckMate-057 (9), -078 (10), and a pooled analysis of KEYNOTE-010 and -024 and -042 trials (20), patients with baseline asymptomatic or treated BMs had similar OS with ICIs or chemotherapy (CT). Conversely, CheckMate-227 (11, 12), -9LA (13), and a pooled analysis of KEYNOTE-021 and -189 and -407 trials (21) showed that ICIs significantly improved survival compared with that in CT.

To date, no randomized-controlled trial (RCT) has specifically addressed the role of ICIs in NSCLC patients with BMs. Whether the presence of asymptomatic and/or treated BMs can affect the efficacy of ICIs remains uncertain. In light of this important issue, we conducted a meta-analysis to assess the efficacy of ICIs relative to CT in NSCLC patients with asymptomatic and/or treated BMs. In addition, differences in survival benefit from ICIs between patients with and without asymptomatic and/or treated BMs were also evaluated.



Materials And Methods


Literature Search Strategy

This meta-analysis was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) criteria (22) (Supplementary File, Table S1). A systematic literature search of PubMed, Embase, Cochrane Library, and Web of Science up to November 10, 2020, was performed by two authors (LD and JQ) independently. Abstracts of recent international scientific meetings, including the American Society of Clinical Oncology (ASCO), European Society for Medical Oncology (ESMO), and World Conference on Lung Cancer (WCLC), were also inspected. The reference lists of relevant studies were checked for additional articles. The detailed search strategy is shown in Supplementary File, Table S2.



Inclusion and Exclusion Criteria

Studies were included if they met the following criteria: (1) phase II and III trials in metastatic NSCLC; (2) compared ICIs (alone or in combination with other agents) with CT; (3) data regarding patients with and without BMs could be retrieved, respectively; (4) reported overall survival (OS) or progression-free survival (PFS) data in each arm; and (5) published in English. Retrospective studies were not considered eligible. If studies had multiple publications, the most recent one was used. Conference abstracts could be included in the meta-analysis if they reported OS and/or PFS data according to patients’ BMs status.



Data Extraction

Two authors (SL and HZ) independently extracted the following information from each included trial: trial name/first author, design, region, number of patients with and without BMs, interventions, hazard ratios (HRs), and their 95% confidence intervals (CIs) of OS and PFS.



Quality Assessment

The risk of bias of individual studies was assessed by two authors (SL and HZ) independently, using the Cochrane Risk of Bias Tool (23), which consists of the following domains: sequence generation, allocation concealment, blinding, incomplete data, and selective reporting. The studies were finally classified as low (all domains indicated as low risk), high (one or more domains indicated as high risk), and unclear risk of bias (more than three domains indicated as unclear risk).



Statistical Analysis

Statistical analysis was performed using the software Review Manager 5.3 (Cochrane Collaboration, Oxford, UK). The primary outcomes of interest were OS and PFS. HRs and their 95% CIs were used as summary statistics. A statistical test for heterogeneity was conducted using the Chi-square (χ2) and I-square (I2) test with significance set at P < 0.10 and/or I2 > 50%. If significant heterogeneity existed, a random-effects analysis model was used; otherwise, a fixed-effects model was used. In addition, we performed subgroup analyses according to ICI monotherapy, ICI combination therapy, first-line treatment with ICIs, and subsequent-line treatment with ICIs. The differences in the effect of ICIs were assessed using the χ2 test and expressed as P for interaction. The stability of the pooled results was evaluated by a sensitivity analysis in which the data of an individual study were removed each time. The funnel plot, Begg’s test (24), and Egger’s linear regression test (25) were performed to investigate any potential publication bias. P-values < 0.05 were generally considered statistically significant. However, for multiple interaction tests in subgroup analyses, a P-value of 0.05÷K (K, number of subgroups) was used as the threshold for significance in light of the correction for multiplicity (26).




Results


Literature Search and Study Selection

A total of 1,161 studies were identified from the initial literature search (n = 173 for PubMed, n = 511 for Embase, n = 104 for Web of science, n = 170 for Cochrane Library, and n = 203 for meetings), and 41 potentially eligible reports were retrieved for detailed review (Figure 1). The relevant references were also reviewed for missed studies. Finally, 17 eligible articles (3–19) reporting 15 RCTs (14 phase 3 and 1 phase 2 trials) with 10,358 patients (1,199 with and 9,159 without asymptomatic/treated BMs) were included in the meta-analysis. Most of the RCTs (3, 5–9, 11–18) stated clearly that patients with meningeal metastasis were excluded, whereas the other three trials (4, 10, 19) did not provide information for whether patients with meningeal metastasis were excluded. The clinical and demographic characteristics of included studies are shown in Table 1 and Supplementary File: Table S3. Twelve studies provided OS data, and 13 studies reported PFS data. Given that two studies (20, 21) provided pooled data of KEYNOTE-010 (3), -024 (4), and -042 (5) trials, and KEYNOTE-021 (6), -189 (7), and -407 (8) trials, respectively, the pooled data were used instead of data from the individual trials in this meta-analysis. The median sample sizes of BMs and non-BMs arms were 72 participants (range: 15–152) and 514 participants (range: 277–1204), respectively.




Figure 1 | Literature search and selection. RCTs, randomized control trials.




Table 1 | Clinical characteristics of included trials.





Assessment of Included Studies and Publication Bias

The risk of bias in included RCTs is summarized in Supplementary File, Figure S1. Only one trial (19) was judged as having an unclear risk of bias, as it had more than three domains for indicating them an unclear risk. The remaining trials were rated with a low risk of bias. The Begg’s and Egger’s test results indicated no publication bias in OS (P = 0.71 and P = 0.57) and PFS (P = 0.12 and P = 0.99). The funnel plot is shown in Supplementary File, Figure S2.



Effect of ICIs on OS and PFS in Patients With and Without BMs

ICIs were associated with significantly longer OS and PFS than those in CT either in patients with (n = 1048; HR, 0.65; 95% CI, 0.51–0.82 and n = 961; HR, 0.60; 95% CI, 0.45–0.79) or without BMs (n = 7952; HR, 0.74; 95% CI, 0.70–0.78 and n = 7038; HR, 0.70; 95% CI, 0.57–0.86); no significant differences were observed in the pooled HRs for OS (Pinteraction = 0.29) and PFS (Pinteraction = 0.37) between the two patient populations (Figure 2). Heterogeneity was observed for OS (I2 = 53%, P = 0.04) and PFS (I2 = 58%, P = 0.01) in patients with BMs and for PFS in patients without BMs (I2 = 88%, P < 0.0001) (Figure 2).




Figure 2 | Comparison of ICIs efficacy between patients with and without brain metastases. OS, overall survival; PFS, progression-free survival; ICIs, immune checkpoint inhibitors; CT, chemotherapy; HR, hazard ratio; CI, confidence interval.





Subgroup Analyses

Results of ICI efficacy in patients with and without BMs according to subgroups are shown in Figure 3. ICI monotherapy, ICI combination therapy, and first-line treatment with ICIs significantly improved OS and PFS compared with that in CT both for patients with and without BMs (with the HR and upper limit of the 95% CI smaller than 1 for each comparison). Subsequent-line treatment with ICIs was correlated with significant improvement in OS for patients without BMs (HR, 0.72; 95% CI, 0.64–0.82) but not for those with BMs (HR, 0.84; 95% CI, 0.63–1.13), whereas significant improvement in PFS was observed for patients with BMs (HR, 0.64; 95% CI, 0.45–0.91), but not for those without BMs (HR, 0.87; 95% CI, 0.75–1.01). As there were four subgroups either for OS or PFS, a P-value < 0.013 (0.05÷4) was considered to be statistically significant for interaction tests. As such, there was no significant difference in OS and PFS benefit between patients with and without BMs in each subgroup, including ICI combination therapy (OS: HR, 0.49 vs. 0.71; Pinteraction = 0.02; PFS: HR, 0.48 vs. 0.55; Pinteraction = 0.41), ICI monotherapy (OS: HR, 0.81 vs. 0.76; Pinteraction = 0.53; PFS: HR, 0.69 vs. 0.82; Pinteraction = 0.36), first-line treatment with ICIs (OS: HR, 0.56 vs. 0.74; Pinteraction = 0.1; PFS: HR, 0.58 vs. 0.62; Pinteraction = 0.75), and subsequent-line treatment with ICIs (OS: HR, 0.84 vs. 0.72; Pinteraction = 0.35; PFS: HR, 0.64 vs. 0.87; Pinteraction = 0.12). There was also no significant difference in OS benefit in subgroups of ICI monotherapy with PD-1 inhibitors, ICI monotherapy in patients with PD-L1 expression ≥1%, dual ICIs combination (Supplementary File: Figure S3).




Figure 3 | Comparison of ICIs efficacy between patients with and without brain metastases by subgroups. OS, overall survival; PFS, progression-free survival; ICIs, immune checkpoint inhibitors; CT, chemotherapy; HR, hazard ratio; CI, confidence interval.



Subgroup analyses in patients with and without BMs are detailed in Figure 4. As there were two subgroups for OS or PFS in patients with or without BMs, a P-value < 0.025 (0.05÷2) was considered to be statistically significant for interaction tests. For patients with BMs, a greater OS benefit from ICI combination therapy than that from ICI monotherapy was observed (HR, 0.49 vs. 0.81; Pinteraction = 0.005). No significant difference in OS benefit between first-line treatment with ICIs and subsequent-line treatment with ICIs was observed (HR, 0.56 vs. 0.84; Pinteraction = 0.07). There were also no significant differences in PFS benefit between ICI combination therapy and ICI monotherapy (HR, 0.49 vs. 0.69; Pinteraction = 0.13), and first-line treatment with ICIs and subsequent-line treatment with ICIs (HR, 0.58 vs. 0.64; Pinteraction = 0.71).




Figure 4 | Subgroup analyses of ICIs efficacy in patients with and without brain metastases. OS, overall survival; PFS, progression-free survival; ICIs, immune checkpoint inhibitors; CT, chemotherapy; HR, hazard ratio; CI, confidence interval.



For patients without BMs, no significant differences in OS benefit from ICIs were observed between ICI combination therapy and ICI monotherapy (HR, 0.71 vs. 0.76; Pinteraction = 0.27), and first-line treatment with ICIs and subsequent-line treatment with ICIs (HR, 0.75 vs. 0.72; Pinteraction = 0.64). However, ICI combination therapy achieved superior PFS compared with that in ICI monotherapy (HR, 0.55 vs. 0.82; Pinteraction < 0.0001). There were no significant differences in PFS benefit between first-line and subsequent-line treatment with ICIs (HR, 0.62 vs. 0.87; Pinteraction = 0.04).



Sensitivity Analysis

Results of sensitivity analysis are shown in Supplementary File, Figure S4. When individual studies were removed one at a time from the analyses for OS and PFS, the corresponding pooled HRs were not markedly altered by any single study (HR lies between 0.61 and 0.70 for OS, and between 0.53 and 0.66 for PFS), indicating q relatively good stability of the presented results.




Discussion

Currently, ICIs have been the standard first-line treatments for metastatic NSCLC lacking sensitizing EGFR or ALK or other druggable mutations. However, whether the presence of asymptomatic and/or treated can decrease the survival benefit from ICIs remains uncertain. This is a comprehensive meta-analysis focusing on the effect of asymptomatic and/or treated BMs on the efficacy of ICIs in metastatic NSCLC. This study included 15 RCTs involving 10358 patients (1,199 with and 9,159 without BMs). It showed that ICIs were associated with longer OS and PFS than that in CT either in patients with or without BMs; no significant differences in the pooled HRs for OS (HR, 0.65 vs. 0.60; Pinteraction = 0.29) and PFS (HR, 0.74 vs. 0.70; Pinteraction = 0.37) were observed, suggesting a comparable efficacy of ICIs for the two patient populations.

The exact mechanism of action of ICIs in the central nervous system (CNS) is yet to be determined; however, It is likely related to modified immune cell activity rather than direct action in the brain (27), and immune cell trafficking (28) and T-cell priming in the extracranial compartment could be essential for producing an effective immune response in the CNS (29). Moreover, lymphatic vessels in the dura mater were found to be potentially capable of allowing CNS antigen presentation in the peripheral lymph nodes (30), which might be another potential mechanism of action. Recently, several studies have reported a good activity of ICIs in CNS (31, 32). In a phase II trial, pembrolizumab resulted in a 33% objective CNS response rate in NSCLC patients with untreated BMs (31). An exploratory analysis of the phase III OAK study in patients with asymptomatic/treated BMs showed that new brain lesion-free probability at 24 months was 76.6% for atezolizumab and 0% for docetaxel (15). The additional intracranial activity of ICIs might be an explanation for our finding that patients with asymptomatic and/or treated BMs could obtain similar survival benefits from ICIs to patients without BMs.

The choice of monotherapy or combination therapy is an important factor that could affect the efficacy of ICIs in metastatic NSCLC. Current NCCN guidelines have recommended ICI monotherapy only for patients with high PD-L1 level, such as tumor proportion score (TPS) ≥50%, whereas ICIs in combination with CT is recommended, regardless of PD-L1 expression (2). However, PD-L1 expression of BMs sites can be different from primary lung tumors because of the distinct immune microenvironment of CNS (33). Whether the PD-L1 level of the primary tumor can work as a predictor of the efficacy of ICIs in patients with BMs remains uncertain. In a phase 2 trial of pembrolizumab in NSCLC or melanoma patients with untreated BMs, 29.7% of patients with PD-L1 expression ≥1% had a brain metastasis response, but no responses were observed in those with PD-L1 expression <1% or unevaluable (32). In a pooled analysis of KEYNOTE-010 and -024 and -042 trials (20), although pembrolizumab improved clinical outcomes compared with that in CT in PD-L1 positive patients (TPS ≥1%), no survival benefits were observed for those with asymptomatic/treated BMs at baseline. Our study did not assess the correlation between PD-L1 expression and the efficacy of ICIs due to few studies reporting PD-L1 status for patients with BMs. In subgroup analyses of treatment modality, both ICI monotherapy and combination therapy achieved significantly longer OS and PFS compared with that in CT in patients with BMs, whereas a greater OS benefit from combination therapy was observed (HR, 0.49 vs. 0.81; Pinteraction = 0.005). Unexpectedly, we also found that patients with BMs could obtain more OS benefits from ICI combination therapy than that in patients without BMs. Despite our inability to provide a satisfactory explanation for this result, ICI combination therapy was likely to be the optimal choice for patients with asymptomatic and/or treated BMs based on the results above. Nevertheless, these findings need to be confirmed in large phase III trials.

Besides the first-line treatment with ICIs, several trials investigated the efficacy of ICI monotherapy as a subsequent-line treatment in NSCLC patients with treated BMs. Two phase III trials demonstrated that nivolumab achieved superior OS compared with that in docetaxel in previously treated advanced NSCLC, but the OS benefit was not observed in the subgroup of patients with treated, stable BMs at baseline (9, 10). However, in the exploratory analyses of the phase III OAK study (15), subsequent-line treatment with atezolizumab gained a trend OS benefit compared with that in docetaxel (HR, 0.74; 95% CI, 0.49–1.13) in patients with a history of asymptomatic or treated BMs. In our meta-analysis, subsequent-line treatment with ICIs significantly improved PFS compared with that in CT but failed to show a significant OS benefit in patients with asymptomatic and/or treated BMs. Whether subsequent-line treatment with combinations of immunotherapy, such as dual ICI combination or ICIs in combination with antiangiogenic agents, could be more effective in this patient population requires further investigation.

The selection of PD-1 or PD-L1 inhibitors might be another factor that influences the efficacy of ICIs. Results of a more recent meta-analysis showed that anti-PD-1 achieved superior OS and PFS compared with those in anti-PD-L1 in cancer patients (34). However, whether there is a difference in intracranial activity between the two ICI classes in NSCLC patients with BMs remains unclear. Since there was only one included trial providing information on PD-L1 inhibitors, we did not compare the efficacy of PD-1 with PD-L1 inhibitors for this patient population.

In fact, our meta-analysis included two types of BMs: previously treated or untreated asymptomatic BMs, and previously treated and stable symptomatic BMs. For patients with asymptomatic BMs, whether upfront brain irradiation before the start of ICI therapy is needed remains unclear because of the paucity of clinical trials assessing this. In a recent retrospective study on PD-L1, in ≥ 50% of advanced NSCLC patients treated with first-line pembrolizumab (35), a high intracranial response rate (iRR) of 67.5% was observed in patients with BMs. Of note, 80.0% (32/40) of the patients with BMs received brain irradiation prior to treatment with pembrolizumab, which might contribute to the high iRR. However, an iRR of 75% (6/8) was still observed in those without prior brain irradiation because their BMs were asymptomatic. In addition, Wakuda et al. also retrospectively reviewed NSCLC patients with PD-L1 ≥ 50% receiving first-line pembrolizumab (36). In their study, the BM group was divided into patients who previously received radiation for BMs before pembrolizumab (BM-T group) and those with no prior radiation for BMs (BM-not T group); and there were 53% (7/13) and 100% (10/10) patients with asymptomatic BMs in BM-T and BM-not T groups, respectively. They found that there was no significant difference in treatment efficacy between the BM-T and BM-not T groups. These findings suggest that upfront brain irradiation before first-line treatment with pembrolizumab may be spared for PD-L1 ≥ 50% NSCLC patients with asymptomatic BMs, whereas this strategy needs to be confirmed in phase 3 trials. Meanwhile, there is also a need to assess the value of brain irradiation prior to ICI therapy for asymptomatic BMs with low/negative PD-L1 expression in further trials.

A recently published pooled analysis of metastatic NSCLC patients (including 255 patients with BMs) from seven European centers investigated predictors of the efficacy of ICIs in patients with BMs (37). Active BMs (defined as patients with previously untreated BMs or patients with brain involvement that have progressed after previous local therapy), lower disease-specific Graded Prognostic Assessment (ds-GPA) score, and use of corticosteroids at the start of ICIs treatment were associated with poorer OS in multivariate analysis in the BMs subgroup (37). The patients with active BMs had brain PD significantly more often than that in patients with stable BMs (54.2% vs. 30%, p <0.001). Among patients with active BMs, PD-L1 expression ≥1% was associated with a higher intracranial RR: 35.7% vs. 11.1% in PD-L1-negative patients (37). These results may help clinicians in the decision of whether to administer ICIs to a patient with NSCLC who has BMs. Nevertheless, given the retrospective nature of this analysis, the findings need to be confirmed by more robust clinical trials.

Currently, there are still insufficient unified criteria to assess the intracranial response in patients with BMs undergoing ICIs. Conventional methods, such as RECIST and WHO, evaluate tumor response only depending on the tumor shrinkage within a few weeks of initiating treatment (38). However, immunotherapy might demonstrate a delay in response, transient enlargement followed by tumor shrinkage, stable size, or the appearance of new lesions (39). Unlike the WHO and RECIST criteria, the modified immune-related Response Criteria (irRC) and immune-Related RECIST (irRECIST) criteria take the delayed response and new measurable lesions into account (39). Nevertheless, the two new criteria are mainly used for solid tumors of the whole body. RANO-BM was developed for assessing the therapeutic response of brain metastasis only. Intracranial response evaluation is based on a combination of tumor measurements, clinical status, and corticosteroid use (40). The use of immunotherapy in metastatic brain tumors leads to modifications in the RANO-BM criteria for these patients (iRANO-BM) (41). iRANO-BM is now thought to be a representative assessment criterion considering intracranial pseudoprogression after immunotherapy (41, 42).

Several previous meta-analyses (43–45) of metastatic NSCLC also investigated the efficacy of ICIs in patients with asymptomatic and/or treated BMs in subgroup analyses. However, a maximum of three trials was included in those studies for assessing this subgroup of patients, which would result in poor accuracy. Our meta-analysis specifically addressed this subject and included 11 additional RCTs (including six more recent phase 3 trials presented at the meeting of the ESMO/ASCO/WCLC in 2019 and 2020). Moreover, we performed subgroup analyses of ICI monotherapy, ICI combination therapy, first-line treatment with ICIs, and subsequent-line treatment with ICIs and compared the efficacy of ICIs between patients with and without BMs. The present meta-analysis would be more comprehensive in assessing the effect of asymptomatic and/or treated BMs on the efficacy of ICIs in metastatic NSCLC.

Nevertheless, our meta-analysis has several limitations. First, despite all included studies being RCTs and most of them being phase III trials, all data of patients with and without BMs were extracted from subgroup analyses of these RCTs, which might result in a potential imbalance in baseline characteristics between the two sets of patients. Second, some RCTs, such as IMpower series studies (46–50) and CheckMate 017 (51) and 026 (52), were excluded from our study because of the non-reporting of survival information of patients with BMs. This might result in a selection bias to some extent. Third, heterogeneity was observed for OS and PFS in patients with BMs, and for PFS in patients without BMs. Results of subgroup analyses suggested that treatment line and treatment modality may be two potential sources of heterogeneity. In addition, chemotherapy regimens were inconsistent among studies, which might also lead to heterogeneity. Finally, this study only assessed patients with asymptomatic and/or treated BMs; therefore, the conclusion should be interpreted with caution for patients with symptomatic, untreated brain disease.

In conclusion, there was no compelling statistical evidence that the efficacy of ICIs in metastatic NSCLC was modified by the presence of asymptomatic and/or treated BMs. Patients with BMs were likely to obtain more OS benefits from ICI combination therapy than that from monotherapy. Further RCTs specifically on this subject are needed to confirm these findings.
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Objectives

Pembrolizumab plus platinum-based chemotherapy and pembrolizumab monotherapy (PM) both become standard of care in patients with advanced non-small-cell lung cancer (NSCLC) and a programmed death ligand 1 (PD-L1) tumor proportion score (TPS) greater than 50%. This study aimed to figure out the better treatment choice.



Method

In this retrospective analysis, we compared the clinical efficacy of PM and PC as first-line treatment in NSCLC patients with a PD-L1 ≥50% and negative for genomic alterations in the EGFR and ALK genes.



Result

Among the population, 115 patients received PC, and 91 patients received PM. Up to Dec 30, 2020, median follow-up was 17.13 months. The median progression-free survival (PFS) rates of PC and PM were 12.37 and 9.60 months (HR: 0.44, p < 0.001), respectively. The median overall survival (OS) rates were NE and 28.91 months (HR: 0.40, p = 0.005), respectively. Subgroup analysis found that the PFS benefit of PC was evident in most subgroups excepting patients with brain metastasis. The 1-year overall survival rates of PC and PM were 89.3% and 76.1%, respectively. The ORR was 61.7 and 46.9% (p = 0.004), respectively.



Conclusion

In patients with previously untreated, PD-L1 ≥50%, advanced NSCLC without EGFR or ALK mutations, the addition of pembrolizumab to standard platinum-based chemotherapy seems to be the preferred treatment, which needs to be validated by further prospective trials.
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Introduction

The use of immune checkpoint inhibitors has greatly altered the standard of care in patients with advanced NSCLC. Pembrolizumab, an IgG4 monoclonal antibody against programmed cell death protein 1 (PD-1) has become a powerful treatment option in clinical practice nowadays.

The KEYNOTE-024 study compared pembrolizumab monotherapy (PM) versus chemotherapy in treatment-naïve patients with advanced non-small-cell lung cancer (NSCLC) with programmed death ligand 1 (PD-L1) tumor proportion score (TPS) of 50% or greater. PM achieved a remarkable improvement in terms of progression-free survival [PFS; hazard ratio (HR), 0.50; 95% CI, 0.37 to 0.68] and overall survival (OS; HR, 0.63; 95% CI, 0.47 to 0.86) (1, 2). Single-agent pembrolizumab becomes the standard of care in treatment-naïve NSCLC patients with a PD-L1 TPS ≥50% building on the results of KEYNOTE-024 study. Meanwhile, KEYNOTE-189 and KEYNOTE-407 revealed that pembrolizumab plus platinum-based chemotherapy (PC) significantly improved survival outcomes compared with chemotherapy in patients with metastatic non-squamous and squamous non-small-cell lung cancer (NSCLC), respectively.

Recently, updated analysis of KEYNOTE-024 showed that PM continued to provide remarkable clinical outcomes. The median PFS and OS of the PM group were 10.0 and 30.0 months, respectively. The 2-year overall survival rate was 51.5%, which was a breakthrough for NSCLC patients without EGFR/ALK mutation (1). Meanwhile, updated analysis of KEYNOTE-189 demonstrated that the PFS and OS of patients with PD-L1 ≥50% in the PC group were 11.1 and were not reached. The 2-year overall survival rate was 51.9% (3). Of interest, in patients with PD-L1 ≥50%, there seemed to be not much difference of the median PFS and the 2-year overall survival rate between the PM group in KEYNOTE-024 and the PC group in KEYNOTE-189. Recently, Liang et al. conducted an indirect comparison of clinical outcomes between immunotherapy plus chemotherapy (I + C) and immunotherapy alone. They found that I + C was superior to immunotherapy alone in terms of PFS (HR 0.54, 0.35–0.82) in patients with PD-L1 ≥50%. But the PFS benefit did not translate into an OS benefit (HR 0.75, 95% CI 0.51–1.10) (4). Kim et al. also compared the efficacy of I + C treatment and immunotherapy alone indirectly but reported different results. They found that pembrolizumab plus chemotherapy was superior to pembrolizumab alone in terms of PFS and OS in patients with PD-L1 ≥50% (5).

At present, PC and PM are both recommended with high evidence quality in NSCLC patients with PD-L1 TPS ≥50% without EGFR/ALK alterations according to NCCN and ASCO guideline (6). Of note, PM has been given a high-priority rating though it is difficult to figure out which one was the best option due to the absence of direct comparison. Several meta-analyses compared the efficacy of PC and PM indirectly but presented paradoxical result, which might be due to the inherent limitation such as the risk of systematic bias and confounding factors (5, 7–9). In this context, the present study aimed to figure out which therapy was the priority in this specific population by head-to-head comparison.



Material and Methods


Patients

The medical records of advanced NSCLC patients who received immunotherapy at the Shanghai Chest Hospital between Dec 1, 2017 and Oct 30, 2020 were screened. Two hundred and six patients met the following eligibility criteria: (1) advanced NSCLC (IIIB–IV); (2) histologically or cytologically proven NSCLC; (3) PD-L1 TPS ≥50% without sensitizing EGFR or ALK mutations; (4) pembrolizumab monotherapy or combined with chemotherapy as first-line treatment (chemotherapy agents were mainly pemetrexed, paclitaxel, or gemcitabine in combination with platinum) following standard medical instructions; (5) Eastern Cooperative Oncology Group performance status (ECOG PS) 0–1. Therapeutic schedule was decided by a physician under the principle that PC was priority, provided that patients has a high symptom and/or disease burden and/or large-volume visceral tumor and/or symptomatic brain metastasis (6). This study was approved by the Institutional Review Board of Shanghai Chest Hospital and carried out in accordance with the declaration of Helsinki.



Programmed Death Ligand 1 Tumor Proportion Score and Gene Detection

Tumor samples were obtained by tissue biopsy at the time that disease was diagnosed. PD-L1 expression was assessed before treatment detected by the PD-L1 IHC 22C3 pharmDx assay. Expression was classified to several types according to the tumor proportion score, TPS <0, 1–49 and ≥50%. The amplification refractory mutation system (ARMS) was used as the routine molecular technique for EGFR detection following the protocol of the DxS EGFR mutation test kit. The immunohistochemistry (IHC) and break-apart fluorescence in situ hybridization (FISH) were used as the routine molecular technique for ALK rearrangement detection.



Treatment and Clinical Response Evaluation

Therapeutic response evaluation, including enhanced chest computed tomography (CT) scan, and abdominal ultrasound scan, was performed every 4–6 weeks, while enhanced brain magnetic resonance imaging (MRI) was performed every half year if no lesion at baseline and no symptoms thereafter. If patients developed symptom during the treatment, the corresponding examination and evaluation were performed immediately. Clinical stage was determined by the 8th edition of the International Association for the Study of Lung Cancer (IASLC) tumor-node-metastasis (TNM) classification. The response was evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1.



Statistical Analysis

The characteristics of patients were compared using the χ2 test for categorical variables. The primary endpoints were PFS (calculated from disease diagnosis to disease progression or the last follow-up), OS (calculated from disease diagnosis to death or the last follow-up), and ORR. The median PFS and OS were estimated using the Kaplan–Meier method and compared by the log-rank test. Hazard ratios and associated 95% confidence intervals were calculated with the use of a stratified Cox proportional-hazards model. All p values were two-sided, and a P value <0.05 was considered statistically significant. All statistical analyses were performed using SPSS version 22.0 (IBM Corporation, Armonk, NY, USA).




Results


Clinical Features

Two hundred and six patients met the eligibility criteria were included in this study. The patient selection procedure is shown in Figure 1. Among the 206 patients, 115 (55.8%) received PC and 91 (44.2%) received PM. The median follow-up time was 17.13 months. The median age was 65 (range 37–76) years and 67 (range 29–87) years in the PC and PM groups, respectively. Most patients were male (88.7% in PC and 87.9% in PM), current or former smoker (74.8% in PC and 79.1% in PM), stage IV (63.5% in PC and 64.8% in PM), adenocarcinoma (64.3% in PC and 53.8% in PM) and without brain metastasis (80.0% in PC and 90.1% in PM). The patients’ baseline demographic and disease characteristics were generally well balanced between PC and PM groups except more patients with brain metastasis (BM) were in the PC group (p = 0.047) (Table 1).




Figure 1 | Patient selection flow-chart.




Table 1 | Clinical characteristic of 206 patients of advanced NSCLC.





Survival Analysis of PC and PM as First-Line Treatment in Patients With Advanced NSCLC

Up to Dec 30, 2020, 69 of 115 patients (60.0%) in the PC group and 57 of 91 patients (56.0%) in PM group had disease progression on first-line treatment. One hundred of 115 patients (87.0%) in the PC group and 69 of 91 patients (75.8%) in the PM group were still alive. The median PFS of PC and PM groups was 12.37 months (95% CI: 10.97–13.77) and 9.60 months (95% CI: 8.40–10.80), respectively (HR:0.44, p < 0.001) (Figure 2A). Median overall survival of PC and PM groups was not reached and 28.91 months (HR: 0.40, p = 0.005, Figure 2B), respectively. The 1-year overall survival rates of PC and PM were 89.3% and 76.1%, respectively.




Figure 2 | Kaplan–Meier curves for (A) progression-free survival (PFS) and (B) overall survival (OS) in PC and PM groups.





Subgroup Analysis of PFS

A PFS benefit with PC was evident in most subgroups assessed (Figure 3), except for patients with brain metastasis (could not be calculated due to small sample in the PM group) and patients with previous adjuvant therapy (could not be calculated due to small sample).




Figure 3 | Subgroup analysis of PFS in PC and PM groups.





Tumor Response of PC and PM as First-Line Treatment in Patients With Advanced NSCLC

The ORR (the proportion of patients with a confirmed complete or partial response) of PC and PM was 61.7 and 46.9% (p = 0.004), respectively. The disease control rates (the proportion of patients with a confirmed complete or partial response or stable disease) were 94.8 and 87.7%, respectively (p = 0.292). The change from baseline in the sum of the longest diameters of target lesions is shown in Figures 4A, B.




Figure 4 | The objective response rate is shown as a percent change of target lesions from baseline in PC and PM groups (A) and histograms showing the response rate (B).






Discussion

Survival analysis of PC and PM as first-line treatment in NSCLC patients with a PD-L1 TPS ≥50% was retrospectively investigated in the present study, which, to our knowledge, was analyzed directly for the first time.

Baseline characteristics were well balanced between PC and PM groups except more patients with brain metastasis were in the PC group. We found that adding chemotherapy to pembrolizumab resulted in a risk of disease progression that was 50% lower than the risks with pembrolizumab alone. Clinical outcomes, including PFS, OS, and ORR were improved significantly in the PC treatment arm.

KEYNOTE-189 (patients with adenocarcinoma) and KEYNOTE-407 (patients with squamous NSCLC) reported the median PFS as 11.1 and 8.00 months in patients with PD-L1 ≥50%, respectively (10, 11). The present study found the median PFS of PC group was 12.37 months, higher than the results of KEYNOTE-189 and KEYNOTE-407. The 1-year overall survival rate and ORR of PC in our study were 89.3% and 61.7%, which was comparable with the results of KEYNOTE-189 and KEYNOTE-407 in patients with PD-L1 ≥50% (11). Subgroup analysis of East Asia population and the rest of world population found that East Asia population had more reduced risk of disease progression and death than others in KEYNOTE-407. The HR of PFS was 0.49 and 0.58 in East Asia population and others, respectively. The HR of OS was 0.44 and 0.69, respectively. This racial difference might explain the greater survival benefit of PC in our study (11, 12). The median PFS of PM in our study was 9.60 months, which was between the values of 10.3 and 7.1 months of the patients with PD-L1 ≥50% in the KEYNOTE-024 and KEYNOTE-042 studies, respectively (2, 13). The median OS was 28.91 months in our study, slightly lower than 30.0 months of KEYNOTE-024 (1). ORR was 46.9% in our study, which was similar with the values of 44.8 and 39% in the KEYNOTE-024 and KEYNOTE-042 studies (2, 13). Those comparable results indicated the validity and reliability of our data. Recently, Wu et al. showed that Chinese patients from the KEYNOTE-042 global and China extension (NCT03850444) study could also obtain significant OS benefit from pembrolizumab treatment compared with standard chemotherapy (14). But details are not yet available. Thus, we look forward to explore whether efficacy of PM was comparable between our study and Wu’s study.

Current treatment choice in the first-line setting in patients with NSCLC without targetable gene alterations depends on the PD-L1 expression levels. PC is the only alternative treatment of patients with low PD-L1 TPS (<50%) while PC and PM are both standard of care of patients with high PD-L1 TPS ≥50%). Deciding the optimal treatment in patients with a PD-L1 level ≥50% remains a challenge nowadays due to no direct comparison between PC and PM. Patients with a PD-L1 TPS ≥50% in KEYNOTE-042 did not replicate the remarkable result of KEYNOTE-024 because PFS was not superior in the pembrolizumab group and, in fact, was below that seen with chemotherapy for the first 6 months of treatment (15). And the difference was not explained convincingly. Thus, whether chemotherapy is indispensable for NSCLC patients with PD-L1 TPS ≥50% needs to be explored (15).

Several meta-analyses focused on the comparison of PC and PM but presented paradoxical result. A meta-analysis compared the OS between PM and PC in RCT trials and found that PC showed significant superiority to PM (HR: 0.87; 95% CI: 0.79–0.95) in general patients (6). Liu et al. focused on patients with PD-L1 TPS ≥50% and found that PC was superior to PM in terms of OS (HR =0.74, 95% CI: 0.56–0.98) but there was no difference on PFS (HR =0.83, 95% CI: 0.53–1.3) (9). Nevertheless, another analysis revealed a result that was almost converse to Liu’s. PC performed significantly better than PM in terms of ORR (OR 1.60, 95% CI 1.20–2.20), PFS (HR 0.52, 95% CI 0.37–0.71) but not for OS (HR 0.75, 95% CI 0.51–1.10) in patients with PD-L1 high expression (10). In addition, Liang et al. found that PC was comparable to PM in terms of OS and PFS (HR = 1.01, 95% CI: 0.63 to 1.57 and HR = 0.59, 95% CI: 0.35 to 1.06) in patients with PD-L1 high expression by meta-analysis (7). Those results of meta-analysis were different or even opposite, which might be due to the inherent limitation such as the risk of systematic bias and confounding factors. Different search strategy, data extraction and statistical analysis also contributed to the huge difference. Thus, head-to-head comparison is needed to disperse the fog. Our study indicated that PC significantly improved PFS, OS, and ORR compared with PM. However, further clinical trials are needed to validate this benefit. INSIGNA (NCT 03793179), an ongoing randomized phase III study, compares the clinical outcomes of the pembrolizumab in combination with chemotherapy and pembrolizumab alone in treatment-naïve advanced non-squamous NSCLC with PD-L1 expression ≥1%. PERSEE (NCT 04547504), another ongoing phase III study, compares the pembrolizumab–chemotherapy combination and pembrolizumab alone as first-line treatment for advanced NSCLC with a PD-L1 expression ≥50%. These two ongoing trials focus on the same subject but target different populations, and we look forward to their clinical outcomes.

Subgroup analysis in our study found that the PFS benefit of PC was evident in most subgroups excepting for patients with brain metastasis and patients with previous adjuvant therapy because HR and 95% CI could not be calculated due to the small sample. Subgroup analysis may indicate that the benefit of PC over PM was universal across almost all population. Aguilar EJ et al. found that patients with NSCLC and PD-L1 TPS ≥90% treated with first-line pembrolizumab significantly improved clinical outcomes among patients with a PD-L1 TPS ≥50%, which indicated that PD-L1 expression can be divided more exquisitely according to prognosis (16). The subgroup of PD-L1 should also be further analyzed in our study but most PD-L1 expressions were labeled undefined, only with records of PD-L1 ≥50%. Aguilar EJ’s study reminded us that the refinement of PD-L1 expression level was needed.

Apart from PD-L1 expression, more predictive biomarkers or prognostic factors, including but not limited to blood-based tumor mutational burden (bTMB), high body mass index (BMI), lactate dehydrogenase level (LDH), lung immune prognostic index (LIPI), serine/threonine kinase 11 gene (STK11) mutation, STING pathway, should be further analyzed to help identify the most effective treatment regimens for this specific population (17–21).

Ferrara R et al. proposed that PD-1/PD-L1 inhibitors or single-agent chemotherapy might be associated with hyperprogressive disease (22). In our study, every patient in the PC group received platinum-based chemotherapy instead of single-agent chemotherapy. Further study needs to be conducted to explore whether platinum is indispensable for NSCLC patients receiving immunotherapy plus chemotherapy. The mechanism of chemotherapy plus immunotherapy is not fully understood. However, there was evidence suggesting that chemotherapy can stimulate the antigenicity and immunogenicity of the host by enhancing antigen processing and presentation and by eliminating immune-suppressive myeloid derived suppressor cells (MDSC) and regulatory T cells (Tregs) (7, 23–26). Meanwhile, Ramakrishnan et al. proposed that chemotherapy may stimulate tumor cells to CTLs via the upregulation of mannose-6-phosphate receptors (MPRs), and autophagy may exert a tremendous influence in the immunogenic signaling during chemotherapy, which might contribute to the synergistic effect of chemotherapy and immunotherapy (23). Further exploration of the mechanism is needed.

Our study is limited by its retrospective nature. First, the sample size was relatively small and was collected from one center. Second, selection bias existed inevitably because of the missing data. Though the baseline clinical characteristics of patients in PC and PM groups were balanced well, we recognized the existence of selection bias that patients with no significant medical comorbidities were more likely to receive PC while patients with no significant medical comorbidities were more likely to receive PM. Also, the follow-up time was relatively short so that the median OS of PC was not mature, but to some extent K–M curve had showed significant difference between the two groups. Further follow-up should be conducted to confirm the OS benefit. Finally, though our study found that the clinical efficacy of the combination group was better than monotherapy, adverse events were not compared because of the incomplete records. Thus, prospective trials (INSIGNA and PERSEE) are indispensable for validating both efficacy and adverse events of these two treatments.



Conclusions

Direct comparison of clinical outcome between PC and PM in NSCLC patients with PD-L1 TPS ≥50% without driver alterations was reported for the first time. We found that PC improved PFS, OS, and ORR benefit over PM.
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Background

Immune checkpoint inhibitors (ICIs) plus chemotherapy improved the prognosis of patients with non-small cell lung cancer (NSCLC); however, reliable prognostic biomarkers are lacking. We explored factors associated with prognosis and developed a predictive model.



Methods

We retrospectively analyzed 130 consecutive stage IIIA–IVB NSCLC patients treated with ICIs combined with chemotherapy. Cox univariate and multivariate proportional hazards regression analyses were used to identify prognostic factors associated with progression-free survival (PFS). A nomogram was developed based on key factors in the training cohort (n = 86) and evaluated in the validation cohort (n = 44). According to the nomogram-based total point scores, we divided patients into low- and high-risk groups.



Results

In the training cohort, bone metastases (p = 0.017) and an increased derived neutrophil-to-lymphocyte ratio (p = 0.018) were significantly associated with poor PFS, while smoking (p = 0.007) and programmed death-ligand 1 (PD-L1) ≥50% (p = 0.001) were associated with improved PFS. A nomogram based on these factors was developed to predict PFS at 3, 6, and 12 months. The C-index of the nomogram to predict PFS was 0.725 (95% CI: 0.711–0.739) in the training cohort and 0.688 (95% CI: 0.665–0.711) in the validation cohort. The area under the curve (AUC) exhibited an acceptable discriminative ability, and calibration curves demonstrated a consistency between the actual results and predictions. In the training cohort, the median PFS (mPFS) was 12.3 and 5.7 months in the low- and high-risk groups, respectively (p < 0.001). In the validation cohort, the mPFS was 12.6 and 6.2 months in the low- and high-risk groups, respectively (p = 0.021).



Conclusions

A predictive nomogram was developed to help clinicians assess prognosis early for advanced NSCLC patients who received ICI plus chemotherapy.
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Introduction

According to Global Cancer Statistics in 2020, lung cancer is the second most commonly diagnosed malignant tumor and remains the leading cause of cancer death in the world (1). Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancers (2). In advanced NSCLC lacking actionable oncogenic drivers, platinum-based chemotherapy has traditionally been used as a treatment. However, the median progression-free survival (mPFS) time in response to this therapy is only 5–6 months (3). In recent years, considerable successes have been achieved using novel therapeutic strategies, i.e., immune checkpoint inhibitors (ICIs), as first-line and second-line treatments in patients with NSCLC (4, 5). Unfortunately, nearly 60% of patients with advanced NSCLC do not benefit from ICIs (6). Remarkable heterogeneity regarding their objective response rate, survival, immune-related adverse events (irAEs) in individual NSCLC patients, and limits in current biomarkers have driven some studies to look for new prognostic markers or to develop a comprehensive model to optimize patient benefit (7, 8).

Based on KEYNOTE-189, KEYNOTE-021, and KEYNOTE-407, the National Comprehensive Cancer Network (NCCN) guidelines recommend platinum-based chemotherapy plus ICIs as category 1 agents for first-line therapy in advanced NSCLC patients without actionable oncogenic drivers (4, 9–12). In clinical practice, the Chinese Experts Consensus made the same recommendation (13). However, in a subgroup analysis of PFS, a programmed death-ligand 1 tumor proportion score (PD-L1 TPS) <1% was not associated with PFS, which means that the level of PD-L1 expression was not entirely associated with the prognosis. PD-L1 as a predictive biomarker for patients treated with PD-1 inhibitors unfortunately remains complex, with inconsistent data between studies (4, 12, 14, 15). Similarly, there is no association between tissue tumor mutation burden (TMB) and efficacy for pembrolizumab plus chemotherapy or chemotherapy alone based on KEYNOTE-189, KEYNOTE-021, and KEYNOTE-407 (4, 10, 12). Some clinical characteristics and peripheral blood markers have been found to be related to the prognosis of patients treated with immunotherapy alone, such as liver or lung metastases, neutrophil-to-lymphocyte ratio (NLR), and derived NLR (dNLR) (6, 15–17). Based on NLR, serum albumin concentration, and lactate dehydrogenase (LDH), Lenci et al. developed a Gustave Roussy Immune (GRIm) score for advanced NSCLC patients treated with first-line pembrolizumab and showed that the low GRImT1 group had significantly longer PFS than the high GRImT1 group (18). However, the GRIm score only includes peripheral blood markers, and the utility for patients who receive chemoimmunotherapy is unknown. More comprehensive prognostic factors are needed. For example, in the real-world context, Cantini et al. even reported that high-intensity statins are associated with better PFS in advanced NSCLC patients treated with PD-1 inhibitors (19). There are currently limited biomarkers and no predictive model for patients with advanced NSCLC treated with PD-1 inhibitors plus chemotherapy. Therefore, it is necessary to explore biomarkers that are prognostic factors of these populations to identify patients who would benefit from chemoimmunotherapy.

We therefore conducted a study to assess prognostic factors in advanced NSCLC patients treated with PD-1 inhibitor plus chemotherapy. Finally, we aimed to develop a nomogram that is a reliable and convenient prognostic tool to quantify risk of progression for cancer patients (14, 16, 20) to accurately predict PFS.



Material and Methods


Patients

We reviewed the electronic medical records of all patients with unresectable and metastatic (stage IIIA to IVB) NSCLC who received PD-1 inhibitor plus chemotherapy at West China Hospital between October 2017 and September 2020. A total of 158 consecutive patients were reviewed. The inclusion criteria were as follows: 1) pathologically confirmed NSCLC; 2) patients without actionable oncogenic drivers; and 3) patients with complete clinical data and follow-up information. Patients with other malignancies were excluded. Computer-generated random numbers were used to assign these patients into a training cohort and an internal validation cohort. The workflow of patient selection is shown in Figure 1. This study was approved by the Ethics Committee of West China Hospital (No. 2018-603), and the project was performed in accordance with the Declaration of Helsinki as revised in 2013.




Figure 1 | The workflow of patient selection.





Data Collection

Data on clinical characteristics, laboratory parameters, and treatment information were extracted from the electronic inpatient record system of each patient and were updated as of February 1, 2021. Clinicopathological characteristics included sex, age, height, weight, clinical stage, smoking history, histology, metastatic sites, and PD-L1 expression level. Baseline (before the first injection of PD-1 inhibitor plus chemotherapy) peripheral blood indicators included LDH, red blood cell (RBC) count, hemoglobin (HB) count, platelet count, white blood cell (WBC) count, absolute neutrophil count (ANC), absolute lymphocyte count (ALC), absolute monocyte count (AMC), absolute eosinophil count (AEC), and carcinoembryonic antigen (CEA). Treatment records included the number of treatment lines, immunotherapy combined with chemotherapy regimens, and commencement/progression time of the treatment strategy. NLR = ANC/ALC, dNLR = ANC/(WBC − ANC) as defined previously (14).



Treatment and Efficiency Assessment

Among the 130 patients, 88 patients were treated with pembrolizumab plus chemotherapy, 19 patients were treated with nivolumab plus chemotherapy, 13 patients were treated with sintilimab plus chemotherapy, five patients were treated with camrelizumab plus chemotherapy, two patients were treated with tislelizumab plus chemotherapy, two patients were treated with penpulimab plus chemotherapy, and one patient was treated with durvalumab plus chemotherapy (details shown in Table S1). The radiological response of tumors was evaluated using computed tomography every 8–10 weeks, and the radiologist was independent and blinded. Disease progression was evaluated according to the immune-related Response Evaluation Criteria in Solid Tumors Criteria (i-RECIST) (21). PFS was defined as the time from the date of treatment initiation until radiographic progression or death from any cause, whichever occurred first. Patients without radiographic disease progression on the date of the last follow-up were classified as censored.



Statistical Analysis

The median and interquartile range (IQR) were used to describe continuous variables. Frequencies and percentages were used to describe categorical variables. Laboratory parameters were assessed as continuous variables. Age of 65 years was used as the cutoff point to convert age into a dichotomous variable. Body mass index (BMI) was divided into three groups according to Chinese standards (BMI < 18.5, underweight; 18.5 ≤ BMI < 24, normal; and BMI ≥ 24, overweight). Cox univariate and multivariate proportional hazards regression analyses were used to evaluate the impact of laboratory parameters and clinical characteristics on PFS. Variables with a p-value less than 0.1 in the univariate analysis were included in multivariate analysis. A two-tailed p-value of <0.05 was considered statistically significant.

In the training set, predictors derived from the multivariate Cox regression analysis were used to construct the nomogram and then validated in the validation cohort. Each nomogram was also validated internally by using bootstrap method with 1,000 resamples. The concordance index (C-index) and the area under the curve (AUC) were used to evaluate the discriminative ability of the nomogram. The first was computed in the Cox prediction models, while the second was obtained using receiver operating characteristic (ROC) curves with 3-, 6-, and 12-month PFS as binary outcomes. Calibration curves were used to compare the association between the actual outcomes and the predicted probabilities. Finally, we calculated the risk scores of all patients in the training set and validation set. We used X-tile software to select the cutoff point in the training set risk score, which was used to classify patients from the training set and validation set into two groups (low-risk group and high-risk group). The Cox proportional hazards regression model was used to compare whether the survival distributions differed between the two risk groups. Finally, we compared the current nomogram with Yuan’s nomogram (14), which was developed to predict prognosis in NSCLC patients treated with anti−PD−1 antibody, to demonstrate the advantage of the current nomogram to guide treatment decisions for patients treated with ICIs combined with chemotherapy. All statistical analyses were performed using SPSS version 24.0 Statistical Software (SPSS Inc., Chicago, IL, USA) and the R program (version 4.2.0).




Results


Patient Characteristics

We identified 158 consecutive IIIA–IVB unresectable and metastatic NSCLC patients who received PD-1 inhibitors plus chemotherapy. Of these, seven patients with actionable oncogenic drivers and 21 patients with incomplete clinical data or loss of follow-up were excluded, leaving 130 patients for analysis.

Among them, 86 patients were included in the model development cohort, and 44 were included in the validation cohort. Among 86 patients in the training cohort, the median age was 61.0 (53.0–68.0) years. Males accounted for 69 (80.23%), and smokers accounted for 67.44% of the subjects. Thirty (34.88%) patients had bone metastasis. Twenty (23.25%), 21 (24.42%), 23 (26.74%), and 22 (25.58%) patients had PD-L1 TPS <1%, ≥1%–49%, ≥50%, and unknown, respectively. The median dNLR was 2.19 (1.65, 3.30). Other clinical characteristics and laboratory parameters are shown in Table 1.


Table 1 | Baseline clinical characteristics and laboratory parameters.



After a median follow-up period of 11.1 months (range 6.5–18.4 months), at the last date of follow-up, the mPFS of the 130 patients was 9.2 (7.9, 10.4) months, and 21 patients died. The PFS probability in the whole patient population was 90.7%, 69.1%, and 30.3% at 3, 6, and 12 months, respectively.



Independent Prognostic Factors in the Training Set

The results of univariate and multivariate survival analyses of PFS are listed in Table 2. Univariate analysis showed that sex, smoking status, PD-L1 expression, bone metastasis, ALC, dNLR, and CEA were related to PFS (p < 0.1). Next, all significant factors in the univariate analysis were entered into the multivariate analysis, which indicated that bone metastasis (HR = 2.071, 95% CI: 1.138–3.766, p = 0.017) and higher dNLR (HR = 1.142, 95% CI: 1.023–1.275, p = 0.018) were significantly associated with shortened PFS, while smoking (HR = 0.419, 95% CI: 0.223–0.789, p = 0.007) and PD-L1 ≥50% (HR = 0.211, 95% CI: 0.087–0.509, p = 0.001) were independent protective factors for PFS. The Kaplan–Meier survival curve analysis showed that patients who developed bone metastasis and never smoked had a shortened PFS, and PD-L1 ≥50% was related to a prolonged PFS (Figure 2).


Table 2 | Univariate and multivariate Cox analyses of progression-free survival (PFS).







Figure 2 | Kaplan–Meier curves for progression-free survival (PFS) based on predictors from the nomogram. PFS according to (A) smoking, (B) bone metastasis status, and (C) programmed cell death ligand-1 (PD-L1) expression.





Establishment of a Prognostic Nomogram for Progression-Free Survival

According to predictive factors identified in the training cohort, we developed a nomogram to predict the probability of PFS at 3, 6, and 12 months in NSCLC patients treated with ICIs plus chemotherapy (Figure 3). Each prognostic parameter was assigned a corresponding number of risk points on the points scale. We obtained a total score by delineating a vertical line and summing the corresponding risk points of each parameter. Finally, we drew a vertical line towards the PFS probability axis, which could help to estimate the specific probability of PFS at 3, 6, and 12 months for each specific NSCLC patient.




Figure 3 | Prognostic nomogram for non-small cell lung cancer (NSCLC) patients treating immune checkpoint inhibitors (ICIs) plus chemotherapy to assign their probability of progression-free survival (PFS) at 3, 6, and 12 months.





Evaluation and Validation of the Nomogram

The mPFS was 9.6 months (95% CI: 7.1, 12.1 months) in the validation set. The C-index of the nomogram to predict PFS was 0.725 (95% CI: 0.711–0.739) in the training cohort and 0.688 (95% CI: 0.665–0.711) in the validation cohort. In addition, the AUCs of the nomogram to predict PFS at 3, 6, and 12 months were 0.80 (95% CI: 0.66–0.91), 0.80 (95% CI: 0.69–0.89), and 0.84 (95% CI: 0.74–0.96) in the training cohort and 0.59 (95% CI: 0.41–0.75), 0.75 (95% CI: 0.57–0.93), and 0.85 (95% CI: 0.70–1.00) in the validation cohort, respectively (Figure 4). Additionally, there was good consistency between the actual outcomes and the predicted outcomes according to the calibration curves in the training cohort and validation cohort (Figure 5).




Figure 4 | Receiver operating characteristic (ROC) curves of the nomogram to predict progression-free survival (PFS) in both the training and validation cohorts. The area under the curve (AUC) of the probability of PFS at 3, 6, and 12 months in (A) the training and (B) validation cohorts, respectively.






Figure 5 | The calibration curves of the nomogram for predicting progression-free survival (PFS) in both the training and validation cohorts. The x-axis represents the nomogram predicted probability, and the y-axis represents the actual probability of PFS. The red line indicates the performance of the nomogram, of which a closer fit to the gray line represents a better prediction. Calibration curves of the nomogram for predicting PFS at (A) 3, (B) 6, and (C) 12 months in the training cohort. Calibration curves of the nomogram to predict PFS at (D) 3, (E) 6, and (F) 12 months in the validation cohort.



Furthermore, patients in the training set and validation set were divided into two subgroups according to the cutoff value of the nomogram-based total score: the low-risk group (0–100) and the high-risk group (>100). In the training set, 46 patients were assigned to the low-risk group, while 40 patients were assigned to the high-risk group. The Kaplan–Meier survival curve analysis showed that the mPFS was 12.3 (95% CI: 9.8, 14.9) months and 5.7 (95% CI: 1.7, 9.8) months in the low-risk group and high-risk group (p < 0.001), respectively. In the validation set, 20 patients were assigned to the low-risk group, while 24 patients were assigned to the high-risk group. The mPFS was 12.6 (95% CI: 9.2, 16.1) months and 6.2 (95% CI: 3.7, 8.7) months in the low-risk and high-risk groups (p = 0.021), respectively (Figure 6). Cox univariate regression analysis showed that patients in the high-risk group had a shortened PFS (HR = 4.726, 95% CI: 2.579–8.659, p < 0.001). Similarly, the high-risk group was linked to a shortened PFS in the validation set (HR = 2.422, 95% CI: 1.113–5.270, p = 0.026).




Figure 6 | Kaplan–Meier curves for two subgroups according to the cutoff value in the training cohort of the nomogram-based total score. The blue curve and red curve represent the low-risk (0–100) and high-risk (>100) groups, respectively. Kaplan–Meier curves for progression-free survival (PFS) in (A) the training cohort and (B) validation cohort.





Comparison of Current Nomogram and Previous Nomogram

We compared the current nomogram model with Yuan’s nomogram, which was developed to predict NSCLC patients treated with anti−PD−1 antibody. Decision curve analysis for 6- and 12-month PFS revealed that the current nomogram had a higher benefit (Figure 7).




Figure 7 | Decision curve analysis for progression-free survival (PFS). The straight gray line represents the assumption that all patients will progress at (A) 6 and (B) 12 months, and the black horizontal line represents the assumption that no patients will progress at (A) 6 and (B) 12 months.






Discussion

Immunotherapy is widely used in the treatment of NSCLC patients who lack targetable aberrations and show improved efficacy over standard platinum-based doublet chemotherapy (22). Immunotherapy combined with chemotherapy has been recommended as category 1 for treating advanced NSCLC patients in the NCCN guidelines (9). Some studies have shown that pembrolizumab combined with chemotherapy has a better PFS than pembrolizumab alone for treating NSCLC patients (23, 24). However, studies about prognostic factors associated with shorter PFS for immunotherapy plus chemotherapy individuals are limited. This is the first study to develop a comprehensive model that incorporates PD-L1, easily accessible clinical characteristics, serum parameters, and imaging features to predict the probability of PFS at 3, 6, and 12 months for NSCLC patients treated with ICIs plus chemotherapy. Here, we identified four factors, including dNLR, smoking history, PD-L1 TPS, and bone metastasis, which were associated with PFS in this population.

Some recent papers about NLR, inflammation-related peripheral blood parameters, have been reported and have shown that increased NLR is associated with worsened prognosis in patients receiving immunotherapy (25). The lung immuno-oncology prognostic score (LIPS-3), which includes NLR, PD-L1 tumor cell expression level, and LDH, was developed to classify NSCLC patients with PD-L1 ≥50% who received first-line pembrolizumab and showed that NLR <4 was a significant prognostic factor (26). Similarly, some studies showed that a high dNLR was associated with poorer prognosis in patients treated with immunotherapy alone (27–29). Inflammation plays an important role in tumor development, affecting the survival of cancer patients. dNLR, a novel index derived from NLR, may reflect cancer-associated inflammation and determine disease progression (27). Mezquita et al. (27) showed that a baseline dNLR >3 was independently associated with PFS in patients with advanced NSCLC treated with PD-1/PD-L1 inhibitors. Additionally, Yuan et al. (14) showed that a high dNLR was associated with a poorer OS and developed a nomogram that incorporated dNLR to predict prognosis of NSCLC patients treated with anti−PD−1 antibodies. In our present study, we found that increased dNLR was also correlated with poor outcomes with ICI plus chemotherapy.

Regarding clinical characteristics, our results showed that smoking was an independent protective factor for NSCLC patients treated with ICIs plus chemotherapy. Similarly, a previous study showed that current/former smokers experienced improved PFS and OS when PD-L1 expression ≥50% and first-line pembrolizumab was administered (30). Additionally, two studies aiming to develop nomograms to predict the prognosis of NSCLC patients treated with anti-PD-1 inhibitors both showed that smoking was associated with improved prognosis and incorporated it into the model (8, 14). Smokers were more likely to exhibit positive PD-L1 expression and higher TMB, which may improve the therapeutic efficacy of PD-1 inhibitors (31). The potential mechanism involved recruitment of tumor-infiltrating lymphocytes (TILs) and release of interferon-γ (IFN-γ) under a chronic inflammatory microenvironment caused by tobacco exposure, which induced PD-L1 expression and enhanced the stability of PD-L1 (8). Limited data from a meta-analysis indicated that both smokers and nonsmokers benefit from chemoimmunotherapy (32, 33), but our retrospective study yielded different PFS rates between smokers and never smokers.

To date, although its expression may vary over time and by site, PD-L1 expression is the only approved predictive biomarker for PD-(L)1 blockade in NSCLC. Not only the NCCN guidelines but also the American Society of Clinical Oncology (ASCO) and Ontario Health Cancer Care (CCO) NSCLC expert panels made recommendations for therapy for patients without driver alterations based on PD-L1 expression (9, 34). Our study demonstrates that high PD-L1 expression is related to prolonged PFS in NSCLC patients treated with ICIs plus chemotherapy.

A few studies have investigated the prognostic role of metastatic sites of disease in NSCLC patients treated with ICIs. Pantano et al. showed that the number of liver metastases is significantly correlated with time-to-treatment failure, while there was no statistically significant difference for bone metastases (35). The incidence of bone metastases in NSCLC is 20%–40% (32). Bone marrow, a well-known secondary lymphatic organ, hosts several immune cells that are potentially able to affect systemic immunity and the therapeutic efficacy of immunotherapy (36, 37). In a retrospective study of NSCLC patients receiving nivolumab, patients with bone metastasis had significantly reduced PFS than patients without, which was similar to a study of patients receiving pembrolizumab showing that patients with bone metastasis exhibited significantly shorter PFS (37, 38). However, in another retrospective study of advanced NSCLC treated with pembrolizumab, bone metastasis did not affect PFS, which may be related to the relatively small sample size (39). In a real-life study, bone metastases were a general prognostic factor in NSCLC patients, regardless of the treatment; and most studies indicate that patients with bone metastases experience significantly shorter PFS (37, 40). For patients treated with ICIs plus chemotherapy, our study also demonstrated that bone metastasis was linked to a shortened PFS.

The C-index, AUC, and calibration curves implied the predictive accuracy of the current model as reported models, but the AUC of the nomogram to predict PFS at 3 months was relatively low in the validation cohort, which means that the model had a weak ability to predict PFS at 3 months but was better able to predict PFS at 6 and 12 months (14, 41). We attribute this to several causes. First, there was a relatively small sample size in the validation cohort. Second, as many studies have reported, the median time of irAEs is approximately 3 months, which may lead to changes in treatment regimens or even interruptions (42–44). The current nomogram model was compared with Yuan’s model, which was developed to predict the prognosis of NSCLC patients treated with anti−PD−1 antibody (14). The current nomogram revealed an advantage in predicting the PFS of NSCLC patients treated with ICIs plus chemotherapy. To the best of our knowledge, this is the first nomogram based on PD-L1, clinical characteristics, laboratory parameters, and imaging features for predicting the prognosis of patients treated with ICI plus chemotherapy.

There are several limitations to our study. First, this was a retrospective study of a single center with a small population and lacks external validation. Larger-scale and multicenter prospective studies are needed to validate our findings. Second, this study only focused on PFS in NSCLC patients treated with PD-1 inhibitors plus chemotherapy due to the short follow-up time. Finally, this study lacks some other important predictive biomarkers, such as TILs, TMB, human leukocyte antigen (HLA), and broadly predictors, which should be explored in the future.

In conclusion, the novel nomogram model based on comprehensive factors has acceptable predictive accuracy and discriminative ability and could be applied to estimate the probability of PFS in advanced NSCLC patients treated with ICIs plus chemotherapy, especially for 6 and 12 months, and will assist clinicians in guiding treatment decisions in clinical practice. But larger samples, multicenter prospective studies, and external validation are still needed to develop a better nomogram for these populations.
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Objective

Our previous economic assessment found that nivolumab was not cost-effective for Chinese patients with advanced non-small cell lung cancer (NSCLC) and without EGFR mutations or ALK translocations, when compared with the standard second-line drug docetaxel. However, a greater survival benefit with nivolumab was observed for patients with 1% or greater tumor programmed death ligand 1 (PD-L1) expression. In view of this, we designed the present analysis to explore whether it is cost-effective to use the PD-L1 test to guide second-line nivolumab treatment in China.



Material and Methods

A Markov model was established to project the lifetime costs and quality-adjusted life-years (QALYs) of three second-line treatment strategies: nivolumab and docetaxel (strategies without a PD-L1 test) and PD-L1 test-based strategy. Deterministic and probabilistic sensitivity analyses were performed to examine the robustness of our results. Additional price reduction and willingness-to-pay (WTP) threshold scenario analyses were performed to explore the impact of economic and health policies with Chinese characteristics on our results.



Results

The PD-L1 test-based strategy costs approximately CNY 194,607 (USD 28,210) or more and yielded an additional 0.27 QALYs compared to the docetaxel strategy without a PD-L1 test, equating an incremental cost-effectiveness ratio (ICER) of CNY 731,089 (USD 105,978)/QALY. Deterministic sensitivity analyses showed that the price of nivolumab was the strongest source of variation in the ICERs. Probability sensitivity analysis showed that the probability for the PD-L1 test-based strategy being cost-effective increases with the increase of WTP thresholds.



Conclusion

From the perspective of the Chinese healthcare system, using a PD-L1 test to guide second-line nivolumab treatment was not cost-effective. The National Healthcare Security Administration negotiation on the price reduction of nivolumab was found to be the most effective action to improve its cost-effectiveness in China.





Keywords: cost-effectiveness, NSCLC, nivolumab, PD-L1 test, China



Introduction

Lung cancer remains a major public health problem and the most commonly diagnosed cancer in China that contributes to 27% of all cancer-related deaths (1). Non-small cell lung cancer (NSCLC) accounts for approximately 85% of lung cancer cases, and most of them are advanced cases (2). In the pre-immunotherapy era, the prognosis of advanced NSCLC was generally poor, and the 5-year survival rate was less than 5.5% (3). The popularity of immunotherapy for treating advanced NSCLC has significantly prolonged the overall survival of patients with advanced NSCLC (4, 5). Since 2018, immune checkpoint inhibitors (ICIs) have been successively approved by the Chinese government as the standard treatment for advanced NSCLC, and the new therapeutic classes have presented favorable treatment efficacy and safety (6).

>Nivolumab as the first programmed death 1 (PD-1) ICI, was officially authorized by the Chinese State Food and Drug Administration (SFDA) as a second-line therapy for NSCLC in June 2018 (7). The crucial evidence underpinning the approval of nivolumab was yielded from the CheckMate 078 Phase III clinical trials, in which nivolumab was found that significantly improved the overall survival (OS) in NSCLC patients compared with docetaxel (the median OS: 12.0 vs 9.6 months) (8). In addition, this study found that the nivolumab therapy was more effective in treating advanced NSCLC with a programmed death ligand 1 (PD-L1) tumor proportion score (TPS) ≥1% (the median OS: 12.3) (8). Although the National Comprehensive Cancer Network (NCCN) guidelines of the United States recommend routine testing for PD-L1 expression in patients with diagnosed advanced NSCLC, and PD-L1 expression has been demonstrated as a reliable biomarker to predict benefits from immunotherapy (9, 10), there is lack of such recommendation in relevant Chinese treatment guidelines (11).

In 2015, China reported 733,300 new lung cancer cases, of which nearly 60% were advanced NSCLCs (1). From a Chinese healthcare system perspective, our previous cost-effectiveness analysis revealed that second-line nivolumab was unlikely to be cost-effective compared with docetaxel in patients with advanced NSCLC, despite the subgroup analysis showing the improved cost-effectiveness of nivolumab in the patients with PD-L1TPS ≥1% (12). Although this finding did not concur with the cost-effectiveness analyses conducted in other countries showing a favorable cost-effectiveness of nivolumab versus docetaxel in previously treated advanced NSCLC patients regardless of PD-L1 expression (13, 14), different perspectives, trial source used for analysis, and approach to modeling used between these studies have to be highlighted that may explain the inconsistency. Considering that nivolumab is recommended as the preferred second-line treatment for advanced NSCLC patients without ALK or EGFR mutations regardless of their PD-L1 expression in China, evidence regarding the impact of PD-L1 test results on the comparative cost-effectiveness of second-line nivolumab versus docetaxel from a Chinese health system perspective is urgently needed to inform Chinese healthcare policy making.



Materials and Methods


Model Structure

This economic evaluation used aggregate data from the CheckMate-078 trial and was therefore exempted from institutional research ethics board approval. The model design followed the guidelines for pharmacoeconomic evaluation in China (15).

We established a Markov model consisting of three health states: progression-free survival state (PFS state), progressed survival state (PS state), and death to simulate the treatment and survival process for a cohort of Chinese NSCLC patients (Figure 1). The cost and effectiveness associated with the second-line treatments were estimated according to the transfer probability between different health states, and the medical expenses and health outcomes assigned to each health state. Our economic evaluation was conducted from the perspective of the Chinese healthcare system.




Figure 1 | The Markov state transition model. NSCLC, non-small cell lung cancer; PD-L1, programmed death ligand 1; TPS, tumor proportion score; M, Markov node.



The target population was confirmed pre-treated advanced NSCLC patients who were negative for the EGFR mutation or ALK mutation. All patients started in the PFS state and could move to another health state according to transition probabilities. For two strategies without a PD-L1 test, nivolumab (A) and docetaxel (B) were randomly assigned to patients regardless of their PD-L1 expression. For the PD-L1 test-based strategy, patients were treated according to their PD-L1 status (C): patients with a PD-L1TPS ≥1% were assigned to receive nivolumab (C-Niv), and those who had a TPS <1% were assigned to receive docetaxel (C-Doc). We assumed that 55% of patients had a PD-L1TPS ≥1% (8). Second-line treatment regimens and dosages in the model followed those detailed in the CheckMate078 trial (Supplementary Table 1) (8). The primary analysis was preformed to compare (1) the PD-L1 test-based strategy (C) with docetaxel (A); (2) the PD-L1 test-based strategy (C) with nivolumab (B); and (3) the nivolumab (B) and docetaxel (A).

Medication schemes for nivolumab and docetaxel were adjusted to fit a 3-week model cycle. A lifetime horizon was used to project cancer treatment-related costs and health outcomes for this analysis. In this model, patients in PFS state were assumed to receive second-line nivolumab or docetaxel until disease progression, or discontinuation owing to toxicity. Subsequent therapy included chemotherapy, targeted therapy and immunotherapy was assigned to 42% of the patients in the treatment groups whose disease progressed. Other patients were recommended for the best supportive care (BSC) according to current clinical guidelines in China (16).

The principal output of our model was the incremental cost-effectiveness ratios (ICERs) between treatment strategies under comparison, which were calculated as the incremental costs per quality-adjusted life year (QALY) gained. A discount rate of 5% per year was recommended by the Guidelines for Pharmacoeconomic Evaluation in China (15). All the costs were reported in 2019 Chinese yuan and US dollars. Since there is no recommended willing-to-pay (WTP) threshold in Chinese pharmacoeconomic guidelines, we used three times the gross domestic product (GDP) as the WTP threshold according to the recommendation from the World Health Organization (WHO). In light of the imbalance in economic development among different regions in China, we compared ICERs with two WTP thresholds: CNY 212,667 (USD 30,828)/QALY [3 × the per capita gross domestic product (GDP) value of China in 2019] for general regions and CNY 492,656 (USD 71,415)/QALY (3 × the per capita GDP value of Beijing city in 2019) for affluent regions (17). In our study, all the analyses were performed with TreeAge Pro 2018 software (https://www.treeage.com/).



Clinical Inputs

For the two strategies without PD-L1 test, we digitized the PFS and OS curves from the CheckMate 078 trial (ClinicalTrials.gov: NCT02613507) to extract clinical efficacy data points (8, 18). To minimize the impact of statistical fluctuations on our results, we constructed the pseudo-individual patient data based on Hoyle et al.’s algorithm (19). Then, the PFS and OS projections were modeled by fitting pseudo-individual patient data with four commonly used parameter distributions, namely, exponential, Weibull, log-logistic, and log-normal distributions.

For the PD-L1 test-based strategy, we digitized the OS curves for subgroups of nivolumab-treated patients with a PD-L1 TPS ≥1% and docetaxel-treated patients with a PD-L1 TPS <1% from the CheckMate 078 trial to extract clinical efficacy data points, and then fitted and extrapolated data points with the four commonly used parameter distributions. However, the PFS curves by tumor PD-L1 expression have not yet been published along with the results of the CheckMate 078 trial. Therefore, we assumed that the PFS data of these two subgroups were similar to those of the whole trial population corresponding to nivolumab or docetaxel treatment.

The final log-logistic variables, theta (θ), and kappa (k) listed in Table 1, were estimated using R software (version 3.3.1, http://www.r-project.org). In this study, log-logistic distribution was chosen based on the result of goodness of fit test using the Akaike’s information criterion (AIC) and Bayesian information criterion (BIC) (Supplementary Tables 2, 3). For the validation purposes, the predicted OS and PFS curves were compared with the investigated Kaplan–Meier (KM) curves (Figure 2).


Table 1 | Model parameters: baseline values, ranges, and distributions for sensitivity analysis.






Figure 2 | Parametric survival distributions fitted and extrapolated for OS and PFS data. The solid lines represented the observed data for each strategy; the dotted lines represented the fitted data for each strategy. OS, overall survival; PFS, progression-free survival.



The time-dependent transition probabilities of death were calculated according to the following formula:

	

The transition probabilities of PFS were calculated from the following formula:

	

where t represents the current number of Markov model cycles (27).



Cost Estimates

Costs associated with cancer treatment in the analysis only covered direct medical costs, namely, drug acquisition, PD-L1 test, treating major adverse events (AEs), routine follow-up, subsequent therapy, BSC, and death-associated costs (12, 28). The cost of nivolumab was obtained from the Chinese health industry big data service platform (https://db.yaozh.com/). The cost of docetaxel was calculated based on the local bid-winning price and the payment ratio of the Chinese basic medical insurance (see Table 1 for details). In calculating dosage amounts, a mean body weight of 65 kg (range, 52–78 kg) and a body surface area of 1.72 m2 (range, 1.38–2.07 m2) were assumed in the model (26).

As per our previous study, costs for managing AEs associated with rash, fatigue, anemia, and neutropenia were considered in this economic analysis (12). Costs estimates for these AEs were derived from published studies (22, 23), and the risks were obtained from the CheckMate 078 trial (Supplementary Table 4). The costs of the PD-L1 test, as well as other costs related to cancer treatment were collected from the National Development and Reform Commission of China (29), local hospitals or published studies (20, 21). The cost inputs used in the model are detailed in Table 1.



Utility Estimates

PFS and PS health state utilities were obtained from a published study that measured health utilities in Chinese NSCLC patients (24). The decrease in utility caused by treatment-related grade III/IV toxicities was considered in our model (25). Therefore, the utility value for PFS state in the economic evaluation was weighted by the risk of AEs reported in the CheckMate 078 trial, and the corresponding utility decreases. The utility values used in the model are listed in Table 1.



Statistical Analysis

One-way deterministic sensitivity analyses (DSA) were conducted to determine the influence of uncertainties in individual input variables on our results. In general, model variables were tested within 95% confidence intervals quoted from the published literature or assumed to vary within ±20% of the base-case value (Table 1). Probabilistic sensitivity analyses (PSA) were performed by running 1,000 iterations to generate 1,000 estimates of costs and QALYs for each treatment strategy to test the robustness of our findings. For each iteration, model inputs varied simultaneously and were randomly sampled from appropriate statistical distributions (Table 1). The PSA results were presented by a cost-effectiveness acceptability curve (CEAC).

To explore the impact of economic and health policies with Chinese characteristics on our results, we conducted the following two scenario analyses. First, China has a large population and is a rapidly developed developing country, thus the imbalance in economic development among different province-level administrative units is an objective fact. The China Statistical Yearbook 2019 showed that the per capita GDP in the Chinese mainland varied widely from CNY 33,058 (USD 4,792) in Gansu Province to CNY 164,220 (USD 23,805) in Beijing city (17). Against such economic background, we explored the probability that the PD-L1 test-based strategy (C) is cost-effective when compared with alternative treatment strategies under different WTPs (3 × per capita GDP value of each province-level administrative unit). Second, to alleviate the economic burden on cancer patients, since 2017, the price of many cancer drugs has been reduced by 30–70% through the National Healthcare Security Administration (NHSA) negotiations over cancer drugs in China. Therefore, we paid more attention to the impact of the NHSA negotiations on our results. Scenario analyses were performed based on the 30 to 70% reduction in nivolumab price.




Results


Base-Case Analysis

In the PD-L1 test base case, the model projected a mean cost of CNY334,301 (USD 48,460) and a mean survival of 1.22 QALYs per patient for the PD-L1 test-based strategy (C), and the ICERs for the PD-L1 test-based strategy (C) vs docetaxel (A) and vs nivolumab (B), were estimated to be CNY 731,089 (USD 105,978) per QALY and CNY 2165,577 (USD 313,920) per QALY, respectively. The higher total direct medical costs associated with nivolumab were mainly attributed to the higher drug acquisition costs, which were significantly impacted by the improved PFS.

In the no PD-L1 test base case, the model projected a mean cost of CNY 459,833 (USD 66,657) and a mean survival of 1.27 QALYs per patient for nivolumab (B), while a mean cost of CNY 139,701 (USD 20,251) and the mean survival of 0.95 per patient for docetaxel (A), yielded an ICER of CNY 987,618 (USD 143,016)/QALY for nivolumab (B) vs docetaxel (A). The predicted mean costs and effectiveness related to each strategy are listed in Table 2 for comparison.


Table 2 | Summary base case results.



In our WTP threshold scenario analysis, the estimated ICERs between the PD-L1 test-based strategy (C) and docetaxel (A) were higher than the WTPs defined based on the different per capita GDP in Chinese mainland. In our price reduction scenario analysis, we found that reducing the price of nivolumab decreased the total medical costs for nivolumab-treated patients, therefore, to a great extent, significantly lowered the ICERs between nivolumab-treated arm and docetaxel-treated arm. Supplementary Tables 5, 6 show the results of price reduction and WTP scenario analyses.



Sensitivity Analyses


Deterministic Sensitivity Analysis

The DSA results were visualized by tornado diagrams. The price of nivolumab was a main driver for the variation in ICERs. The ICERs decreased to a greater extent with the lower limit of the nivolumab price. In the PD-L1 test base case, the ICER between the PD-L1 test-based strategy (C) and docetaxel (A) dropped below the WTPs for affluent regions, when the reduction in the price of nivolumab exceeded 39% (Figure 3). In the no PD-L1 test base case, the ICER between nivolumab (B) and docetaxel (A) dropped below the WTPs for affluent regions, when the reduction in the price of nivolumab exceeded 54% (Supplementary Figure 1).




Figure 3 | The result of one-way deterministic sensitivity analysis for the PD-L1 test-based strategy (C) versus docetaxel (A). ICER, incremental cost-effectiveness ratio; WTP, willingness-to-pay; QALY, quality-adjusted life-year; PFS, progression-free survival; PS, progressed survival; PD-L1, programmed death ligand 1; TPS, tumor proportion score.



The patient weight, utility for PFS state, discount rate, proportion of patients with a PD-L1 TPS ≥1%, and the utility for the PS state also had considerable influences on the ICERs. Other variables, namely, the risk of AEs, costs other than drug acquisition cost, and decreased utility related to grade III/IV AEs had minimal influence on the ICERs. The results indicated that the lower or upper limits of any tested variable failed to result in the ICERs for the PD-L1 test-based strategy (C) vs docetaxel (A) to be lower than the WTP for general regions. However, the lower limits of the cost of nivolumab (4.5 mg/kg per cycle) produced an ICER below the WTP for affluent regions.



Probabilistic Sensitivity Analysis

In performing the PSA for the PD-L1 test base case, compared with docetaxel (A), the cost-effective probabilities of PD-L1 test-based strategy (C) were 16 and 4% when the WTP was CNY 212,667 (USD 30,828)/QALY and CNY 492,656 (USD 71,415)/QALY, respectively (Figure 4).




Figure 4 | (A) The cost-effectiveness probability achieved by the PD-L1 test-based strategy (C) and nivolumab (B) compared to docetaxel (A) at different WTP thresholds. QALY, quality adjusted life-year; WTP, willingness-to-pay; PD-L1, programmed death ligand.



In performing the PSA for the no PD-L1 test base case, compared with docetaxel (A), cost-effective probabilities of nivolumab (B) were nearly 14% when WTP was CNY 492,656 (USD 71,415)/QALY, and zero when WTP was CNY 212,667 (USD 30,828)/QALY (Figure 4).

In the price reduction scenario, the possibility of the nivolumab strategy being cost-effective increased as the nivolumab price decreased. In the PD-L1test base case, a 50% reduction in the price of nivolumab increased the cost-effective probability of the PD-L1 test-based strategy (C) to up to 26 and 6%, respectively, at the WTPs of CNY492,656 (USD 71,415)/QALY and CNY 212,667 (USD 30,828)/QALY. In the no PD-L1test base case, a 50% reduction in the price of nivolumab increased the cost-effective probability of nivolumab (B) to up to 19 and 4% at the WTPs of CNY492,656 (USD 71,415)/QALY and CNY 212,667 (USD 30,828)/QALY, respectively (Figure 5).




Figure 5 | The cost-effectiveness probability achieved by the PD-L1 test-based strategy (C) and nivolumab (B) compared to docetaxel (A) at different nivolumab prices. QALY, quality adjusted life-year; WTP, willingness-to-pay; PD-L1, programmed death ligand.







Discussion

Our study was the first economic evaluation investigating the costs and health outcomes of using the PD-L1 test to guide second-line nivolumab treatment for Chinese advanced NSCLC patients with no EGFR mutations or ALK translocations. Our results demonstrated that compared with docetaxel (A), the PD-L1 test-based strategy (C) extended survival in PFS and PS states by 0.12 QALYs and 0.15 QALYs, respectively (see detail in Table 2). Using two WTPs in this study, we found that the incremental costs of the PD-L1 test-based strategy (C) [CNY334,301 (USD 48,460) vs CNY139,702 (USD 20,251)] were not commensurate with the modest survival benefits it can provide, when compared with the docetaxel (A). As a result, the ICERs were not in favor of the PD-L1 test-based strategy (C).

The expert consensus on immunosuppressive therapy for NSCLC in China (2019) recommends nivolumab monotherapy as the preferred second-line treatment for advanced NSCLC with no EGFR mutations or ALK translocations, regardless of PD-L1 expression (30). Despite this, the expression of PD-L1 was found to be related to the efficacy of nivolumab (8). Hence, in this study, we aimed to advance the discussion around whether employing the PD-L1 test to guide second-line nivolumab therapy is cost-effective. The PD-L1 test-based strategy (C) was associated with greater survival benefits than nivolumab (B), mainly because that the nivolumab is more effective in advanced NSCLC with high levels of PD-L1 expression (8). Although we concluded that the PD-L1 test-based strategy (C) was not cost-effective compared with docetaxel (A), it produced a lower ICER than nivolumab (B). These results suggested that selecting patients for second-line nivolumab based on the PD-L1 test result improved its cost-effectiveness. The current study did not evaluate the cost-effectiveness of nivolumab in patients with higher PD-L1 expression, due to the lack of relevant clinical data.

Comprehensive sensitivity analyses were performed to assess the robustness of our model. Reducing the price of nivolumab was found to be the most realistic action to push the PD-L1 test-based strategy (C) toward cost-effectiveness. In recent years, great efforts have been paid to reduce the price of anticancer drugs through the negotiation with pharmaceutical companies held by the NHSA in China, and as a result, the prices of many anticancer drugs have dropped by 30 to 70% (31). Therefore, negotiation over nivolumab might be an effective way to promote the cost-effectiveness of the PD-L1 test-based strategy (C) in China. In the long run, the NHSA negotiation, which enables patients to obtain better treatment at lower cost, will be the most attainable approach for optimizing medical resource allocation in China. Moreover, the WTP threshold scenario analysis showed that with the increase of the WTP threshold value, the PD-L1 test-based strategy (C) were more cost-effective in China, which were generally consistent with our previous study (12). To reflect China’s regional economic disequilibrium, two WTP thresholds were selected for general regions and affluent regions in the current analyses, respectively.

Pharmacoeconomic evaluation evidence regarding the PD-L1 test was rather limited. Only one study from the Swiss healthcare setting assessed the impact of the PD-L1 test on the cost-effectiveness of nivolumab (32). This analysis used the CheckMate-057 trial as the source for clinical inputs and reported an ICER of CHF 124,891/QALY for nivolumab in patients with a TPS ≥10%. Our results cannot be directly compared with it because the different clinical inputs sources and different study perspectives were used. However, they concluded that the cost-effectiveness of nivolumab was improved by selecting patients according to the consequences of the PD-L1 test. This finding was consistent with ours. Additionally, our previous analysis assessing the cost-effectiveness of CheckMate 078 comparators reported an ICER of CNY 643,678 (USD 93,307)/QALY for second-line nivolumab vs docetaxel, which is much lower than our current results (12). The inconsistency of the ICERs might result from the fact that our current study used the latest 2-year follow-up data from CheckMate 078 (16), which were not available in our previous study.

Our study has the following strengths. First, we synthesized the latest 2-year follow-up data of the CheckMate 078 trial through economic modeling to project the costs and health outcomes associated with second-line nivolumab and docetaxel, bolstering the reliability of these cost-effectiveness results. Second, our economic evaluation considered the cost-effectiveness of second-line nivolumab and docetaxel in different PD-L1 statuses that provided comprehensive and accurate economic profiles of the two therapies. We applied two WTP thresholds in the model, reflecting the cost-effectiveness of the PD-L1 test-based strategy (C) in both high-income and resource-constrained regions of China. By contrasting and discussing our analysis results, this paper presents proposals for the PD-L1 test-based strategy (C) to serve the patients most likely to benefit from it.

Our study has several limitations. First, KM survival curves obtained from the CheckMate 078 trial clinical trial were used to project survivals. Any biases in this trial, if existed, would have inevitably been reflected in our model. Second, a potential bias in our Markov model was that the local data on the prevalence of PD-L1 TPS ≥1% were not available due to the lack of relevant studies in China. Third, as previously mentioned, we only considered the costs of grade III/IV AEs affecting ≥10% of patients reported in the CheckMate 078 trial, which might lead to an uncertainty in the estimation of AE costs. However, DSA, performed by varying model inputs within a broad range, found that the ICERs were not quite sensitive to AE costs. Fourth, the current study did not consider other ICIs, such as pembrolizumab, which is a potential comparator for advanced NSCLC without EGFR and ALK mutations. One reason is the lack of head-to-head clinical trials. The second reason is that in China, nivolumab is limited to the second-line treatment for advanced NSCLC patients, while pembrolizumab is not. Fifth, there is an uncertainty in the long-term survival projection beyond the trial period, more mature data are needed to validate our model against longer-term survival data. Finally, generalizing our study findings to other countries/regions might be difficult.

In conclusion, for pretreated advanced NSCLC patients with no EGFR mutations or ALK translocations, using the PD-L1 test to guide second-line nivolumab treatment might not be considered cost-effective from the perspective of the Chinese healthcare system. Reducing the price of nivolumab was found to be the most realistic action to push nivolumab strategies toward cost-effectiveness.
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Purpose

This study aims to develop a CT-based radiomics approach for identifying the uncommon epidermal growth factor receptor (EGFR) mutation in patients with non-small cell lung cancer (NSCLC).



Methods

This study involved 223 NSCLC patients (107 with uncommon EGFR mutation-positive and 116 with uncommon EGFR mutation-negative). A total of 1,269 radiomics features were extracted from the non-contrast-enhanced CT images after image segmentation and preprocessing. Support vector machine algorithm was used for feature selection and model construction. Receiver operating characteristic curve analysis was applied to evaluate the performance of the radiomics signature, the clinicopathological model, and the integrated model. A nomogram was developed and evaluated by using the calibration curve and decision curve analysis.



Results

The radiomics signature demonstrated a good performance for predicting the uncommon EGFR mutation in the training cohort (area under the curve, AUC = 0.802; 95% confidence interval, CI: 0.736–0.858) and was verified in the validation cohort (AUC = 0.791, 95% CI: 0.642–0.899). The integrated model combined radiomics signature with clinicopathological independent predictors exhibited an incremental performance compared with the radiomics signature or the clinicopathological model. A nomogram based on the integrated model was developed and showed good calibration (Hosmer–Lemeshow test, P = 0.92 in the training cohort and 0.608 in the validation cohort) and discrimination capacity (AUC of 0.816 in the training cohort and 0.795 in the validation cohort).



Conclusion

Radiomics signature combined with the clinicopathological features can predict uncommon EGFR mutation in NSCLC patients.





Keywords: NSCLC, computed tomography, uncommon EGFR, radiomics, nomogram



Introduction

Lung cancer is one of the leading causes of cancer-related deaths worldwide. Thereinto, non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer cases (1). Over the past decade, the research of molecular targeted agents for NSCLC has made a great progress. The role of molecular targeted biomarkers in the process of oncotherapy has been further promoted (2). The epidermal growth factor receptor (EGFR) has been identified as the most common therapeutic biomarker for NSCLC. EGFR-TKI (tyrosine kinase inhibitor) treatment in EGFR mutation-activating patients has manifested superior progression-free survival benefits compared with standard chemotherapy (3). Of note is the fact that the therapeutic efficiency is closely related to the subtype of EGFR mutations. The mutation anchoring the uncommon site is thought to associate with poor outcomes, as it represents a higher heterogeneity (4, 5). Taking this into account, the accurate identification of uncommon EGFR mutation will play an essential role in the therapeutic decision-making of NSCLC patients.

At present, the acquisition of EGFR mutation status mainly depends on tissue biopsy. However, more than 50% of NSCLC patients get insufficient tissue in clinical practice (6). What is more, adverse events of percutaneous puncture, such as hemorrhage and pneumothorax, were reported in 17.1% among elderly patients (7). Thus, a non-invasive, convenient, and cost-effective alternative is desired (8).

Recently, radiomics is regarded to have a promising role for diagnostic support as it is non-invasive and has quantitative property to tumor heterogeneity. Previous studies demonstrated that radiomics signature could provide novel predictive indicators for the EGFR expression of NSCLC patients (9, 10). However, the study of predicting the subtype of EGFR mutation with radiomics analysis has been rarely reported.

This study aimed to evaluate the feasibility of radiomics approach to predict the uncommon EGFR mutation in NSCLC patients. We expect that this approach will become an alternative for optimizing the treatment for NSCLC patients.



Materials and Methods


Data of Patients

This study was approved by our institutional review board, and the informed consent requirement for using desensitized data was waived. Consecutive patients with pathologically confirmed NSCLC from January 2016 to December 2020 were retrospectively analyzed. CT images and clinicopathological data were collected from the picture archiving and communication system (PACS) and the hospital information system in our institution. EGFR mutations of wild, common, and uncommon type were examined with human gene mutation detection kit (AmoyDx, China) via real-time polymerase chain reaction (PCR)-based assay and confirmed through direct sequencing.

The inclusion criteria were as follows: (a) no chemotherapy, radiotherapy, or targeted therapy before CT acquisition and PCR analysis; (b) cases with radiomics features that could be effectively extracted from the CT images; and (c) available clinicopathological data.

Finally, a total of 223 patients (107 with uncommon EGFR mutation, 73 with common EGFR mutation, and 43 with wild type) were enrolled in this study. The cases were randomly divided into the training cohort and the validation cohort at a ratio of 4:1.



Image Acquisition and Segmentation

All patients in this study underwent non-contrast-enhanced CT that covered the entire thorax. The scanning parameters are detailed in Supplementary Table S2. Images in DICOM format were derived from PACS in our institution. We used a commercially available segmentation software (Yizhun CIPS, version 4.0; http://www.yizhun-ai.com/Content/477572.html) and its lung tumor analysis tool as our image segmentation platform. The regions of interest (ROI) were delineated manually by two radiologists with more than 6 and 13 years of experience in chest CT interpretation with reference to the mediastinum and lung window, respectively. Both radiologists were blinded to the clinicopathological information and EGFR mutation status. Another radiologist with 7 years of experience independently segmented a random set of 20 nodules to assess the inter-observer reproducibility.



Radiomic Feature Extraction and Selection

The radiomics feature extraction in this study was performed with pyRadiomics (https://doi.org/10.1158/0008-5472.CAN-17-0339). Before the feature extraction, we used the nearest neighbor interpolation algorithm to resample the voxel into an isotropic distribution of 1 × 1 × 1 mm. Gaussian filter was used to modify the outlier value of voxel to reduce the photon noise influence on the radiomics features. A total of 1,269 radiomics features, which made up a mineable database for excavating the phenotype biomarker of the uncommon EGFR mutation, were extracted from the ROI. The definition of these radiomics features is available at http://pyradiomics.readthedocs.io/en/latest/features.html.

Inter-class correlation coefficient (ICC) was used to assess the inter-observer reproducibility of the extractive features. An ICC >0.75 was considered a good agreement. Stable and reproducible features were entered in the process of feature selection. Maximal relevance and minimal redundancy was used to reduce the redundant features.



Prediction Model Construction

The support vector machine (SVM), which is suitable for a small sample set, was adopted to construct the radiomics model in this study. The key features and their corresponding weight were calculated and screened out in the training cohort. Then, a radiomic score (Rad-score) was built by the weighted linear combination of all key features.

To explore the optimal model, another model based on clinicopathological features, including sex, age, smoking history, tumor grade, tumor biomarkers, stage, and Eastern Cooperative Oncology Group Performance Status (ECOG PS), was simultaneously built with multivariate logistic regression analysis. An integrated model, which included the Rad-score and the clinicopathological independent predictors, was also constructed.

Receiver operating characteristic (ROC) curve analysis was used to evaluate the predictive performance of each model. Then, the superior model was chosen to draw a nomogram for evaluating the clinical application. The calibration curve was plotted to explore the predictive accuracy of the nomogram. Decision curve analysis (DCA) was implemented to quantify the net benefits.



Statistical Analysis

Statistical analysis was performed using R software (version 3.6.2; R Foundation for Statistical Computing, Vienna, Austria; http://www.Rproject.org) and SPSS 21.0 (IBM, Chicago, IL, USA). R packages of “e1071”, “rms”, and “rmda” were implanted to execute the algorithm of SVM, nomogram, and DCA, respectively. Multivariate binary logistic regression was done with input parameter strategy. Independent t-test was used for the continuous variables, and chi-square test or Fisher’s exact test was used for the categorical variables. All statistical tests were two-tailed, and P <0.05 indicated a significant difference.




Results


Performance of the Clinicopathological Model

Among the full cohort, 107 patients were tested as uncommon EGFR mutation. The number of 20-INS, G719X, L861Q, S768I, and mixed was 23 (21.5), 33 (30.8), 26 (24.3), 11 (10.3), and 14 (13.1), respectively. No patients in this study had more than 2 exon mutations. Most patients exhibited a histological type of lung adenocarcinoma. According to disease-free survival (11), we incorporated the histological subtypes of non-mucinous lepidic predominant, acinar predominant, and papillary predominant adenocarcinoma into the low/intermediate-grade cohort and other subtypes, including solid predominant, micropapillary predominant invasive mucinous adenocarcinoma, and SCC, into the high-grade cohort. The EGFR mutation and histological subtype are detailed in Supplementary Table S1.

The clinicopathological features of the training and the validation cohorts are summarized in Table 1. Univariate analysis indicated that there was no significant difference in age, sex, smoking status, or tumor markers of NSE, CA125, SCC, CY21-1, stage, and ECOG PS between uncommon EGFR mutation-positive and uncommon EGFR mutation-negative (P > 0.05). Within the two cohorts, the uncommon EGFR mutation-positive showed a significant difference in serum carcinoembryonic antigen (CEA) and tumor grade (P < 0.05). Accordingly, these two features were selected to establish a clinicopathological model with multivariate logistic regression analysis. The ROC curves for the clinicopathological model showed an acceptable performance (AUC of 0.665, 95% CI: 0.5995–0.727, sensitivity 63.55%, and specificity 62.93%).


Table 1 | Clinicopathological data of patients in the training and validation cohorts.





Performance of the Radiomics Model

The workflow of radiomics analysis is indicated in Figure 1. A total of 1,018 features with ICCs >0.75 were reserved according to the re-segmentation data. After SVM analysis, 10 robust radiomics features, which were associated with an uncommon EGFR mutation, remained in the training cohort. The detailed formula of the Rad-score is shown in the Supplementary Material. The ROC curve for the radiomics signature showed a good performance in the training cohort (AUC = 0.802; 95% CI: 0.736–0.858; sensitivity, 82.56%; and specificity, 78.49%) and was then verified in the validation cohort (AUC = 0.791; 95% CI: 0.642–0.899; sensitivity, 61.90%; and specificity, 91.30%).




Figure 1 | Workflow of the radiomics analysis.





Performance of the Integrated Model

Subsequently, we established an integrated model with Rad-score, serum CEA, and the tumor grade. According to the multivariable logistic regression analysis, only Rad-score was independently associated with the uncommon EGFR mutation in the training cohort. The corresponding regression equation was as follows:

	

The integrated model showed an incremental performance in the training cohort (AUC of 0.816; 95% CI: 0.751–0.870; sensitivity, 86.05%; and specificity, 70.97%) and AUC of 0.795 (95% CI: 0.646–0.902; sensitivity, 66.67%; and specificity, 91.3%) in the validation cohort.

The comparison of the three developed models is shown in Figure 2. According to the DeLong test, both the radiomics signature and the integrated model were superior to the clinicopathological model (P < 0.05). However, no statistical difference was found between the radiomics signature and the integrated model (P > 0.05).




Figure 2 | Receiver operating characteristic curves of the developed models in the training cohort.





Nomogram Construction

To visualize the potential application of the developed model, a nomogram based on the integrated model was delineated (seen in Figure 3). The Hosmer–Lemeshow test showed no significant statistical difference between calibration curves and ideal curves both in the training cohort (P = 0.92) and in the validation cohort (P = 0.608). The calibration curve of the nomogram for the probability of the uncommon EGFR mutations demonstrated a good agreement (shown in Figure 4).




Figure 3 | Radiomics nomogram. The nomogram incorporated the radiomics signature with serum carcinoembryonic antigen and tumor grade.






Figure 4 | Calibration curve. (A) Calibration curve of the nomogram in the training cohort. (B) Calibration curve in the validation cohort.



DCA was performed for the nomogram. As shown in Figure 5 (red line), using the nomogram model to predict the uncommon EGFR mutation added more benefit than using the treat-all scheme or the treat-none scheme with the threshold probabilities >10%.




Figure 5 | Decision curve analysis for the nomogram. With the threshold probabilities >10%, using the nomogram to predict the uncommon epidermal growth factor receptor status added more benefit than using the treat-all scheme or the treat-none scheme.






Discussion

In this study, we developed a radiomics signature for non-invasive predicting of the uncommon EGFR mutation in NSCLC patients. The radiomics signature demonstrated good performance both in the training cohort (AUC = 0.802) and in the validation cohort (AUC = 0.791). We subsequently combined the radiomics signature with the clinicopathological independent predictors to construct an integrated model. The integrated model achieved an incremental performance with an AUC of 0.816 in the training cohort and 0.795 in the validation cohort. The nomogram based on the integrated model demonstrated an easy-to-use value with a good agreement on the calibration curve. When the DCA threshold probabilities >10%, using the nomogram obtained more benefit than using the treat-all scheme or the treat-none scheme.

Our results are in line with previous studies. Yip et al. (12) demonstrated that radiomics signature could successfully identify the EGFR-activating mutation in lung adenocarcinoma patients. Mei et al. (13) obtained moderate diagnostic performance in assessing the correlation between the radiomics features and EGFR exon 19 or 21 mutations of lung adenocarcinoma. To the best of our knowledge, this study is one of the firsts to evaluate the feasibility of radiomics features in predicting the uncommon EGFR mutation of NSCLC. Our result is reasonable, such that NSCLC with uncommon EGFR mutation represents a higher heterogeneous subgroup (14, 15), in which the heterogeneity is closely associated with radiomics phenotypes. We believe that our radiomics signature could provide clinical feasibility for identifying the uncommon EGFR mutation. In consideration of the different mechanisms of resistance (16, 17), our future study will dedicate to investigating the radiomics changes correlating with the subtype of uncommon EGFR mutation such as C797S and T790M.

Clinicopathological factors have been recognized as an important indicator of EGFR mutation (18, 19). Previous researches (20) have demonstrated that the combination of clinicopathological factors and radiomics signature could complement the information and improve the model prediction ability for EGFR mutation. In this study, we found that serum CEA and tumor grade were potentially associated with uncommon EGFR mutation, whereas no significant correspondence was found in stage and ECOG PS, which had been proved to have independent prognostic value for NSCLC patients in previous studies. One explanation may be that both of these factors represent the general status of tumor and patients instead of intratumoral conditions. Our integrated model exhibited an incremental performance, but no significant difference was found between the integrated model and the radiomics signature, probably because the serum CEA and tumor grade are sensitive to the poor differentiation of tumor but insensitive to tumor heterogeneity.

We next constructed a radiomics nomogram based on the integrated model. As seen in Figure 3, the nomogram is expected to become a supporting tool for clinicians following their experience and judgment. It is worth noting that another minimally invasive approach of liquid biopsy has been receiving more and more attention in recent years (21, 22). Both radiomics and liquid biopsy could provide objective, comprehensive, and virtually real-time information for EGFR testing, but drawbacks in using them in isolation make them complementary. Firstly, ctDNA, as an example of liquid biopsy, is less sensitive and specific than ideal (23). It is unclear whether the sample could represent all genetic clones, such that ctDNA accounts for only 0.02 to 0.1% of the total DNA circulating. To make up for that, we can use radiomics to provide a full-field analysis and refine the liquid biopsy results. Besides this, no clear biological explanation has been made for radiomics. Liquid biopsy may help to decode the biological significance of tumor information. Lastly, both the radiomics and molecular protocols need to be standardized. Extremely sensitive analytical instruments are needed. In future articles, we plan to make a combination of these two data to improve the credibility of the results.

Nevertheless, there are remaining limitations to this study. Firstly, this was a retrospective study and performed in a single center. Selection bias in patients was inevitable. Secondly, the sample size of the entire cohort was relatively small. Larger-sample-size studies are needed to further validate the reliability of the model. Lastly, the reconstruction kernel and scanner parameters of different CT vendors may have affected the stability of the radiomics features. In future investigations, a multicenter and prospective study with standardized CT scanning protocol is warranted to improve the stratification of uncommon EGFR mutation.



Conclusion

NSCLC with uncommon EGFR mutation represents a highly heterogeneous entity, which exhibits resistant biological characteristics when treated with EGFR-TKI. The radiomics approach combined with clinicopathological information could effectively identify the uncommon EGFR mutation and help clinicians to optimize relevant therapeutic strategies.
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Background

Cancer heterogeneity poses a serious challenge concerning the toxicity and adverse effects of therapeutic inhibitors, especially when it comes to combinatorial therapies that involve multiple targeted inhibitors. In particular, in non-small cell lung cancer (NSCLC), a number of studies have reported synergistic effects of drug combinations in the preclinical models, while they were only partially successful in the clinical setup, suggesting those alternative clinical strategies (with genetic background and immune response) should be considered. Herein, we investigated the antitumor effect of cytokine-induced killer (CIK) cells in combination with ALK and PD-1 inhibitors in vitro on genetically variable NSCLC cell lines.



Methods

We co-cultured the three genetically different NSCLC cell lines NCI-H2228 (EML4-ALK), A549 (KRAS mutation), and HCC-78 (ROS1 rearrangement) with and without nivolumab (PD-1 inhibitor) and crizotinib (ALK inhibitor). Additionally, we profiled the variability of surface expression multiple immune checkpoints, the concentration of absolute dead cells, intracellular granzyme B on CIK cells using flow cytometry as well as RT-qPCR. ELISA and Western blot were performed to verify the activation of CIK cells.



Results

Our analysis showed that (a) nivolumab significantly weakened PD-1 surface expression on CIK cells without impacting other immune checkpoints or PD-1 mRNA expression, (b) this combination strategy showed an effective response on cell viability, IFN-γ production, and intracellular release of granzyme B in CD3+ CD56+ CIK cells, but solely in NCI-H2228, (c) the intrinsic expression of Fas ligand (FasL) as a T-cell activation marker in CIK cells was upregulated by this additive effect, and (d) nivolumab induced Foxp3 expression in CD4+CD25+ subpopulation of CIK cells significantly increased. Taken together, we could show that CIK cells in combination with crizotinib and nivolumab can enhance the anti-tumor immune response through FasL activation, leading to increased IFN-γ and granzyme B, but only in NCI-H2228 cells with EML4-ALK rearrangement. Therefore, we hypothesize that CIK therapy may be a potential alternative in NSCLC patients harboring EML4-ALK rearrangement, in addition, we support the idea that combination therapies offer significant potential when they are optimized on a patient-by-patient basis.





Keywords: cytokine-induced killer cells, immune checkpoint inhibition programmed cell death-1, anaplastic lymphoma kinase, immunotherapy, non-small cell lung cancer



Introduction

Cancer is a highly dynamic disease where clinical (inter-individual differences), molecular (epigenomics), and yet to be known factors often pose a challenge to find a successful treatment option (1, 2). Although, the traditional therapies (surgery, radiation, and chemotherapy) for cancer are still being used, the maximum therapeutic benefit has been obtained using combination therapies. For instance, Pembrolizumab (anti-PD-1 mAb) in combination with chemotherapy in patients with non-small cell lung cancer (NSCLC) showed better survival compared to those treated only with chemotherapy (3). In a meta-analysis including seven studies (>4000 patients) on pretreated NSCLC, Tartarone et al. showed that among immune checkpoint inhibitors, anti-PD-1 provided greater benefit compared to anti-PD-L1 (4). Similarly, in another independent meta-analysis in which immune checkpoint inhibitors were added to chemotherapy, Petrelli et al. showed that there was a significant overall survival benefit in NSCLC cases with PD-L1 (5). Hence, there is reasonable evidence that modulation of PD-1/PD-L1 associated pathways may have predictive significance for the clinical NSCLC spectrum. Since the combination therapy minimizes the toxic effects on normal cells and induces cytotoxic effects on the cancer cells, it also allows the possibility to further combine more than one inhibitor, especially when considering the mutation/genomic landscape, as shown in a recent clinical trial that combined durvalumab (human IgG1κ monoclonal antibody that blocks PD-L1 binding to PD-1 & CD80) and gefitinib (EGFR tyrosine kinase inhibitor) to treat TKI-naïve patients with EGFR mutation-positive NSCLC (6).

It is also worth mentioning that the effective use of combined cancer therapies remains a challenge, especially when optimization is concerned. This can be evident from a recent clinical trial involving crizotinib (ALK inhibitor) and nivolumab (PD-1 inhibitor) in NSCLC that was discontinued due to the safety concerns (CheckMate 370) (7). However, the clinical trials based on a similar combination strategy such as TKI/ALK inhibitor with ICI are still in progress. Primarily, the concern about short-term gastrointestinal toxicity also emerged in the above-mentioned clinical trial, however, it was resolved with the standard medical care. Notably, the treatment sequence also appeared to be pivotal, as evidenced by the fact that treatment in reverse sequence (osimertinib followed by nivolumab) did not result in higher levels of toxicity compared to treatment with nivolumab followed by osimertinib (8). To mention, the second generation ALK inhibitor ceritinib showed a synergistic effect with PD-1/PD-L1 blockade to provide an improved anti-tumor response along with favorable side effect tolerability in vivo NSCLC xenograft model (9) and clinical trial (10). Despite T cells dominated the immune cell composition in NSCLC tumors (11), the function of CD4+ and CD8+ T lymphocytes was dysregulated with decreasing of IFN-γ production (12). In this particular scenario, the inclusion of alternative adjuvant treatments, for instance, cytokine-induced killer (CIK) cells, may help to reshape the therapeutic paradigm in NSCLC patients. CIK cells are heterogeneous in vitro expanded T lymphocytes with a natural killer (NK)/T phenotype generated primarily by ex vivo incubation of human peripheral blood mononuclear cells (PBMC) or cord blood mononuclear cells. The transfusion of CIK cells after ex-vivo expansion in cancer patients has already been tested in more than 80 reported clinical trials (13). Moreover, recent studies provide functional details on the function and optimization of CIK cells to maximize their functional potential (14–16). Of note, there have been autologous and allogeneic clinical trials showing that CIKs immunotherapy has potential benefits in the safety and efficacy of patients with advanced NSCLC (17–21), given that clinical trials of DC-CIK (dendritic cells cytokine-induced killer cells) in combination with chemotherapy for advanced lung cancer have shown very limited success. To improve the efficiency of such therapies, several paradigms have been discussed, including inhibition of inflammatory mediators released by tumor cells in combination with vaccination to reduce recruitment of tumorigenic immune cells to the tumor microenvironment in pre/postoperative advanced lung cancer (22). Certainly, the DCs loaded with tumor antigens along with CIK cells may have a lower risk compared to CAR‐T cells alone. To mention, the combination of CIK cells with PD-1 blockade before transfusion might improve the efficiency of CIK therapy for NSCLC patients in vitro (23). Alternatively, autologous cytokine‐induced killer (CIK) cells enhance the clinical response to PD‐1 blocking antibodies in patients with advanced non‐small-cell lung cancer (24). Recently, the benefits of combining anti-PD-1 antibody with antiangiogenic drugs anlotinib in NSCLC patients have been reported (25). Although there is some previous evidence of ICIs combinations, there has been no report on the combination of CIK with ALK inhibitors and PD-1 inhibitors neither in vitro nor vivo.

Considering this, we aim to understand whether pretreated-nivolumab CIK cells before transfusion can enhance the antitumor immune response to NSCLC cell lines at different concentrations of crizotinib in vitro. To achieve this, we used three NSCLC cell lines: NCI-H2228 (EML4-ALK), A549 (KRAS mutation), and HCC-78 (ROS1 rearrangement) having different genetic alterations and employing multiple techniques (flow cytometry, intracellular staining for granzyme B, cell viability assays, ELISA, RT-PCR, Western blot).



Material and Methods


Regents and Antibodies

Anti-PD-1 mAb nivolumab (purity 99.50%) and ALK inhibitor crizotinib (purity ≥98% (HPLC) were purchased from Selleckchem Co., Ltd. (Houston, TX). Crizotinib was dissolved in dimethyl sulfoxide (DMSO). DMSO was used as a control for crizotinib and 20 μg/mL IgG4 isotype (Biolegend, San Diego, CA)as a control for nivolumab. Concerning antibodies (Abs): The fluorochrome-conjugated FITC anti-human CD3 antibody (Clone OKT3), brilliant violet 421 anti-human CD8 antibody (RPA-T8), APC anti-human CD4 antibody (Clone OKT4), PE-CD56 (Clone 5.1 H11), APC anti-human PD1 (Clone NAT105), PE anti-human PD-L1(Clone 29E-2A3), APC anti-human CTLA-4 antibody (Clone L3D10), PE anti-human GITR antibody (Clone 621), brilliant violet 421 anti-human CD134 (OX40) antibody (Clone Ber-ACT35), and FITC anti-human/mouse granzyme B antibody (GB11) were purchased from Biolegend (San Diego, CA). For APC-anti-human PD-1 detection, its isotype control is mouse IgG1k, which is not compatible to nivolumab as an IgG4 antibody. Anti-Human Foxp3 Staining Set FITC kit (eBioscience, San Diego, CA) was used to identify Foxp3 CD4+CD25+/CD4+CD25- cells according to the manufacturer’s instructions. For Western blot: Anti-FasL (Biolegend, San Diego, CA) and beta Tubulin Loading Control Monoclonal Antibody (BT7R) (Thermo Fisher Scientific, San Diego, CA) were used.



Cell Culture

CIK cells were generated, as previously described (26, 27). PBMCs required for the experiments were isolated from the blood of healthy donors registered at the blood bank of University Hospital Bonn. Three epithelial lung cancer cell lines: A549 cells (KRAS mutation), HCC-78 (ROS1 rearrangement, SLC34A2-ROS1), and NCI-H2228 (EML4-ALK variant 3) were primarily used in this study. All cell lines were mycoplasma negative and cultured in RPMI medium supplemented with 10% heat-inactivated FBS (Sigma-Aldrich GmbH, Munich, Germany) and 1% penicillin/streptomycin (P/S) (Gibco, Germany) at 37°C (5% CO2). As mentioned above, to avoid the excessive toxicity of simultaneous treatment of nivolumab and crizotinib, CIK cells were pre-treated with 20 μg/mL anti-PD-1 mAb nivolumab or IgG4 isotype control for 24 h and then co-cultured with the tumor cells along with different concentrations of ALK inhibitor crizotinib.



Cell Viability Assessment by CCK-8 Assay and Cell Death Analysis byFlow Cytometry

CCK-8 cell viability assay was performed, as described by the manufacturer (Dojindo Laboratories, Kumamoto, Japan). NSCLC cells were seeded into 96-well plates (1x104 cells/well) and treated with various concentrations of crizotinib or DMSO for 24 h in the presence or absence of nivolumab. Similarly, the flow cytometry-based cytotoxicity was performed, as described protocol. Briefly, the target cells were labeled with CFSE (1 x 106 cells in 1 ml PBS with 0.5 uM CFSE, 20 min, 37˚C in the dark) and washed twice with warm culture medium. CFSE-labeled 5 x 104 tumor cells were incubated at various concentrations of crizotinib for 24 h with CIK cells pre-incubated with 20 μg/mL nivolumab or IgG 4 isotype (24 h) to perform redirected cytolysis assay at an E/T ratio of 10:1. Following 24 h of culturing, the cells were stained with Hoechst 33258 (Cayman Chemical, Hamburg, Germany) and were quantified using BD FACS Canto II. The absolute number of 3000 beads (Biolegend, San Diego, CA) was acquired by a BD Canto II cytometer. Then the absolute numbers of cells per uL were analyzed by FlowJo V10 software (Tree Star, Ashland, Oregon). The absolute number of cells were calculated according to Precision Count protocol provided by Biolegend Company as follows: 

	



Intracellular Staining for Granzyme B by Flow Cytometry

A fixable Viability Zombie Aqua™ Dye (Biolegend, San Diego, CA) was used to exclude dead cells from the analysis. Mainly, after staining the surface receptors with PE anti-human CD3 antibody and APC anti-human CD56, the cells were fixed with 100 μL fix solution (eBioscience, San Diego, CA) for 30 min at room temperature (in the dark). Cells were then washed and resuspended in 100 μL 1x permeabilization buffer and stained with FITC anti-human granzyme B antibody for 30 min at room temperature. Subsequently, the cells were washed twice with 2 mL 1x permeabilization buffer, resuspended in DPBS, and recorded with a BD Canto II cytometer.



Enzyme-Linked Immunosorbent Assay (ELISA)

The ELISA assay was performed using the standard protocol. Briefly, 1 x 106 CIK cells incubated with 20 μg/mL nivolumab or IgG4 isotype control for 24 h. After that, CIK cells were co-cultured with 5 x 104 tumor cells in the presence of various concentrations of crizotinib for 24 h. Thereafter, the cell-free supernatant was collected to perform sandwich ELISA assay (IFN Gamma Kit, Invitrogen, Camarillo, CA), according to the manufacturer’s instructions.



Reverse Transcription and Quantifying PCR (RT-qPCR)

CIK cells were incubated with 20 ug/mL nivolumab or IgG4 isotype control for 48 h. Afterward, CIK cells were washed twice with cold DPBS. RNA was extracted using RNeasy® Plus Mini Kit (QIAGEN, Hilden, Germany) and cDNA synthesis was performed by SuperScript™ III First-Strand Synthesis Super Mix Kit (Invitrogen, CA), according to the manufacturer’s instructions. Quantitative real-time PCR analysis was performed using QuantStadio 6 Flex Sequence Detection System (384-well, Applied Biosystems, CA) using SYBR® Select Master Mix (Applied Biosystems, CA). For q-PCR, the following primers were used to amplify PD-1 [as described (28)]: forward primer 5#-CAGGGTGACAGAGAAGGG-3#, reverse primer 5#-CCTGGCTCCTATTGTCCCTC-3#, β-actin: 5#-ACCGCGAGAAGATGACCCAGA3# (forward) and 5#-GGATAGCACAGCCTGGATAGCAA3# (reverse) (obtained by Eurofins Genomics Germany GmbH, Ebersberg, Germany). The relative expression of PD-1 was normalized to β-actin expression by ΔΔCt method. To determine C - reactive protein (CRP) transcription level, the following primers were used to amplify (as described (29)): forward primer 5´- CAGACAGACATGTCGAGGAAGG-3#, reverse primer 5´- AGGCTTTGAGAGGCTTCGTT-3´, HPRT: 5´-TCAGGCAGTATAATCCAAAGATGGT-3´, (forward) and 5´-AGTCTGGCTTATATCCAACACTTCG-3´ (reverse) (obtained by Eurofins Genomics Germany GmbH, Ebersberg, Germany). The relative expression of c-reaction protein (CRP) was normalized to HPRT expression by the ΔΔCt method.



Western Blot Assay

CIK cells incubated with 20 ug/mL nivolumab and various concentrations of crizotinib for 48 h were washed twice with cold DPBS. Cell pellets were lysed using NuPAGE LDS buffer, lysates were separated on 4-12% Tris-glycine gels and transferred to PVDF membranes. Anti-FasL antibody (Biolegend, San Diego, CA) were used for primary antibody. Beta Tubulin Loading Control Monoclonal Antibody (BT7R) (Thermo Fisher Scientific, Inc. San Diego, CA) was used as a loading control.



LDH Assay for the Assessment Hepatoxicity

The cytotoxicity of a combined nivolumab and crizotinib simultaneously in the absence or presence of CIK cells on hepatocyte-like cell line CCL-13, which exhibits the liver function of primary human hepatocytes, was detected by CyQUANT™ LDH Cytotoxicity Assay Kit (Invitrogen, Inc. San Diego, CA.). Briefly, we co-cultured CIK with 1x104 CCL-13 cell line at an E:T ratio 1:1 in the presence of crizotinib/nivolumab triplicate in 96-well flat plates for 16 h. We calculated the percentage of hepatoxicity with the following formula:

	



Statistical Analysis

All data were presented as the mean ± SD from at least three independent experiments. FACS data sets were analyzed using FlowJo V10.6 software (FlowJo, LLC, Ashland, Oregon). The statistical analysis was performed using SPSS Statistics 23. The data groups were compared using one-way analysis of variance with Turkey post hoc test and Student’s t-test. P-values < 0.05 were considered significant differences and are marked: * < 0.05; ** < 0.01; *** < 0.001.




Results


Elevated PD-1/PD-L1 Expression in CIK Subsets After 14 Days of In Vitro Expansion

We have previously shown that CIK cells are heterogeneous and are composed of CD3+ CD8+, CD3+ CD4+ and CD3+ CD56+ specifically on Day 14 (30). Therefore, we first determined the phenotypes of PD-1 and PD-L1 CIK cells primarily on Day 0 and Day 14 for these three CIK subsets. The analysis showed that the percentage of PD-1+ CD3+ CD4+ CIK cells increased significantly after 14 days of expansion compared to Day 0 (Figures 1A, B, 20.6 ± 2.0 vs. 4.7 ± 1.0%, P < 0.001). However, no significant difference in the CD3+ CD56+ and CD3+ CD8+ CIK cell subsets was observed (6.2 ± 0.7 vs. 7.7 ± 0.7%, P= 0.177; 10.2 ± 2.1 vs. 7.7 ± 0.8%, P= 0.630, respectively). Similarly, the proportion of PD-L1+ CIK cells was also increased among the CD3+ CD56+, CD3+ CD8+ and CD3+ CD4+ subsets of CIK cells on Day 14 compared to Day 0 (Figure 1B, 39. 5 ± 4.6% vs. 21.4 ± 5.9%, P= 0.025; 35.2 ± 4.5% vs. 12.1 ± 3.3%, P < 0.001; 51.6 ± 8.1% vs. 19.7 ± 4.2%, P= 0.008). To mention, we confirmed that all cell lines expressed PD-L1, but at different levels (Figure 1C, NCI-H2228 > HCC-78 > A549, 69.2 ± 8.0% on NCI-H2228, 61.8 ± 4.6% on HCC-78 and 6.0 ± 2.0% on A549).




Figure 1 | PD-1+/PD-L1+ surface expression on Day 0 and Day 14 of CIK cells. The differential expression of PD-1/PD-L1 phenotypic subsets of CIK cells over in vitro culture is shown by flow cytometric analysis. PBMC were isolated from healthy donors and cultured in the presence of IFN- γ on Day 0, anti-human CD3 antibody, IL-1 β and IL-2 on Day 1. After 14 days of expansion with IL-2 induction, CIK cells were investigated by flow cytometric method by staining with FITC-CD3, PE-CD56, APC-Cy7-CD4, Bv421-CD8, and APC-PD-1. Dead CIK cells were gated excluding by 7-AAD. (A) The percentage of PD-1 on Day 0 and Day 14 CIK cells represented by tSNE plots using Flowjo V10 software. APC-PD-1 A represented APC-PD-1+  APC-CY7-CD4+ cells; APC-PD-1 B represented APC-PD-1+BV421-CD8a+ cells; APC-PD-1 C represented APC-PD-1+PE-CD56+ cells.  (B) Summary data of the frequency of PD-1+/PD-L1+ CIK subsets in healthy subjects. (C) Variation of PD-L1 surface expression on the 3 NSCLC cell lines, measured by flow cytometry. All data are shown as the mean ± SD. * representative of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Day 0 CIK cells calculated by Student’s t-test. CIK cells derived from three healthy donors.





Nivolumab Harbors the Potential to Block Surface Expression of PD-1 on CIK Cells

Next, we examined the association between CIK cell activation and PD-1 surface expression in the presence of nivolumab and found that PD-1 expression on the surface of CD3+ CIK cells decreased significantly from 6.7 ± 2.7% to 0.4 ± 0.04% after 48 h of treatment with nivolumab compared to the IgG4 isotype control (Figure 2A). Also, the assessment of the mean fluorescence intensity (MFI) of surface expression of potential immune-associated markers, including PD-L1, PD-L2, CD28, CTLA-4, GITR, and CD134 on CD3+ CIK cells, showed no alterations (Figure 2B). When counting the absolute number of PD-1+ CIK cells, there was also a notable decrease in both PD-1+ CD3+ CIK cells and/or PD-1+ CD3+ CD56+ CIK cells after the nivolumab treatment (Figure 2C, 0.01 ± 0.01 vs. 0.57 ± 0.18 cells/μL, P= 0.045; 0.01 ± 0.01 vs. 0.38 ± 0.13 cells/μL, P= 0.036, respectively). Besides, PD-1 mRNA levels were not altered by nivolumab (Figure 2D, P= 0.408). These findings suggest that nivolumab blocks PD-1 on the surface of CIK cells. Interestingly, nivolumab caused a significant increase in the levels of CD4+ CD25+ CIK cells expressing Foxp3 (Figure 2E, P= 0.044).




Figure 2 | PD-1 expression on CIK cells after treatment with nivolumab for 48 (h) (A) PD-1 surface expression on CIK cells in the presence of nivolumab 20 μg/mL for 48 h compared to untreated CIK cells or IgG4 isotype control 20 μg/mL measured by flow cytometry. Dead CIK cells were gated and excluded by 7-AAD. Numbers represent the percentage of the gated population. (B) The mean fluorescent intensity (MFI) level of PD-1, PD/L1, PD-L2, CTLA-4, GITR, and CD134 (OX40) on the CD3+ CIK cells was observed after 48 h of treatment with nivolumab by flow cytometry. (C) Numbers represent the percentage of the gated population. Quantification of the absolute PD-1+ CIK cells by count beads. (D) Analysis of q-RCR mRNA expression in CIK cells after incubation with nivolumab for 48 (h) PD-1 expression is normalized over β-actin expression. (E) Foxp3 expression on CD4+ CD25+/CD4+CD25- CIK cells after 48 h nivolumab treatment. Data from three independent experiments were shown as mean ± SD. Statistical analysis was performed using one‐way ANOVA followed by the Tukey–Kramer post hoc test. *p < 0.05, **p < 0.01 vs. untreated CIK cells or CIK cells treated with IgG4 isotype control. CIK cells derived from three healthy donors.





Nivolumab Affected the Cell Viability of Crizotinib-Treated NCI-H2228

Considering that nivolumab may reduce the tumor cell viability, we performed the CCK-8 assay and found that the combined treatment of nivolumab with crizotinib significantly impaired the viability of NCI-H2228 cells (Figure 3A). Primarily, a significant change was observed when 20 μg/mL nivolumab and 100 nM crizotinib/1000 nM crizotinib were administered in NCI-H2228 cells compared to DMSO control (Figure 3A, 65.0% ± 3.9% vs. 97.2% ± 3.0%, p < 0.001; 58.3% ± 3.1% vs. 97.2% ± 3.0%, p < 0.001, respectively). However, no such change was observed in the HCC-78 and A549 cell lines as well as CIK cells, suggesting that this effect is cell line (or EML4-ALK variant 3) specific (Figures 3B–D).




Figure 3 | The tumor cell viability after the combination of nivolumab and crizotinib in the absence of CIK cells and CIK cells viability after the combination of nivolumab and crizotinib in the absence of tumor cells. (A–C) Tumor cells were pretreated with 20 ug/mL nivolumab for 24 h prior to incubation with crizotinib for 24 h. (D) CIK cells were pretreated with 20 ug/mL nivolumab for 24 h prior to incubation with crizotinib for 24 h. Each experiment repeated 3 times and CIK cells derived from four donors. All data are shown as the mean ± SD. *representative of three independent experiments. *P < 0.05, ***P < 0.001 vs. NCI-H2228 treatedwith DMSO control. One‐way ANOVA followed by the Tukey–Kramer post hoc test was performed. CIK cells derived from three healthy donors.





Nivolumab and Crizotinib Displayed an Additive Effect on the Cytotoxicity

To assess the absolute quantification of dead tumor cells (that may directly reflect the cytotoxic activity of CIK cells), we pre-labelled the NSCLC cells with carboxyfluorescein diacetate succinimidyl ester (CFSE) and co-cultured with nivolumab-pretreated CIK cells at an effector-target ratio of 10:1 in the presence of crizotinib. The absolute number of dead NCI-H2228 cells was found to be significantly elevated after combining 10 nM crizotinib/100 nM crizotinb/1000 nM crizotinb with nivolumab compared to the NCI-H2228 control (32.2 ± 3. 9 cells/μL vs. 3.3 ± 0.9 cells/μL, P< 0.001; 30.6 ± 3.8 cells/μL vs. 3.3 ± 0.9 cells/μL, P< 0.001; 24.9 ± 2.7 cells/μL vs. 3.3 ± 0.9 cells/μL, P = 0.004, respectively) (Figure 4A). Here again, two other cell lines (HCC-78 and A549) showed weaker sensitivity to CIK cytotoxicity when combined with crizotinib and nivolumab (Figures 4B, C). Meanwhile, this combination strategy did not influence the dead cell number in CIK cells (Figure 4D).




Figure 4 | The absolute dead cell concentration after the combination of nivolumab and crizotinib. (A–C) The absolute number of dead cells in NSCLC cell lines after the co-culture with 24 h nivolumab-pretreated CIK, and in the presence of crizotinib (for 24 h) were detected by flow cytometry. NSCLC cells were labelled with CFSE and stained with dead cell Dye Hoechst 33258 before data was recorded in the flow cytometer. Dead CFSE+ tumor cells were analyzed by count beads and recorded by absolute cells/μL. (D) Similarly, 24 h nivolumab-pretreated CIK incubated with crizotinib (for 24 h) in the absence of tumor cells were stained with dead cell Dye Hoechst 33258 and detected by flow cytometry. Each experiment repeated 3 times and CIK cells derived from three donors. Data from three independent experiments were shown as mean ± SD. Statistical analysis was performed using one‐way ANOVA followed by the Tukey–Kramer post hoc test. **p < 0.01, ***p < 0.001 vs. untreated NCI-H2228.





Cumulative Effect of PD-1 Inhibitor With Crizotinib Influenced Interferon-γ and Intracellular Granzyme B

To investigate the potential variations in immune markers and cytokines primarily associated with the cytotoxicity of CIK cells, we subsequently examined IFN-γ expression (by ELISA) and intracellular expression of granzyme B by flow cytometry (Figures 5A, B) and IFN-γ expression by ELISA (Figure 5C). CIK cells responded to a combination of PD-1 blockade and crizotinib against NCI-H2228 with a strong secretion of IFN-γ and a significant increase in granzyme B in the CD3+ CD56+ subpopulation of CIK cells. Specifically, in combination with CIK cells, anti-PD-1 and 10 nM crizotinib showed a significant increase compared to either crizotinib or isotype control and/or crizotinib alone (320.3 ± 48.2 vs. 232.8 ± 41.6 pg/mL, P= 0.004; 320.3 ± 48.2 vs. 251.1 ± 40.1 pg/mL, P= 0.022). However, no significant change was observed in the HCC-78 and A549 cell lines (Supplementary Figure 1).




Figure 5 | Effects of a combination of blocking PD-1 immune checkpoint and crizotinib on CIK-derived IFN-γ, granzyme B in CD3+ CD56+ CIK cells. CIK cells were pretreated in the presence or absence of 20 ug/ml nivolumab. At 24 h post mAb treatment in CIK cells, CIK cells were co-cultured with NCI-H2228.(A) Intracellular granzyme B expression in CD3+ CD56+ CIK cells in the presence of PD-1 blockade against NCI-H2228 cells is shown in a dot plot, measured by flow cytometry at different levels of crizotinib. (B) Bar plots depict the percentage of intracellular granzyme B expression on CIK cells and (C) IFN-γ levels from CIK cells after treatment with a combination of PD-1 blockade and crizotinib on NCI-H2228 target cells. *p < 0.05, **p < 0.01, ***p < 0.001 vs. crizotinib monotherapy or IgG4 isotype control. (D) FasL expression was observed by Western blots. CIK cells were treated with nivolumab for 24 h prior to the addition of different concentrations of crizotinib. (E) The relative intensities of FasL expression normalized to each Tubulin control without treatment were defined as 1.0. Then, the other relative intensity (folds) was presented. Data were presented as means ± SD of the results from three independent experiments. *p < 0.05 vs. CIK control without any treatment. Each experiment repeated 3 times and CIK cells derived from three donors and the data were shown as mean ± SD. Statistical analysis was performed using one‐way ANOVA followed by the Tukey–Kramer post hoc test.





Nivolumab Combined Crizotinib Upregulated the Intrinsic FasL Expression in CIK Cells

Considering that cell surface FasL expression is specific to the immune system, we investigated FasL surface expression on the CIK cells. The analysis showed a low level of surface FasL (less than 5%), which was further verified using an additional methodological approach (Western blot) (Figures 5D, E). Importantly, nivolumab combined with 1000 nM crizotinib resulted in significant upregulation of intrinsic FasL expression compared to the untreated CIK control (the band intensity 3.0 ± 0.7 vs. 1.0 ± 0.0, P= 0.028).



CIK Cells Ameliorated the Hepatoxicity in CCL-13 Cell Line Concurrent Incubation With Nivolumab Combined With Crizotinib

To assess the hepatoxicity, LDH release assay was performed. After incubation with CIK cells, cytotoxicity of the simultaneous combination of 1000 nM crizotinib and nivolumab was significantly reduced compared to cytotoxicity without CIK (Supplementary Figure 2A, P<0.001). Furthermore, the combination of CIK cells with crizotinib and nivolumab significantly decreased the mRNA expression of C - reactive protein (CRP), which is known to be associated with reactive oxygen species (ROS) (Supplementary Figure 2B, P=0.047).




Discussion

Given cancer is quite a complex disease and monotherapies pose a serious challenge regarding patient survival rate, the development of new combination therapies has partially improved patient outcomes. The combined use of therapeutic agents within combination therapy has proven to be advantageous (over monotherapy) in several ways, such as enhanced efficacy, reduced side effects, and minimal drug resistance. Of clinical importance, several cancers have been reported to optimize this therapeutic approach, such as renal cell carcinoma, melanoma, Hodgkin’s lymphoma, and breast cancer to name a few (31–34). In particular, non-small cell lung cancer (NSCLC) is one of the prominent cancers where a number of studies documenting the clinical outcomes of mono and/or combination therapies have been reported (www.cancer.gov). However, there are serious concerns when the combination of compounds showed a synergistic effect in the preclinical models while failing in the clinical application. As mentioned above, the clinical trial with the combination of crizotinib (ALK inhibitor) and nivolumab (PD-1 inhibitor) was terminated due to safety concerns in NSCLC, while the same combination of compounds showed an improved antitumor response with favorable side-effect tolerability in the in vivo model.

In this current study, we investigated whether the inclusion of alternative treatments (for instance, cytokine-induced killer cells) and variable genetic backgrounds (NCI-H2228: EML4-ALK, A549: KRAS mutation, HCC-78: ROS1 rearrangement) within the same cancer type can help to provide an advantageous therapeutic paradigm in NSCLC. In the context of genetic variations, mutations in a few genes (KRAS, EGFR, ALK, ROS1, BRAF, RET, MET, NTRK) have been shown to be clinically relevant and proven to be pivotal to identify patient subgroups with early/advanced-stage patients. Moreover, accumulating data from different ethnic groups has confirmed these previous findings on the NSCLC-associated mutational paradigm and highlighted the potential genetic differences across different racial groups (35–37), given that CIK cells have previously shown positive outcome in NSCLC treatment, and nivolumab has been shown to be highly promising in NSCLC (38). As a proof of concept, we first confirmed that all cell lines expressed PD-L1, but at different levels. Next, we demonstrated that a combination of nivolumab and crizotinib improved the immune function of CIK cells compared to monotherapy with crizotinib, especially in the NSCLC-specific cell line NCI-H2228. We further first verified that PD-1 surface expression on CIK cells decreased dramatically after the treatment with nivolumab and it had no effect on PD-1 mRNA expression in CIK cells. Our findings revealed that PD-1 inhibitors only conjugate on the surface of CIK cells without PD-1 mRNA alternation. Nevertheless, nivolumab was found to bind to T lymphocytes for more than 20 weeks in NSCLC patients, even after stopping treatment, suggesting a sustained therapeutic effect (39). Although one clinical trial reported that treatment of NSCLC patients with anti-PD-1 antibodies nivolumab expanded the levels of effector T cells expressing the costimulatory molecules CD28, CD27, and ICOS (40), we did not observe the similar immuno-logical events (Figure 2B). Importantly, our study showed that nivolumab caused an increase in the proportion of Foxp3+ CD4+ CD25+ CIK cells (Figure 2E), which is consistent with the previous reports (41). This suggests compensatory expression of immune molecules after PD-1 blockade. Second, we observed that the blocking of the PD-1/PD-L1 pathway by nivolumab increased the cytotoxicity of CIK cells targeted to NCI-H2228 rather than HCC-78 and A549 cells. Additionally, the evidence obtained from multiple markers in our study, such as increased production of IFN-γ from CIK cells, activation of FASL in CIK cells, and increased intracellular expression of granzyme B on CD3+ CD56+ NKT CIK cells, suggest that the combination of nivolumab and crizotinib accelerates the release of immune-related effector molecules. Previously, CIK cells were reported to express a high percentage of granzyme B, a serine protease that together with another protein perforin mediates apoptosis in target cells (42). Similarly, an addition of anti-PD-1 inhibitor has been shown to enhance the granzyme B expression in DC-CIK cells (43). Considering this, we assessed and found an increased level of intracellular granzyme B in PD-1 activated CIK cells after being combined with an ALK inhibitor. FasL, expressed on activated T cells and natural killer (NK) cells, poses another way to kill cancer cells by recruiting Fas-associated protein with DD (FADD) and activating caspase pathways. Notably, Verneris et al. found that CIK cells are resistant to apoptosis by expressing anti-apoptotic genes and can synthesize FasL to induce Fas-dependent apoptosis of sensitive tumor cells (44). In our current study, we are reporting for the first time that a combination of dose-dependent crizotinib and nivolumab can also promote FASL expression in CIK cells, overall suggesting that CIK cells use a different apoptosis pathway to eliminate NSCLC cells in vitro. Thus, our findings about the elevated granzyme B levels (along with activation of FASL) in a similar experimental setup suggest a yet unknown mechanism that may be of interest for future NSCLC immunotherapy.

Since our analysis showed predominance in NCI-H2228 compared to HCC-78 and A549 cells, we can assume three possibilities: (1) heterogeneity across cancer cell lines may lead to major discrepancies in the experimental data, as previously discussed by Sharma et al. (45), (2) origin of cell lines, A549 is a lung adenocarcinoma cell line with a mesenchymal signature and is known to be more resistant to the drugs targeting PI3K‐AKT pathway (46), and (3) the presence of intrinsic PD-1 protein expression in NSCLC cells that may inhibit tumor cell proliferation and might exert resistance to PD-1/PD-L1 blockades (47). Nevertheless, our study supports the idea that combination therapies have enormous potential if they are optimized on a patient-by-patient basis. Like other cancers, the clonal heterogeneity and the existence of cancer stem cells (CSCs) in lung cancer also continue to be subjects of discussion (48). In an interesting study, six small cell lung cancer (SCLC) cell lines were used to investigate whether CD133 or CD87 could be a potential marker for CSCs (49). The authors showed that both CD133 and CD87 are expressed in the SBC-7 cell line as inadequate markers of CSCs and might be beneficial for predicting chemotherapy resistance. Recently, a study confirmed the identification of CSCs and showed that PD-L1+ CSCs are strongly associated with altered T cell phenotypes and, in particular, the frequency of regulatory molecule-expressing T cells in metastatic lymph nodes of NSCLC patients (50). Of note, our current study mainly concerns enhancing the cytotoxicity and did not emphasize CSCs; however, we cannot exclude the contribution of lung cancer associated CSCs. Certainly, future studies utilizing CIK/ALK/PD inhibitors axis in context with the tumor microenvironment of NSCLCs will be of interest. Here, it is also important to mention CheckMate 370, which was discontinued due to severe hepatotoxicity in 2018. In this context, we also performed analysis to determine whether CIK cells can alleviate the hepatoxicity after incubation with ALK inhibitor and PD-1 inhibitor simultaneously. To achieve this, we used the hepatocyte-like cell line CCL-13, which exhibits the liver function of primary human hepatocytes, and found that: (1) after incubation with CIK cells, the cytotoxicity of the simultaneous combination of crizotinib and nivolumab was significantly reduced as detected by LDH assay. (2) The combination of CIK cells with crizotinib and nivolumab significantly decreased the mRNA expression of C-reactive protein (CRP), which is known to associate with reactive oxygen species (ROS). Therefore, it is reasonable to conclude that CIK cells may have mitigated with hepatotoxicity. In broader terms, the limitations of our study are also worth mentioning, such as (A) we did not investigate the combination of DC-CIK and ALK inhibitor with PD-1 inhibitor, which may exert more potent cytotoxic effects than CIK cells as shown in previous studies (43). (B) The data from a few additional cell lines (e.g., with KRAS, EGFR, and p53 mutation status) would be valuable in this analysis. (C) Our findings require in vivo validation. Despite these facts, our data as preclinical model provide an insight about the antitumor immune response by CIK cells in combination with crizotinib and nivolumab.

Based on our results and the existing literature, a few perspectives can be considered for NSCLC, for example, (a) given that response to therapies and improved survival varies significantly in NSCLC subtype, a clear emphasis on precision medicine/therapy should be considered. (b) With the development of second- and third-generation ALK inhibitors, their synergistic effects in preclinical studies, mainly on experimental models associated with NSCLC mutations, may improve their efficacy and resistance problem. (c) As recently proposed, the combinatorial aspect of CIK cell therapy combined with other contemporary anti-cancer therapies in a complementary (rather than competitive) manner may be the key to combat cancer (51), also applies in NSCLC. (d) Identifying a subpopulation of NSCLC patients (with ALK rearrangement) who may benefit from the combination of an ALK inhibitor and PD-1 inhibitor must be stratified according to known risk factors (52) and potential biomarkers (e.g., C-reactive protein levels) (53). In a broader prospective, though different cancers are represented with their unique mutational/epigenomic profiles, they still share few common/overlapping signaling pathways (54) and, therefore, it is important to stratify the uniqueness of each cancer type already in the preclinical models.



Conclusions

CIK cells in combination with crizotinib and nivolumab can enhance the antitumor immune response through FasL activation, leading to increased IFN-γ and granzyme B, but only in NCI-H2228 cells with EML4-ALK rearrangement. Hence, our study suggests that genetic background plays a significant role, and the combination therapies should be optimized by considering underlying factors (genetic background and immune response) on a patient-by-patient basis.
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Aims

This study aimed to observe the efficacy and safety of anlotinib in the treatment of small cell lung cancer (SCLC) in the real world, as first-line maintenance therapy, second-line, and above.



Methods

Clinical data of 109 patients with SCLC treated with anlotinib and hospitalized at The First Affiliated Hospital of Zhengzhou University from June 2018 to June 2020 were retrospectively analyzed. Analysis of short-term efficacy and survival was performed, with p<0.05 being considered statistically significant.



Results

The median progression-free survival (mPFS) of anlotinib monotherapy used as first-line maintenance treatment of SCLC was 6.3 months (11.7 months in the limited phase and 5.8 months in the extensive phase) and median overall survival (mOS) was 16.7 months (not reached in limited phase, 12.6 months in extensive phase). In second-line treatment, anlotinib with chemotherapy prolonged PFS and OS as compared to anlotinib monotherapy (p<0.05). In third-line and above treatment, there was no improvement in mPFS with the chemotherapy combination regimen compared to anlotinib monotherapy (3.6 months vs. 3.8 months, p=0.398), with a trend toward impaired mOS (8.5 months vs. not achieved, p=0.060). Univariate analyses and multivariate analyses revealed that Eastern Cooperative Oncology Group performance status and liver metastases were independent prognostic factors affecting PFS and OS. No new anlotinib-related adverse reactions were identified.



Conclusion

Anlotinib was effective for first-line maintenance and second-line treatment, and the chemotherapy combination regimen was superior to monotherapy when applied as second-line treatment. However, this trend was not observed in third-line and above therapy.





Keywords: small cell lung cancer, anlotinib, maintenance therapy, second-line treatment, third-line treatment



Introduction

In recent years, among all cancers, lung cancer has the highest incidence and mortality rate worldwide (1). Small cell lung cancer (SCLC) is an aggressive neuroendocrine tumor, which accounts for approximately 15% of all lung cancers, and its biological and clinical characteristics are completely different from other types of lung cancers. SCLC is more sensitive to chemotherapy, but it easily develops resistance to chemotherapeutic drugs due to the rapid proliferation rate of the tumor. As a result, most patients experience disease progression soon after first-line treatment, and the efficacy of subsequent treatments is low. While the survival of patients with SCLC has improved over the years (2, 3), more safe and efficacious drugs are still urgently needed.

Anlotinib is a multi-targeted small molecule tyrosine kinase inhibitor (TKI) developed independently in China. In its phase II clinical trial ALTER1202, anlotinib was found to significantly prolong progression-free survival (PFS) and overall survival (OS) in third-line and above treatment of SCLC compared with a placebo. The Chinese treatment guidelines for SCLC have since been revised to reflect this new treatment (4). However, in practice, anlotinib is used not only in third-line and above therapies in the treatment of SCLC, but also in first-line maintenance therapy and second-line treatment. In terms of usage, it is rather common to combine chemotherapy, immunotherapy, or other treatments. However, there are few studies on the application of anlotinib in SCLC at the frontline. Therefore, this study aimed to analyze real-world data on anlotinib to evaluate whether anlotinib could provide additional benefits to SCLC patients as first-line maintenance therapy and second-line treatments, as well as whether combination therapy with chemotherapy or immune checkpoint inhibitors (ICIs) could further improve its efficacy.



Materials and Methods


Clinical Data

Clinical data of patients with SCLC, treated with anlotinib hospitalized at The First Affiliated Hospital of Zhengzhou University from June 2018 to June 2020, were collected. The main inclusion criteria included: (1) pathologically confirmed SCLC; (2) patients with SCLC receiving first-line maintenance therapy with anlotinib or as second- or third-line after progression on prior therapies and subsequent treatments; (3) at least one observable or measurable lesion according to the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines version 1.1. Those cases with no follow-up data after treatment with anlotinib were excluded. Based on the above criteria, 109 patients with SCLC were included. The study workflow is outlined in Figure 1.




Figure 1 | Flow chart.





Treatment Methods

Anlotinib capsules (Chia Tai Tianqing Pharmaceutical Group Co., Ltd., Approval No.: National Drug Code H20180002) were prescribed in an 8–12 mg dose and taken orally once a day for 2 weeks with a 1-week break. The dose prescribed depended on the patient’s age, ECOG PS, and body surface area. The dose could be titrated downwards according to the patient’s tolerance post-administration.



Evaluation of Efficacy and Observation Metrics

RECIST version 1.1 was used to evaluate the efficacy of the treatment. Responses were classified as complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). The objective response rate (ORR) was calculated as the proportion of patients achieving CR or PR. The disease control rate (DCR) is the proportion of patients who achieved CR, PR, or SD. PFS is defined as the period from when a patient starts oral anlotinib until disease progression or death from any cause. OS is defined as the time from the start of patients receiving anlotinib until death due to any cause. For subjects who were lost to follow-up prior to death, the time of the last follow-up visit was recorded as the time of death.

The classification of drug-related adverse reactions was evaluated and recorded according to the Common Terminology Criteria for Adverse Events (CTCAE) version 4.03.



Follow-Up Visits

The final follow-up visit was conducted up to December 19, 2020, mainly by telephone and outpatient follow-up appointments. The time to disease progression or death was recorded. For the end of follow-up, cases with a follow-up outcome of “loss to follow-up” were considered as censored cases. There were 15 cases lost to follow-up in this study, with a 13.8% loss to follow-up rate and a median follow-up time of 16.7 months (95% CI: 10.3 months to 23.1 months).



Statistical Methods

SPSS version 18.0 was used for statistical analysis. The chi-square test was used for rate comparison, the Kaplan–Meier method was used for survival analysis, log-rank test was used to compare survival time between different groups, and the Cox regression method was used for multivariate analysis. A p-value of <0.05 was considered statistically significant.




Results


Basic Patient Information

Clinical data were collected from 109 patients with SCLC treated with anlotinib. Information on age, sex, smoking history, ECOG PS, clinical staging, metastatic site, combination therapy with anlotinib, therapeutic drugs before and after anlotinib administration, and whether radiotherapy was done was collected. Detailed information is shown in Table 1.


Table 1 | Patient characteristics at baseline (n=109 cases).





Short-Term Efficacy

Treatment efficacy was evaluated for all 109 patients enrolled in this study. A total of 35 patients received anlotinib monotherapy as first-line maintenance. A total of 39 patients received anlotinib as second-line treatment with an overall ORR of 17.9% and DCR of 76.9%. Sixteen out of 39 patients received anlotinib monotherapy and 23 were treated with other drugs in combination (including chemotherapy, ICIs, and chemotherapy with ICIs). The ORR and DCR of combination therapy (ORR, 26.1%; DCR, 87%) were improved in comparison with monotherapy (ORR, 6.25%; DCR, 62.5%). However, there was no statistically significant difference (χ2 value = 4.273, p=0.119). A total of 35 patients received anlotinib as third- and further-line treatment, with an overall ORR of 17.1% and an overall DCR of 85.7%. Twelve of the patients received anlotinib monotherapy, and 23 patients were treated in combination with other treatments (including chemotherapy, ICIs, and local treatment). The ORR and DCR of the combination therapy (ORR, 21.7%; DCR, 87%) were not statistically significant (χ2 value = 1.010, p=0.750), as detailed in Table 2.


Table 2 | Observation of short-term efficacy.





Survival Analysis

At the end of follow-up, 78 (71.6%) patients reached disease progression on anlotinib at their last follow-up, with an overall median PFS (mPFS) of 6.3 months. Forty-three patients reached the endpoint of death at their last follow-up, accounting for 39.4% of the total. The overall median OS (mOS) was 10.3 months.

Thirty-five patients with SCLC receiving anlotinib as first-line maintenance therapy (17 patients in the limited phase and 18 patients in the extensive phase) had an mPFS of 6.3 months (11.7 months in the limited phase and 5.8 months in the extensive phase) and an mOS of 16.7 months (not reached in the limited phase and 12.6 months in the extensive phase), as shown in Figures 2A, B and Supplemental Figure 1A, B.




Figure 2 | (A) Kaplan–Meier plot of PFS among different treatment lines; (B) Kaplan–Meier plot of OS among different treatment lines.



The mPFS was 7.9 months for second-line treatment with anlotinib and 3.6 months for third-line and above therapy, as shown in Table 3 and Figure 2A. In second-line treatment, mPFS was 5.7 months for the anlotinib monotherapy group (Group A) and 16.5 months for the anlotinib-chemotherapy combination group (Group A+C), with statistically significant difference (χ2 = 4.208, p=0.04). In third-line and above therapy, mPFS for Group A and Group A+C were 3.8 months and 3.6 months, respectively, with no statistically significant difference (χ2 = 0.138, p=0.711), as shown in Figures 3A, C.


Table 3 | Univariate survival analysis.






Figure 3 | (A) Progression-free survival stratified by treatment regimen in second-line therapy; (B) Overall survival stratified by treatment regimen in second-line therapy; (C) Progression-free survival stratified by treatment regimen in third- and further-line therapy; (D) Overall survival stratified by treatment regimen in third- and further-line therapy.



The mOS of anlotinib, when administered in second-line treatment, was better than that of third-line and above therapy (p=0.037), as shown in Table 3 and Figure 2B. In second-line treatment, mOS was not achieved in both the monotherapy and combination groups. The mOS was better in Group A+C than in Group A (χ2 = 4.214, p=0.040). In third-line and above therapy, mOS was not achieved in Group A, and was 8.5 months in Group A+C (χ2 = 3.027, p=0.082), as shown in Figures 3B–D.

Sixteen patients who had received other anti-angiogenic treatments (including endostatin, bevacizumab, and apatinib) showed some difference in mPFS from those who had not received anti-angiogenic treatment (3.8 months vs. 6.3 months, p=0.052), as shown in Table 3. Considering that only one patient had received anti-angiogenic treatment (apatinib) with first-line therapy, we excluded the 35 patients in the first-line maintenance portion when evaluating the effect of anti-angiogenic agents on the efficacy of anlotinib. The PFS was 5.6 months for other patients who had previously used anti-angiogenic therapy compared to 6.3 months for those who had not, with no statistically significant difference (χ2 = 1.936, p=0.164). There was also no statistically significant difference in mOS (χ2 = 2.215, p=0.137), as shown in Supplemental Figures 2A, B. Eighteen patients were treated by ICIs previously or concomitantly with anlotinib. However, there were no significant differences in PFS (χ2 = 1.659, p=0.198) and OS (χ2 = 2.373, p=0.123) according to ICI treatment, as shown in Table 3 and Supplemental Figures 2C, D. Patients with liver metastases and an ECOG PS score ≥2 had worse PFS and OS than the corresponding control group (p<0.001), as shown in Table 3 and Figure 4. Cox regression analysis indicated that patients with ECOG PS ≥2 or liver metastases had a shorter PFS and OS (p<0.001), as shown in Table 4.




Figure 4 | (A) Progression-free survival stratified by ECOG PS; (B) Overall survival stratified by ECOG PS; (C) Progression-free survival stratified by liver metastases; (D) Overall survival stratified by liver metastases.




Table 4 | Cox regression analysis of PFS and OS.





Evaluation of Drug Safety

Incidences of adverse reactions, such as fatigue, hand and feet reactions, hypertension, elevated ALT/AST, loss of appetite, and proteinuria, during the use of anlotinib were greater than 20%, regardless of severity grade. The incidence of grade 3 and above adverse reactions was 20.2%, and a total of four patients discontinued anlotinib due to intolerable adverse reactions (hemoptysis, elevated ALT/AST, severe thrombocytopenia, and joint pain), as shown in Table 5.


Table 5 | Incidence of adverse reactions.






Discussion

Angiogenesis is a key component of tumor proliferation and metastasis (5). It was found that vascular endothelial growth factor (VEGF) levels were significantly higher in patients with SCLC than in the healthy population (6), suggesting that anti-angiogenic therapy may be effective in SCLC.

Anlotinib is a small molecule anti-angiogenic drug developed independently in China that inhibits tumor neovascularization by regulating VEGF, fibroblast growth factor, and platelet-derived growth factor receptors. It inhibits tumor growth by inhibiting c-Kit, a target related to tumor proliferation, invasion, and migration. Anlotinib has shown good efficacy and safety in lung cancer, soft tissue sarcoma, kidney cancer, and other cancer types (7–9). In the field of SCLC, the ALTER1202 study comparing the efficacy and safety of anlotinib against placebo for third-line and above treatment of SCLC showed that the anlotinib group had significantly better PFS and OS than the placebo group with a favorable safety profile (4, 10).

Maintenance therapy for SCLC is not as well reported. Trials on bevacizumab as first-line and first-line maintenance therapy for SCLC have been conducted; however, bevacizumab only improved PFS and did not prolong OS (11, 12). Sunitinib, a multi-targeted small molecule TKI, prolonged PFS (mPFS 3.7 months vs. 2.1 months, p=0.02), but was poorly tolerated and did not exhibit a significant difference in OS (9.0 months vs. 6.9 months, p=0.16) when compared to placebo as maintenance therapy after first-line chemotherapy for extensive stage SCLC (13). Studies have also attempted the use of a single chemotherapeutic agent as a first-line maintenance regimen for treatment, but the choice of irinotecan, topotecan, or etoposide did not significantly improve OS (14–16). In this study, 35 patients receiving anlotinib as first-line maintenance therapy were enrolled and all were treated with etoposide in combination with platinum as first-line chemotherapy. The mPFS for maintenance therapy with anlotinib in extensive stage SCLC was 5.8 months, and the mOS exceeded 1 year at 12.6 months.

Second-line treatment options are relatively limited for SCLC. Topotecan monotherapy is the standard second-line treatment regimen of SCLC (17). The PFS of relapsed SCLC treated with amrubicin or EP regimen rechallenge were 3.5 and 4.7 months respectively, which were better than that of the topotecan control groups (2.2 and 2.7 months respectively) (18, 19). ICIs such as nivolumab did not improve survival when compared with chemotherapy in relapsed SCLC (20, 21). In this study, the mPFS for second-line treatment with an anlotinib-containing regimen was 7.9 months. The PFS and OS of anlotinib-chemotherapy combination were significantly prolonged compared with anlotinib monotherapy. In third-line and above treatment, there was no benefit to PFS and even an impaired OS for the anlotinib-chemotherapy combination as compared to anlotinib monotherapy. Anlotinib-containing regimens may be an alternative for relapsed SCLC. However, the benefit of chemotherapy combination was greater in the second-line application of anlotinib, not in third-line and above applications. Therefore, it appears that different regimen designs should be chosen at different treatment times.

In a univariate analysis, liver metastasis and ECOG PS score were found to be prognostic factors for PFS and OS, which was consistent with previous studies (22). We also found that prior anti-angiogenic therapy did not affect the efficacy of anlotinib. Unfortunately, no synergistic effect of ICIs on anlotinib was observed in the study.

The incidence of common adverse effects and adverse reactions to anlotinib in this study were similar to those reported previously (4), suggesting that although anlotinib was often combined with other therapeutic agents in actual clinical application, there was no significant increase in the incidence of anlotinib-related adverse reactions.

In summary, we found further evidence for the use of anlotinib in first-line maintenance and second-line therapy, providing a new option for relapsed SCLC. In addition, we found that anlotinib had added benefit in combination with chemotherapy in second-line therapy; this was not observed in third-line therapy. This suggests that the formulation of individualized treatment plans will be of great help in improving the efficacy of SCLC treatment. However, the results should be validated by a randomized controlled prospective study.
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Purpose: Immune checkpoint and antiangiogenic inhibitors have a potentially synergistic antitumor effect. We aimed to assess the efficacy and safety of immunotherapy in combination with antiangiogenesis therapy with or without chemotherapy in patients with advanced non-small-cell lung cancer (NSCLC).
Methods: PubMed, Embase, the Cochrane library, Google Scholar, Ovid, Scopus, and Web of Science were searched for eligible trials. ClinicalTrials.gov and meeting abstracts were also searched for qualified clinical studies. The inclusion criteria were as follows: prospective studies (including single-arm studies) that evaluated efficacy and/or toxicity of immunotherapy combined with antiangiogenic agents (A + I) with or without chemotherapy (A + I + chemo) in patients with advanced or metastatic NSCLC; and primary outcome of each study reported at least one of these endpoints: progression-free survival (PFS), overall survival, objective response rate (ORR), disease control rate (DCR), or adverse events (AEs).
Results: Twenty three prospective studies comprising 1,856 patients with advanced NSCLC were included. The pooled ORR, median PFS and estimated overall survival were 39%, 6.8 months [95% confidence interval (CI), 5.53–8.13], and 18.6 months in the overall group. Similar ORR and median PFS with A + I + chemo versus A + I were observed in patients treated in first-line setting [59% and 9.47 months (95% CI, 6.45–12.49) versus 52% and 10.9 months (95% CI, 1.81–19.98), respectively]. We also observed improved ORR and mPFS with A + I + chemo versus A + I in subsequent-line setting [56% and 8.1 months (95% CI, 5.00–11.26) versus 22% and 5.1 months (95% CI, 4.01–6.15), respectively]. Efficacy of A + I + chemo therapy was evident across different PD-L1 subgroups, especially in patients with EGFR mutations [ORR: 59%; mPFS: 8.13 months (95% CI: 5.00–11.26)] or baseline liver metastases. The incidence of AEs with a major grade of ≥3 in the overall, A + I, and A + I + chemo groups were 4.1% vs. 5.5% vs. 3.4% for proteinuria, 13.7% vs. 16.2% vs. 9.7% for hypertension, and 1.9% vs. 1.2% vs. 2.8% for rash, respectively. No new safety signals were identified in this pooled analysis.
Conclusion: Immunotherapy combined with antiangiogenic agents with or without chemotherapy showed encouraging antitumor activity and an acceptable toxicity profile in treatment-naïve or pretreated patients with advanced NSCLC. Doublet treatment with immunotherapy and antiangiogenic agents might be a new option for patients with advanced NSCLC, especially those who are treatment-naive or cannot tolerate chemotherapy.
Keywords: non-small cell lung cancer, immunotherapy, angiogenesis inhibitors, combination therapy, chemotherapy
INTRODUCTION
Lung cancer is the leading cause of cancer-related deaths worldwide. Non-small-cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer cases. It is often diagnosed at a late stage and has a poor prognosis (Siegel et al., 2022). The emergence of immunotherapy has dramatically changed the treatment landscape for patients with NSCLC. Programmed cell death protein-1 (PD-1) or its ligand 1 (PD-L1) immune checkpoint inhibitors (ICIs) have been in the forefront of this breakthrough. Data from the KEYNOTE-024 study showed a five-year overall survival (OS) of 32% for patients with PD-L1 tumor proportion score (TPS) of ≥50% who were treated with pembrolizumab, which was twice the value observed in the platinum-based chemotherapy alone group (16%) (Reck et al., 2019a). Currently, a variety of PD-1/PD-L1 ICIs are approved for the treatment of advanced NSCLC. A hallmark of drugs with the PD-1/PD-L1 axis is the induction of deep and durable antitumor responses that can translate into a survival benefit in patients with a variety of tumor histologies (Tumeh et al., 2014; Garon et al., 2015; Overman et al., 2018). However, long-term responses are restricted to a minority of patients from single-agent anti-PD-1/PD-L1 therapy (Rittmeyer et al., 2017; Garon et al., 2019; Mok et al., 2019), highlighting an unmet need to develop novel combination strategies.
In recent years, researchers have been focusing on the use of immunotherapy as a basic therapy in combination with other treatment strategies, including radiotherapy, chemotherapy, and targeted drugs, which are thought to enhance tumor-associated immunogenicity by inducing tumor cell death and the release of new antigens (Pilotto et al., 2015; Tan et al., 2016). Antiangiogenesis therapy is another promising strategy that mainly blocks the vascular endothelial growth factor (VEGF)/VEGF receptor (VEGFR) signaling pathway, which is involved in the process of tumorigenesis, development, and metastasis, as well as the regulation of tumor microenvironment (Dvorak, 2015). Tumor neo-angiogenesis and immune-escape are interconnected processes (Pivarcsi et al., 2007). The irregular tumor blood vessels enable immune evasion and decrease anti-cancer therapy efficacy by limiting the transportation of oxygen and cytotoxic T cells from the bloodstream to the tumor environment (Siemann, 2011). As consequence, the resulting hypoxia induces the upregulation of immune checkpoints, as well as the infiltration of immunosuppressive components, such as regulatory T cells and myeloid-derived suppressor cells within the tumor microenvironment (Fares et al., 2019). Antiangiogenic therapies have been found to increase cytotoxic T cell trafficking into tumors, reduce immunosuppressive components, and inhibit Treg proliferation (Terme et al., 2013). In addition, activated immunity by immune checkpoint blockade also facilitates antiangiogenesis by downregulating the expression of VEGF and alleviating hypoxic conditions (Guo and Cui, 2020). Therefore, ICIs and antiangiogenesis therapy could hypothetically have synergistic or additive effects.
Different studies have investigated the combinations of ICIs and antiangiogenic inhibitors, including both monoclonal antibodies (mAbs) targeting VEGF/VEGFR, such as bevacizumab and ramucirumab, and small molecule tyrosine kinase inhibitors (TKIs) (Gadgeel et al., 2018; Reck et al., 2019b; Herbst et al., 2019; Zhou et al., 2019; Bang et al., 2020; Herbst et al., 2020; Lee et al., 2020; Nishio et al., 2020; Seto et al., 2020; Taylor et al., 2020; Zhou et al., 2020; Han et al., 2021a; Ardeshir-Larijani et al., 2021; Han et al., 2021b; Chu et al., 2021; Gao et al., 2021; Leal et al., 2021; Neal et al., 2021; Yang et al., 2021; Gao et al., 2022; Lee et al., 2022; Lu et al., 2022; Ren et al., 2022). However, the reported studies to date are mostly single-arm or retrospective studies with limited patient enrollment and heterogeneous results. Here, we conducted a pooled analysis to evaluate the clinical efficacy and safety of immunotherapy in combination with antiangiogenesis therapy with or without chemotherapy in patients with advanced NSCLC, aiming to generate a more comprehensive understanding and subsequently guide the application of this new combination therapy in clinical practice.
METHODS
Search strategy
The present systematic review and meta-analysis were conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines. The PICOS (Population, Intervention, Comparison, Outcomes and Study design) system was used to describe the key items for framing the objective and methodology of this review. A comprehensive search of online databases, including PubMed, Embase, the Cochrane library, Google Scholar, Ovid, Scopus, and Web of Science, was performed. ClinicalTrials.gov was also searched for qualified clinical studies. Key search terms included “non-small cell lung cancer,” “immunotherapy,” and “anti-angiogenic inhibitor”. Manual updates for abstracts presented before the 2022 meetings, such as the American Society of Clinical Oncology, European Society for Medical Oncology, World Conference of Lung Cancer, and American Association for Cancer Research, were also performed. Reference lists for the enrolled studies were manually scanned to ensure that all relevant literature was retrieved. The final literature search was performed on 31 May 2022.
Literature selection criteria
All eligible studies were included in the pooled analysis if they met the following inclusion criteria: 1) prospective studies (including single-arm studies) that evaluated efficacy and/or toxicity of immunotherapy combined with antiangiogenesis therapy with or without chemotherapy in patients with advanced or metastatic NSCLC; 2) the primary outcome of each study reported at least one of these endpoints: progression-free survival (PFS), OS, objective response rate (ORR), disease control rate (DCR), or adverse events (AEs) based on the Common Terminology Criteria for Adverse Events version 3.0 or 4.0; 3) the study report was written in English; and 4) the number of cases in the study was ≥10.
Data obtained from retrospective studies and non-original studies including meta-analysis, commentaries, editorials, and reviews were excluded from our study. Also, unpublished data and presentations that did not provide accurate and clear data on research variables were excluded.
Data extraction and synthesis
After completing the literature search according to the inclusion criteria, two team members checked the authorship, institutions, and abstracts to exclude duplicate papers. Then, two team members independently extracted data from all eligible studies, including first author information and the publication year; baseline study information, including patient characteristics and therapy methods; median PFS (mPFS) and median OS (mOS); ORR and DCR; and AEs.
Sensitivity analysis and publication bias
Sensitivity analyses were performed for the ORR results based on the leave-one-out approach. The potential for publication bias in the reported ORR values was assessed using funnel plots and Egger’s test, with the appropriate accuracy intervals. In addition, we undertook the nonparametric trim and fill method, which conservatively imputes hypothetical negative unpublished studies to mirror the positive studies that cause funnel plot asymmetry.
Statistical methods
Statistical analyses were performed using the Stata 16.0 software (StataCorp LLC, College Station, TX, United States). The data for the main outcomes of each study were pooled and included the ORR, DCR, mPFS, mOS, and AE incidence rate. Subgroup analyses were performed on studies that reported the treatment line and treatment methods. Statistical heterogeneity among the studies was detected using the I2 statistic. A random-effects model (DerSimonian-Laird method) was used if the probability (p) value was ≤0.05 or I2 was >50%, indicating significant heterogeneity. Otherwise, a fixed-effects model (inverse-variance method) was used. A meta-regression was performed to evaluate the effect of age, sample size, sex, Eastern Cooperative Oncology Group (ECOG) performance score, smoking history, and tumor histology being adjusted on the pooled adjusted ORR.
RESULTS
Study population
The full texts of 30 published studies and meeting abstracts were reviewed. A PRISMA flow diagram of the literature search process is shown in Figure 1. A total of 23 studies involving 1,856 patients with advanced NSCLC met the inclusion criteria. The included studies comprised three prospective cohort studies, five single-arm prospective studies, and four randomized controlled trials (RCTs) (Table 1). Baseline characteristics of patients from included studies were described in Supplementary Table S7. The pooled analysis assigned patients into two groups according to the therapeutic regimen: antiangiogenic agents combined with ICIs with chemotherapy (A + I + chemo) treatment in six studies with 888 patients; and antiangiogenic agents combined with ICIs without chemotherapy (A + I) treatment in seventeen studies with 968 patients. Patients in the A + I + chemo and A + I groups were further subgrouped according to the treatment line, type of antiangiogenic agents (mAbs or TKIs), ICI type (PD-1 or PD-L1), and EGFR mutation status.
[image: Figure 1]FIGURE 1 | Literature search and selection process flow diagram.
TABLE 1 | Study characteristics.
[image: Table 1]ORR, DCR, and DOR
The pooled overall ORR for A + I ± chemo from 23 studies was 39.0% [95% confidence interval (CI), 36.0–55.0], with 53.0% (95% CI, 47.8–64.7) in the A + I + chemo group and 34.0% (95% CI, 28.0–52.0) in the A + I group (Figure 2). The pooled DCR was 83.0% overall, 89.0% in the A + I + chemo group, and 81.0% in the A + I group. The subgroup analysis revealed a significant difference in the ORR of patients receiving A + I treatment in first-line settings vs. subsequent-line setting, and the values were 52.0% and 22.0%, respectively. No significant difference in ORR was observed in other A + I subgroups stratified according to type of antiangiogenic agents (mAbs 31% vs. TKIs 35%), ICI type (Anti-PD-1 37% vs. Anti-PD-L1 28%), and EGFR mutation status (EGFR+ 32% vs. EGFR− 34%). The detailed results are summarized in Table 2; Supplementary Table S1.
[image: Figure 2]FIGURE 2 | The pooled objective response rate (ORR) in the overall group stratified by treatment regimen. A + I + chemo group: antiangiogenic agents combined with ICIs with chemotherapy; A + I group: antiangiogenic agents combined with ICIs.
TABLE 2 | Objective response rate (ORR) for combined immunotherapy and antiangiogenesis therapy with or without chemotherapy.
[image: Table 2]Of the 23 studies analyzed, three subsequent-line and one first-line studies in the A + I group involving 183 patient reported subgroup efficacy analysis of ORR according to the PD-L1 expression level in tumors, which resulted in a pooled ORR of 47% for the PD-L1-positive tumor and 28% for the PD-L1-negative tumor.
Eight studies recorded the DOR data, with the 95% CI upper limit unreached in three of them, so that the pooled median DOR was calculated using a weighted average of the single-study medians. Median DOR estimates computed using Ûj (Û1, Û2, Û3, Û4, Û5) were obtained in five eligible studies, with group sizes calculated utilizing Nj (N1, N2, N3, N4, N5). These were summed to yield Nall. The pooled median DOR was then estimated as the group-size weighted average as follows: Ûall = (1/Nall) ∑ Nj × Ûj (Sun et al., 2020). The last estimated pooled DOR was 11.4 months.
Survival
PFS and OS
The pooled survival data are summarized in Table 3. The pooled mPFS was 6.83 months (95% CI, 5.53–8.13) overall, 8.78 months (95% CI, 6.63–10.93) with A + I + chemo treatment and 5.89 months (95% CI, 4.58–7.19) with A + I treatment (Figure 3). In the A + I treatment, the mPFS was 10.9 months (95% CI, 1.81–19.98) in the first-line subgroup and 5.08 months (95% CI, 4.01–6.15) in the subsequent-line subgroup. Subgroup analysis of A + I treatment showed a mPFS of 5.90 (95% CI, 5.00–6.79) months compared to 7.07 months (95% CI, 3.41–10.72) in the Anti-PD-1 and Anti-PD-L1 inhibitor subgroups, respectively, and 5.95 months (95% CI, 5.11–6.80) compared to 7.51 months (95% CI, 3.41–11.88), in the TKI and mAbs subgroups, respectively. In the A + I + chemo group, no significant difference in mPFS was observed in subgroups stratified according to ICI types (Anti-PD-1 14.57 months vs. Anti-PD-1 12.89 months), and treatment line (first-line 9.47 months vs. subsequent-line 8.13 months).
TABLE 3 | Median progression-free survival (mPFS) for combined immunotherapy and antiangiogenesis therapy with or without chemotherapy.
[image: Table 3][image: Figure 3]FIGURE 3 | Pooled median progression-free survival (mPFS) stratified by treatment regimen. A + I + chemo group: antiangiogenic agents combined with ICIs with chemotherapy; A + I group: antiangiogenic agents combined with ICIs.
Two studies in the A + I + chemo group involving 286 patients reported mPFS according to the PD-L1 expression level in tumors. Compared to the bevacizumab plus chemotherapy arm, mPFS values in the A + I + chemo arm were 10.14 vs. 7.56, 8.58 vs. 7.24, and 10.95 vs. 6.85 months in patients with PD-L1 expression levels of <1%, 1%–49%, and >50% and hazard ratios (HRs) of 0.66 (95% CI, 0.45–0.88), 0.58 (95% CI, 0.43–0.73), and 0.45 (95% CI, 0.30–0.60), respectively. The mPFS for EGFR mutation positive patients treated with A + I + chemo was 8.13 months (95% CI, 5–11.26). The mPFS for EGFR mutation negative patients with A + I + chemo versus A + I was 9.47 months (95% CI, 6.45–12.49) versus 6.0 months (95% CI, 5.34–6.66).
In addition, there were two RCTs in the A + I + chemo group that reported a subgroup analysis with respect to PFS in patients with liver metastases at baseline, which resulted in a pooled HR of 0.43 (95% CI, 0.26–0.60). Ten studies reported the OS data, but the 95% CI upper limit was not reached in four of these studies. Thus, the pooled mOS was also calculated using a weighted average of the single-study medians. The last estimated pooled mOS was 18.6 months. Stratification analysis showed that the mOS values were 21.9 and 14.8 months in the A + I + chemo and A + I subgroups, respectively (Supplementary Table S2).
PFS and OS rates
The overall pooled six- and 12-month PFS rates were 64.8% (95% CI, 49.4–80.1) and 45.5% (95% CI, 35.9–55.1), respectively, with 66.9% and 45.8% in the A + I + chemo group and 64.2% and 45.6% in the A + I group, respectively. Five studies documented the 12-month OS rate, and four reported the 18-month OS rate. The overall pooled 12- and 18-month OS rates were 65.4% and 51.0%, respectively, with 74.2% and 54.4% in the A + I + chemo group and 60.9% and 49.7% in the A + I group, respectively. The detailed results are summarized in Supplementary Tables S3, S4.
Safety
Non-hematological AEs
The most common AEs documented in the enrolled studies were proteinuria, hypertension, and rash (Table 4). The pooled frequencies for proteinuria of any grade and of grade ≥ 3 were 38.2% and 4.1%, respectively, with 53.0% and 5.5% in the A + I group and 18.1% and 3.4% in the A + I + chemo group. The pooled frequencies for hypertension of any grade and of grade ≥ 3 were 35.3% and 13.7%, respectively, with 40.0% and 16.2% in the A + I group and 21.1% and 9.7% in the A + I + chemo group. The pooled frequencies for rash of any grade and of grade ≥ 3 were 25.4% and 1.9% overall, 27.9% and 1.2% in the A + I group, and 21.2% and 2.8% in the A + I + chemo group.
TABLE 4 | Adverse events.
[image: Table 4]Several other toxicities, including peripheral neuropathy, decreased appetite, and constipation, were also reported. Both peripheral neuropathy and constipation were observed only in the A + I + chemo group, while the incidence values for any grade and grade ≥ 3 were 30.1% and 1.5%, respectively, for peripheral neuropathy, and 23.6% and 1.1%, respectively, for constipation. The A + I group had a higher rate for decreased appetite of any grade than the A + I + chemo group (34.1% vs. 25.6%). The incidence of a decreased appetite of grade ≥ 3 was only recorded in the A + I + chemo group, with a value of 2.7%. An increase in aspartate aminotransferase (AST) was also reported. However, the increase in the incidence for AST of any grade was higher by almost 30% among patients in the A + I group than among those in the A + I + chemo group. There was no significant difference in the incidence for AST of grade ≥ 3 observed between the two subgroups.
Hematological AEs
Hematological toxicity of grade 3 or higher more commonly occurred in the A + I + chemo group than in the A + I group, including anemia, decreased neutrophil count, decreased white blood cell count, and decreased platelet count. The pooled rates for the above-mentioned hematological AEs of grade ≥ 3 were 5.8% vs. 0, 8.7% vs. 2.1%, 7.4% vs. 1.1%, and 5.4% vs. 1.0% in the A + I + chemo and A + I groups, respectively.
Sensitivity analysis, publication bias, and meta-regression
Sensitivity analyses for the ORR using the leave-one-out approach did not alter the results (Figure 4A). Funnel plots with ORR as the outcome were used to access potential publication bias (Figure 4B). The funnel plots seemed asymmetrical, however, the p value of Egger’s test is 0.196, indicating no publication bias among included studies. The adjusted effect yielded by the trim and fill method was the same to the original effect, suggesting no missing studies. In meta-regression, only the proportion of patients with ECOG score 0 in the study population was found to have a significant effect on the pooled adjusted ORR (95% CI, 0.084 to 0.782; p = 0.014). Further analyses found no significant effect for age, sample size, sex, smoking history, and tumor histology. The regression data is reported in Supplementary Table S6.
[image: Figure 4]FIGURE 4 | Sensitivity analyses (A) and funnel plot (B) of the ORR among the included studies.
DISCUSSION
The combination of immunotherapy and antiangiogenic therapy has recently emerged as a novel treatment strategy for the treatment of multiple advanced malignant solid tumors, such as hepatic cell carcinoma (bevacizumab plus atezolizumab), renal cell carcinoma (lenvatinib plus pembrolizumab), and NSCLC [atezolizumab, bevacizumab, carboplatin, and paclitaxel (ABCP)] (Choueiri et al., 2018; Makker et al., 2019; Nishio et al., 2020; Song et al., 2020). Although several large scale prospective RCTs have been conducted evaluating the efficacy and safety of combining immunotherapy, antiangiogenic therapy, and chemotherapy for patients with recurrent or metastatic NSCLC (Socinski et al., 2018; Lee et al., 2020), results from most of these trials are still immature. Our pooled analysis based on 23 prospective studies indicates that combining ICIs with antiangiogenic agents with or without chemotherapy can provide a promising and durable clinical benefit, as well as a favorable safety profile. The data has shown similar mPFS and proportion of patients achieving a response in A + I and A + I + chemo subgroups under first-line treatment setting, with lower frequencies of grade 3–4 AEs observed in the A + I group than in the A + I + chemo group. Moreover, in subsequent-line setting, A + I + chemo treatment showed superior ORR and mPFS over A + I treatment. Although more data from phase III clinical trials are needed to confirm these findings, this meta-analysis attempted to address several controversial issues.
The first question is whether A + I + chemo combination strategy can become the preferred first-line treatment for advanced non-squamous NSCLC. Platinum-based chemotherapy in combination with bevacizumab has been the standard first-line treatment for patients with recurrent or metastatic non-squamous NSCLC (Reck et al., 2016; Mok et al., 2019) until ICI-based therapy became a new first-line treatment option for non-squamous NSCLC without oncogenic driver mutations (Gandhi et al., 2018; Paz-Ares et al., 2018; Socinski et al., 2018). Two phase III RCTs (IMpower150 and TASUKI-52) showed improved PFS with A + I + chemo over A + chemo regardless of PD-L1 expression (Socinski et al., 2018; Lee et al., 2020). Our pooled analysis indicated that the first-line A + I + chemo treatment achieved an ORR, mPFS, and estimated OS of 59%, 9.5 months, and 21.9 months, respectively, in unselected PD-L1 patients. These values are marginally higher to those reported in previous landmark phase III trials that evaluated first-line ICIs as either monotherapy or combination treatment (Supplementary Table S5).
The survival benefits of A + I + chemo combination therapy appeared to be more pronounced in certain population. Previous studies on ICIs have shown minimal therapeutic benefit as a single-agent therapy or in combination with chemotherapy (IMpower130; IMpower132) in patients with baseline liver metastases (West et al., 2019; Nishio et al., 2021). The poor response might be due to tissue-specific immunoregulation and might be reversed by the addition of bevacizumab (Sandler et al., 2006; Facciabene et al., 2011; Tumeh et al., 2017; Pao et al., 2018). The pooled HR for PFS reached 0.43 (95% CI, 0.26–0.60) in patients with liver metastases at baseline from two RCTs (IMpower150; TASUKI-52). In the IMpower150 study, patients with baseline liver metastases had improved OS with ABCP vs. BCP treatment, with an mOS of 13.2 months for ABCP vs. 9.1 months for BCP (HR, 0.67; p < 0.01). In the TASUKI-52 study, a trend of improved PFS values was also noted in patients with liver metastases in the nivolumab arm compared to the placebo arm, with an HR of 0.55 (Lee et al., 2020). ICI monotherapy has also demonstrated limited activity in EGFR-mutated NSCLC and the combination of immunotherapy and targeted agents has raised safety concerns. The data from the IMpower150 study suggested an improvement in PFS and OS with the ABCP regimen in EGFR-TKI-resistant NSCLC patients compared to the BCP regimen. Recently, the interim analysis of a phase III ORIENT-31 study demonstrated a significant improvement in mPFS (6.9 vs. 4.3 months) and ORR (44% vs. 25%) with the combination of sintilimab, bevacizumab, pemetrexed and cisplatin compared to pemetrexed plus cisplatin in EGFR-TKI-resistant patients, which further confirms the role of antiangiogenic agents with ICI combined with chemotherapy in EGFR-TKI-resistant patients (Lu et al., 2022). A final OS analysis is eagerly awaited to confirm whether the PFS improvement can translate into a long-term survival benefit. Moreover, a favorable mPFS of 8.1 months (95% CI, 5.00–11.26) was observed in EGFR-mutated patients treated with A + I + chemo therapy from our study.
In summary, based on our meta-analysis, we recommended a combination of ICIs, antiangiogenic agents, and chemotherapy as the preferred first-line treatment for a selected group of patients with limited proven treatment options, such as patients with negative or low PD-L1 expression, liver metastases at baseline, or those with positive EGFR mutations who have failed prior targeted therapy.
The second issue to be addressed was the question of whether the chemo-free strategy of combined ICIs and antiangiogenic agents could be brought into the frontline setting for advanced NSCLC patients, especially for those who cannot tolerate or refuse chemotherapy. Patients treated with first-line A + I therapy alone in our pooled analysis showed an ORR (52% vs. 59%), DCR (85% vs. 89%), and mPFS (10.9 vs. 9.47 months) comparable to those administered first-line A + I + chemo therapy, which were also not inferior to the results of many phase III trials evaluating ICI plus chemotherapy, and even better than historical results for ICI monotherapy (Reck et al., 2016; Paz-Ares et al., 2018; Mok et al., 2019; West et al., 2019; Garassino et al., 2020; Jotte et al., 2020; Nishio et al., 2021). Similarly, a recent real-world study of 69 advanced PD-L1 unselected NSCLC patients showed that first-line A + I therapy resulted in an ORR of 59% (95% CI, 32.7–84.9) and a mPFS of 13.1 months (95% CI, 9.0–17.2) (Qiu et al., 2020). These findings suggest that the chemo-free A + I therapy may provide a new treatment option for advanced NSCLC patients. However, a recently reported phase III LEAP-007 study showed no OS benefit with first-line pembrolizumab plus lenvatinib compared with pembrolizumab alone in patients with PD-L1-positive NSCLC (Yang et al.,2021). Notably, much higher grade 3–5 treatment-related AEs (58% vs. 24%) were reported in the combination group than in the pembrolizumab alone group. Several large-scale prospective RCTs investigating the combination of antiangiogenic agents and immunotherapies in NSCLC are also underway to validate whether or not the chemo-free A + I regimens can be as effective as immunochemotherapy (NCT03976375, NCT04239443, NCT03829332, NCT03516981, NCT02681549).
ICI monotherapy is the current second-line standard treatment if the patients do not receive immunotherapy in the first-line setting. In fact, even as a subsequent-line treatment, A + I therapy seems to confer a certain synergistic effect. Our pooled analysis showed that the A + I in subsequent-line treatment demonstrated an improved one-year OS rate of 58% in patients with unselected histology, which was superior to the pooled results of the CheckMate 017 and 057 studies, with an estimated one-year OS rate of 48% in patients with nivolumab as a subsequent-line treatment (Vokes et al., 2018). Additionally, our analysis showed that subsequent-line A + I treatment resulted in an ORR, PFS, and OS of 22%, 5.1 months and 15.6 months, respectively, which were not inferior to previous RCT studies using ICIs alone in chemotherapy-pretreated and immunotherapy-naïve NSCLC patients (ORRs: 13%–20%, PFSs: 2.3–7.8 months, and OSs: 9.2–13.8 months) (Fehrenbacher et al., 2016; Herbst et al., 2016; Rittmeyer et al., 2017; Vokes et al., 2018). Therefore, A + I also represented a promising treatment strategy for patients who progressed from prior ICI-naïve therapies. In subsequent-line setting, no significant improvement was found in the mPFS of 5.34 months (95% CI, 4.28–6.41 months) in patients without EGFR mutations, and 3.2 months (95% CI, 0.75–5.65 months) in patients with EGFR mutations. However, the inclusion of only one study in the EGFR-mutated subgroup introduced significant statistical bias. We are looking forward to randomized phase III clinical trials enrolling EGFR-mutated patients to validate the results.
It was also important to identify patients who may benefit the most from A + I ± chemo treatment. However, few studies have identified efficacy predictors of A + I therapy (Hegde et al., 2013; Nishino et al., 2017; Mok et al., 2019). In our pooled analysis, improved ORR (47% vs. 28%) was observed for the PD-L1-positive tumors compared to PD-L1-negative tumors in A + I combination trials. Interestingly, in the first-line A + I + chemo group, stratification analysis using PD-L1 expression showed comparable PFS across all categories of tumor PD-L1 expression levels (<1%, 1%–49%, and >50%; median 10.1, 8.6, and 10.9 months), which were better than those in the control arm (median 7.6, 7.2, and 6.9 months). Based on the above analysis, PD-L1 expression cannot be claimed as the efficacy predictor of A + I + chemo.
Given that severe AEs may deteriorate treatment compliance, the tolerability of A + I ± chemo regimen is also worth investigating. Our pooled analysis indicated that a combination of ICIs and antiangiogenic agents has a better safety profile compared to combination therapy with chemotherapy. The grade ≥ 3 AEs especially the hematological toxicity in the A + I group was relatively lower compared to those caused by chemotherapy ± ICIs as previously reported (Supplementary Table S5). Although a higher incidence of AEs of grade ≥ 3 was observed in patients with the combination treatment compared to the ICI monotherapy, most of the AEs were grade 1/2 and well-tolerated. Furthermore, a significantly higher pooled rate of grade ≥ 3 treatment-related adverse effects (TRAEs) with TKIs was observed than with mAbs in the A + I group (62% vs. 34%), which may be attributed to the multitargeting characteristic of TKIs compared to mAbs (Lin et al., 2018). As discussed above in the LEAP-007 study, the median OS was not improved with pembrolizumab plus lenvatinib vs. pembrolizumab, which may have resulted from treatment compliance deterioration due to the high rate of treatment-related AEs (grade 3–5: 57.9%, grade 5: 5.2%), which were mainly hypertension and proteinuria. Similarly, hypertension and proteinuria were also the most common TRAEs observed in another two TKIs (anlotinib and apatinib) (Zhou et al., 2020; Chu et al., 2021). Therefore, A + I regimen should be applied with caution to minimize or reduce the risk of intolerable AEs that might lead to termination of treatment.
Our pooled analysis has several limitations. First, seven phase III RCTs were included, and the majority of the included studies belonged to the single-arm trial and lacked a comparative control group. Second, the results were pooled from heterogeneous studies with different treatment regimens and populations, thus, resulting in unstable merged findings. Therefore, a well-designed randomized control trial with a large sample number is needed to further verify the efficacy of A + I therapy. Finally, due to the limited data and discrepancies in the results with different endpoints, we did not recognize a superiority or inferiority between mAbs and TKIs given as part of combination therapy with immunotherapy based on stratification analysis of the antiangiogenic agent type. A further investigation is thus needed.
CONCLUSION
To the best of our knowledge, this is the first pooled analysis evaluating the efficacy and safety of A + I therapy in different treatment lines for patients with NSCLC. The preliminary results showed encouraging antitumor activity and an acceptable toxicity profile for ICIs combined with antiangiogenic agents both as first-line or subsequent-line treatment in patients with advanced NSCLC, making it a promising chemotherapy-free option for both treatment-naïve or pretreated patients, especially those who cannot tolerate chemotherapy. Furthermore, A + I + chemo may also be a promising option for patients with EGFR-TKI resistance or baseline liver metastases. Given that higher incidence of grade ≥ 3 TRAEs was observed with TKIs compared to mAbs in our study, it is worth investigating whether mAbs targeting VEGF or VEGFR are better candidates administered as part of a combination therapy. More in-depth research is needed to explore efficient predictive biomarkers for A + I therapy.
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Purpose

To evaluate the outcomes of immune checkpoint inhibitor (ICI)-based treatments versus classical chemotherapy for metastatic non-small cell lung cancer (NSCLC) patients who develop epidermal growth factor receptor tyrosine kinase inhibitor (EGFR-TKI) resistance and to explore the population that may benefit from ICI-based therapy.



Materials and methods

All patients who had previously received EGFR-TKI therapy at two cancer centers in China and developed resistance to targeted therapies were included. Progression-free survival (PFS) and overall survival (OS) were utilized to evaluate the outcomes of the study cohort.



Results

A total of 132 patients were included. The median follow-up time for this cohort was 21.7 months (IQR, 14.8–28.8 months), calculated from the date of EGFR-TKI resistance. The median PFS and OS were 4.9 months (IQR, 2.8–9.2) and 13.5 months (IQR, 6.6–26.5 months), respectively. Multivariate analysis showed that ICI-based therapy could significantly improve OS when compared to the classic chemotherapy (hazard ratio [HR], 0.55; 95% CI, 0.34–0.88; P = 0.01) after adjusting for variables such as gender, age, mutation status, and brain or liver metastasis status. The combined modality of ICI plus chemotherapy could offer a long-term OS benefit in most subgroups, such as young (<65 years) patients, and those without secondary T790M mutations or absence of liver and brain metastases, and the populations with good Eastern Cooperative Oncology Group (ECOG) scores.



Conclusion

For patients presenting with EGFR-TKI resistance, ICI-based therapy could offer a more favorable survival than classical chemotherapy. The combination of ICI with chemotherapy may be the optimal modality for those with good ECOG PS scores.





Keywords: EGFR-TKI resistance, EGFR-sensitive mutations, combined therapy, metastatic NSCLC, immunotherapy



Introduction

Lung cancer is currently the most prevalent malignancy worldwide (1). In recent years, with the introduction of immune checkpoint inhibitors (ICIs), such as programmed cell death-1 (PD-1) and programmed cell death-ligand 1 (PD-L1) antibodies, the outcomes of metastatic non-small cell lung cancer (NSCLC) have greatly improved (2–4). However, the responses to immunotherapy seem to differ according to differences in the inherent immune microenvironment (5, 6). For example, NSCLC patients without epidermal growth factor receptor (EGFR) or anaplastic lymphoma kinase (ALK) genetic aberrations (EGFR−/ALK−) seem to benefit from immunotherapy, while the response to immunotherapy seems to be poor in those who harbor EGFR-sensitive mutations and ALK rearrangements (EGFR+/ALK+) (7).

The tumor immune microenvironment (TME) may undergo changes as the disease progresses (8, 9). For example, one study found that NSCLC patients who developed resistance to first-generation EGFR tyrosine kinase inhibitors (TKIs) but did not have a secondary T790M mutation might benefit from ICI monotherapy due to an increase in PD-L1 expression and tumor mutation burden (10). Despite the benefits achieved, the results of ICI monotherapy after EGFR-TKI resistance were not yet satisfactory (11, 12).

Recently, a phase II study confirmed that ICI plus chemotherapy could be a promising second-line option for NSCLC patients developing EGFR-TKI resistance but without a secondary T790M mutation (13). However, a subgroup analysis of the IMpower150 showed that the combination of chemotherapy, bevacizumab, and ICI could only improve PFS but did not achieve an OS benefit when compared to bevacizumab plus chemotherapy (14). Therefore, we conducted this investigation of ICI-based therapy versus classic chemotherapy for those that developed EGFR-TKI resistance from two cancer centers in China and to explore the optimal treatment modality.



Materials and methods


Study cohort

All metastatic NSCLC patients (n = 110), either squamous or adenocarcinoma, who had previously benefited from EGFR-TKI, including first- and third-generation drugs, and have developed resistance at the Department of Radiation and Medical Oncology, Zhongnan Hospital of Wuhan University, were included in this study. They did not receive chemotherapy before or during treatment with EGFR-TKI. The diagnostic criteria of EGFR-TKI resistance were based on radiological or pathological results. In order to match the number of patients who underwent immunotherapy and chemotherapy alone, we additionally included a subset of patients (n = 22) who underwent immunotherapy after EGFR-TKI resistance occurring at the Department of Hubei Cancer Hospital, between September 2018 and July 2020.

This retrospective study was approved by the Department of Radiation and Medical Oncology, Zhongnan Hospital of Wuhan University ethics committee (2021050K). Waiver of informed consent was approved for the aggregated data.



Treatment

For patients who developed resistance to first-generation EGFR-TKI and had a secondary T790M mutation, the third-generation EGFR-TKI, osimertinib, would be preferred, while patients who were resistant to first-generation EGFR-TKI but do not have secondary T790M mutations, or those who have been resistant to both first- and third-generation EGFR-TKI, would be treated with chemotherapy or chemotherapy combined with ICI. The chemotherapy regimen after EGFR-TKI resistance (first- or third generation) was pemetrexed (500 mg/m2, Q3 weeks) in combination with cisplatin (75 mg/m2, Q3 weeks) or carboplatin (AUC 5), which was changed to pemetrexed (500 mg/m2, Q3 weeks) monotherapy after 4 cycles of doublet chemotherapy (intravenously).

Treatment options for patients receiving ICI-based therapies included ICI monotherapy or a combination of ICI with chemotherapy. ICI monotherapy was administered to patients with PS score >1 or those who were intolerant to chemotherapy. The chemotherapy regimens for combined ICIs were pemetrexed (500 mg/m2, Q3 weeks) plus cisplatin (75 mg/m2, Q3 weeks) or carboplatin (AUC 5). Patients receiving ICI in combination with chemotherapy would enter ICI maintenance therapy after 4 cycles of combined treatments. The details of ICI-based therapy are shown in Supplementary Table S1.



Evaluation of treatment response and outcome

The mutation status of EGFR in all patients was detected by the next-generation sequencing technology (NGS) based on tumor biopsy specimens. Patients with atypical EGFR mutations were defined as those who harbored concomitant mutations or uncommon EGFR mutations. Treatment response was defined according to the Response Evaluation Criteria in Solid Tumors (RECIST) v.1.1. Overall survival (OS) was calculated from the date of immunotherapy or chemotherapy to the date of death from any cause or the date of final follow-up. Progression-free survival (PFS) was defined as the period from the date of immunotherapy or chemotherapy initiation to the date of disease progression or death from any cause or final follow-up.

Patients would undergo a comprehensive review after every two cycles of therapy, including imaging evaluations and laboratory tests, such as blood count, biochemical analyses (coagulation profile, and hepatic and renal function), thyroid function, and tumor marker tests.



Statistical analysis

OS and PFS were evaluated using the Kaplan–Meier method. The log-rank statistic is approximately distributed as a chi-square test statistic with degree of freedom corresponding to the number of comparison groups minus 1. Multivariate Cox proportional hazard analysis was performed to determine the association of different covariates with OS and PFS. All analyses were carried out using SPSS Statistics, version 20.0 (IBM Corp., Armonk, NY). Statistical significance was at P ≤ 0.05. The P values were derived from a two-tailed test.




Results


Patient characteristics in the study cohort

From September 2018 to July 2020, a total of 132 metastatic NSCLC patients who developed EGFR-TKI resistance were included in our study. Their median age was 57 years (interquartile range [IQR], 52–64 years). In terms of treatment modality, 54.5% of patients received ICI-based therapy compared to 45.5% of patients who received chemotherapy alone. Those who received chemotherapy alone were not subsequently treated with ICI because of the accessibility of the medication and their disease. Their median number of treatment cycles was similar, at 6 and 7 cycles, respectively. The ICI-based treatment group showed a longer duration (≥12 months) of EGFR-TKI treatment and a higher proportion of T790M mutations as compared to the chemotherapy group. Their baseline characteristics are presented in Table 1.


Table 1 | Baseline characteristics of the study cohort.





Outcomes

The median follow-up time was 21.7 months (IQR, 14.8–28.8 months) as of 11 October 2021. The median PFS of the study cohort was 4.9 months (IQR, 2.8–9.2 months), and the PFS at 1 year was 19.0% (95% confidence interval [CI], 12.6–26.3) (Supplementary Figure S1A). Univariate analysis showed that ICI-based therapy has a similar PFS in comparison to chemotherapy alone (P = 0.19, Figure 1A). Multivariate analysis demonstrated that having good Eastern Cooperative Oncology Group (ECOG) scores and absence of brain metastases contained a lower risk of progression; however, ICI-based therapy was not significantly linked to progression improvement (HR, 0.75; 95% CI, 0.49–1.13; P = 0.17) (Table 2).




Figure 1 | Comparison of progression-free survival (A) and overall survival (B) for patients who developed EGFR-TKI resistance treated with immunotherapy and chemotherapy alone. EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor.




Table 2 | Multivariable analysis of PFS and OS in patients who received ICI-based therapy and chemotherapy after developing EGFR-TKI resistance.



The median OS was 13.5 months (IQR, 6.6–26.5 months), with 1- and 2-year OS of 55.4% (95% CI, 46.4%–63.6%) and 25.8% (95% CI, 16.9%–35.5%), respectively (Supplementary Figure S1B). ICI-based therapy could show a significant OS advantage over chemotherapy alone, which could achieve a median OS of 17.1 and 12.0 months, respectively (P = 0.02, Figure 1B). Multivariate analysis confirmed that ICI-based therapy was an independent contributor for improving OS (HR, 0.55; 95% CI, 0.34–0.88; P = 0.01). Meanwhile, female, having a good ECOG PS scores, and without brain metastases were also independent predictors for harboring the better OS (Table 2).



The optimal modality for immunotherapy

To determine the optimal mode of ICI-based therapy, we then performed a comparison of different treatment subgroups. We found that for EGFR-TKI-resistant patients, ICI plus chemotherapy resulted in the maximum improvement in OS relative to chemotherapy alone, yielding a corresponding median OS of 19.7 and 12.0 months, respectively (P = 0.02, Figure 2B); however, it only slightly prolonged median PFS from 5.0 to 5.2 months (P = 0.08, Figure 2A).




Figure 2 | Comparison of progression-free survival (A) and overall survival (B) in the ICI combination chemotherapy versus the chemotherapy alone after EGFR-TKI resistance. EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor; ICI, immune checkpoint inhibitor; CT, chemotherapy.



Furthermore, we concluded that patients who were younger (<65 years), have no T790M secondary mutations, or have good ECOG PS scores and those without brain or liver metastases were all the beneficiaries of the ICI-chemotherapy combination modality (Table 3).


Table 3 | Subgroup analysis of the outcome of patients receiving ICI in combination with chemotherapy and chemotherapy alone.





Toxicities

The ICI-based treatment had similar treatment-related toxicities compared to chemotherapy alone, the most common of which included neutropenia, anemia, and fatigue, with incidences of 58.3% (N = 42) versus 61.7% (N = 37), 48.6% (N = 35) versus 65.0% (N = 39), and 19.4% (N = 14) versus 25% (N = 15), respectively.

Grade 3 or higher toxicities occurred mainly in chemotherapy-containing regimens (ICI plus chemotherapy or chemotherapy alone), with neutropenia being the most common at 7.4% (N = 9), followed by thrombocytopenia at 9.1% (N = 11). For those treated with ICI monotherapy, no grade 3 or higher toxicities were observed.

A patient developed G3 dermatitis after receiving two cycles of ICI plus chemotherapy. After discontinuation and symptomatic management, the severity of the dermatitis returned to G1.




Discussion

To date, ICI-based therapy is regarded as a promising second-line option for metastatic NSCLC with EGFR-TKI resistance, but the optimal modality is still under investigation. Our investigation has shown that ICI-based therapy is a superior treatment to conventional chemotherapy, and ICI combined with chemotherapy should be the recommended treatment for those with good ECOG PS scores, without secondary T790M mutations, and without initial brain metastases or liver metastases.

Previous studies have confirmed a lack of response to ICIs in metastatic NSCLC patients with EGFR mutations, and one of the potential mechanisms could be the low expression of PD-L1 or absence of infiltrating T cells in the TME (6, 7, 15). However, as tumors continue to evolve, the TME may change accordingly and, therefore, EGFR-TKI resistance might enhance the response to ICIs (8, 9, 13). As reported from the EGFR+/ALK+ cohort in the ATLANTIC study, the use of durvalumab monotherapy could provide a favorable outcome in EGFR+/ALK+ patients, with a median PFS and OS of 1.9 and 13.3 months, respectively, if PD-L1 expression is greater than 25% (16, 17). In the present study, patients receiving immunotherapy achieved PFS and OS of 4.9 and 17.1 months, respectively, which seemed to be superior to those reported from ATLANTIC, even when PD-L1 expression could not be clarified. In this cohort, more than 90% of ICI modalities were ICI combined with chemotherapy, which would be a possible reason for the better prognosis.

Previous studies have shown that the combination of cytotoxic chemotherapy agents and immunotherapy could increase the possibility of de novo antigen cross-presentation in tumor tissues (18), downregulate the expression of immunosuppressive cells (19), enhance the infiltration of effector T cells (20), and ultimately, improve the response to immunotherapy (4, 21–23). Notably, an important recent single-arm phase II study showed that in EGFR-TKI-resistant NSCLC, the regime of ICI combined with chemotherapy could result in a favorable objective remission rate (ORR, 50%), PFS (7 months), and OS (23.5 months) (13). A retrospective study has also identified the value of ICI combination chemotherapy in metastatic NSCLC after the advent of EGFR-TKI resistance (24). In our study, ICI plus chemotherapy resulted in a PFS of 5.2 months and an OS of 19.7 months, respectively. Our data and the results of that prospective study may suggest that even in EGFR-TKI-resistant populations, the combination of chemotherapy and ICI could provide a good treatment response.

Previous literature has reported that chemotherapy alone could be the best modality when resistance to EGFR-TKI occurred (25). In this study, we compared head-to-head the outcomes of ICI-based therapy and chemotherapy alone and confirmed a significant prognostic advantage of ICI-based therapy, which was mainly reflected in the OS benefit (26, 27).

The lack of sufficient tissue samples for exploratory analysis is a limitation of this study. Therefore, we were only able to test a limited number of specimens for PD-L1 status prior to ICI treatment, and the results showed no significant difference in the proportion of patients with positive expression between the two groups. Therefore, further studies are needed to confirm whether PD-L1 status could predict the superiority of later-line ICI over chemotherapy. In addition, the heterogeneity of the immunotherapy regimens is also a shortcoming of this study. A series of published studies had shown that the ICI regimens in this study had a similar efficacy in NSCLC (23, 28, 29). Therefore, these inconsistent regimens might not significantly affect our outcomes.



Conclusion

ICI-based therapy is a promising option for NSCLC developing EGFR-TKI resistance. For those with good ECOG PS scores, no secondary T790M mutations, and without initial brain metastases or liver metastases, ICI combined with chemotherapy should be the optimal modality.
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Summary table of studies included in the meta-analyss.
0S, overall survival; PFS, progression-free survival; Cl, confidence interval; CT, chemotherapy; Atezo, atezolizumab; Bev, bevacizumab; Nivo, nivolumabs; Ipi, ipiimumab; Pembro, pembrolizumab; Carem, caremizumab; Durva, durvalumab;
Treme, tremelimumab; Tisle, tislezumab; Sinti, sintiimab; NR, not reported.
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059 (0.38-0.92)
061(0.38-0.98)
NR
NR
NR
NR

PFS (95% CI)
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NR
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Ranking probability for the Ranking probability for the

best (0S, %) best (PFS, %)
Atezo + CT 0.71 0.20
Atezo + CT 8.46 11.93
+ Bev
Camre + CT NR 2.71
CcT 0.00 0.00
CT + Bev 3.46 0.46
Durva 0.48 NR
Durva + 12.61 NR
Treme
Nivo + CT 297 1.77
Nivo + CT + NR 72.92
Bev
Nivo + Ipi 22.39 1.44
Nivo + Ipi + 30.09 NR
CT
Pembro+CT 18.81 1.86
Sinti + CT NR 5.26
Tisle + CT NR 1.45

OS, overall survival; PFS, progression-free survival; CT, chemotherapy; Atezo,
atezolizumab; Bev, bevacizumab; Nivo, nivolumab; Ipi, ipilimumab; Pembro,
pembrolizumab; Carem, caremlizumab; Durva, durvalumab; Treme, tremelimumab;
Tisle, tislezumab; Sinti, sintilimab; NR, not reported.

Bold means the the highest ranking probablity.
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All case (n = 58) IMA (n =31) non-IMA (n = 27) P-value

Sex
Male 27 (46.6%) 15 (48.4%) 1(40.7%) 0.408
Female 31 (53.4%) 16 (51.6%) 16 (59.3%)

Age
<65 47 (81.0%) 25 (80.6%) 22 (81.5%) 0.935
>65 1(19.0%) 6(19.4%) 5 (18.5%)

Smoking status
Never 36 (62.1%) 19 (61.3%) 7 (63.0%) 0.896
Ever/current 22 (37.9%) 12 (38.7%) 0(37.0%)

Clinical stage
5] 45 (77.6%) 27 (87.1%) 18 (66.7%) 0.063
\% 13 (22.4) 4(12.9%) 9 (33.3%)

EGFR status
Mutation 15 (25.9%) 5(16.1%) 10 (37.0%) 0.070
Wild 43 (74.1%) 26 (83.9%) 17 (63.0%)

ALK status
Mutation 9 (15.5%) 9(29.0%) 0(0.0%) 0.002*
Wild 49 (82.8%) 22 (71.0%) 27 (100.0%)

PD-L1 expression
+(21%) 16 (27.6%) 3(9.7%) 3 (48.1%) 0.001*
- (<1%) 42 (72.4%) 28 (90.3%) 14 (51.9%)

CD8 expression
+(210%) 33 (56.9%) 11(35.5%) 22 (81.5%) <0.001*
- (<10%) 25 (43.1%) 20 (64.5%) 5 (18.5%)

*P-value < 0.05 in Chi-square test.
In bold: P < 0.05.
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Univariate analysis Multivariate analysis

HR (95% CI) P-value HR (95% CI) P-value
Sex
Male 1.00 0.825 1.00 0.794
Female 1.16 (0.31-4.32) 0.81(0.18-3.79)
Age
<65 1.00 0.444 1.00 0.290
>65 0.44 (0.06-3.55) 0.31 (0.03-2.74)
EGFR status
Wild 1.00 0.586 1.00 0.620
Mutation 0.56 (0.70-4.49) 0.58 (0.07-4.90)
ALK status
Wild 1.00 0.658 1.00 0.646
Mutation 1.37 (0.34-5.48) 1.46 (0.29-7.30)
PD-L1 expression
+(21%) 1.00 0.824 1.00 0.534
- (<1%) 0.79 (0.10-6.33) 0.49 (0.05-4.65)
CD8 expression
+ (>10%) 1.00 0.039* 1.00 0.017*
- (<10%) 4.32 (1.08-17.34) 5.60 (1.35-23.22)

HR, hazard ratio; Cl, confidence interval.
*P-value < 0.05 in Cox proportional hazard model.
In bold: P < 0.05.
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Overall survival

Univariable Analysis Multivariable
Analysis
Characteristic HR (95% CI) P HR (95% CI) P
Age <B65vs 265y 0.99 (0.21- 0.99 NA NA
4.65)
Male vs female 1.53 (0.45- 0.48 NA NA
5.15)
Current or former vs never 3.19 (0.89- 0.07 NA NA
smoker 11.42)
tTMB > 10 vs < 10 3.92 (1.15- 0.02*  4.20 (1.01- 0.04°
13.35) 17.49)

This p value indicates a statistically significant difference. NA, not applicable.
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Characteristic

Progression-Free Survival
Univariable Analysis Multivariable Analysis

HR(95%Cl) P  HR(95%Cl) P

Age <65vs =265y
Male vs female
Current or former vs never

smoker
bTMB>6vs <6

162(077- 020 NA NA
3.44)

167 (086- 012 NA NA
3.28)

131(070- 039 NA NA
2.46)

3.74(185- <0.01° 535239 <0.01°
7.54) 11.97)

aThis p value indicates a statistically significant difference. NA, not applicable.
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Characteristic

Age <B65vs =265y

Male vs female

Current or former vs never

smoker
bTMB>6vs <6

Overall survival

Univariable Analysis Multivariable Analysis

HR(95%Cl) P  HR(95%Cl) P

157 (0.74- 023 NA NA
3.31)

1.60 (0.85-  0.14 NA NA
3.00)

1.46(0.79- 022 NA NA
2.72)

448 (2.14- <0.01° 626@271- <0.01°
9.37) 14.46)

aThis p value indicates a statistically significant difference. NA, not applicable.
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Progression-Free Survival

Univariable Analysis Multivariable
Analysis
Characteristic HR(95%Cl) P HR(@5%Cl) P
Age < 65vs > 65y 094 (1.19- 094 NA NA
4.50)
Male vs female 1.56 (0.46- 0.46 NA NA
5.25)
Current or former vs never 3.57 (0.98- 0.05 NA NA
smoker 12.91)
tTMB > 10 vs < 10 3.87 (1.14- 0.03a  4.20(1.02- 0.04
13.12) 17.20)

AThis p value indicates a statistically significant difference. NA, not applicable.
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Variable Pembrolizumab plus chemotherapy (N = 115) Pembrolizumab (N = 91) P value
Age
Median (range)—year 65 (37-76) 67 (29-87)
<65years—no. (%) 53 (46.1) 32(35.2) 0.465
Sex—no. (%) 0.489
Male 102 (88.7) 80 (87.
Female 13(11.3) 11 (121
Smoking 0.529
Current or former smoker 86 (74.8) 72 (79.1)
Never smoker 29 (25.2) 19 (20!
Stage 0.840
nB-lic 42 (36.5) 32(35.2)
\% 73 (63.5) 59 (64.8)
Histology 0.127
Squamous 41 (35.7) 42 (46.2)
Adenocarcinoma 74 (64.9) 49 (53.8)
Extrapulmonary metastasis 0.717
NO 59 (51.3) 49 (53.8
YES 56 (48.7) 42 (46.2)
Central nervous system metastasis 0.047
NO 92 (80.0) 82 (90.1)
YES 23 (20.0) 9(9.9)
Previous therapy for non-metastatic disease, n (%)
Thoracic radiotherapy 9(16.5) 13 (14.3) 0.660
Adjuvant therapy 9(7.8) 909 0.602

Data are median (range) or n (%). NSCLC, non-small-cell lung cancer.
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Trial/Year Phase Treatment Primary Median follow- Treatment Size (with/ ICIs class With BMs Without BMs

line endpoint up (months) without BMs)
os PFS os PFS
HR HR HR HR
(95% (95% (95% (95%
cl) ()] )] )]
Keynote-010/ 3 >2 0S, PFS 131 Pembrolizumab 104/586 Anti-PD-1 0.83 0.96 0.78 091
2016 (3) (0.62— 0.73- 0.71- (0.84—
1.10) 1.26) 0.85) 0.99)
Doctaxel 48/295
Keynote-024/ 3 1 PFS 11.2 Pembrolizumab 18/136 Anti-PD-1 0.83 0.96 0.78 0.91
2016 (4) (062- (073 (0.71- (084
1.10) 1.26) 0.85) 0.99)
PP/GP/PC 10141
Keynote-042/ 3 1 os 12.8 Pembrolizumab 35/602 Anti-PD-1 0.83 0.96 0.78 091
2019 (5) (0.62— 0.73- 0.71- (0.84—
1.10) 1.25) 0.85) 0.99)
PC/PP 35/602
Keynote-021/ 2 1 ORR 10.6 Pembrolizumab+ 9/51 Anti-PD-1 0.48 0.44 0.63 0.55
2016 (6) PP (0.32- (03—  (053-  (0.48-
0.70) 0.62) 0.75) 0.63)
PP 6/57
Keynote-189/ 3 1 0s, PFS 10.5 Pembrolizumab+ 73/337 Anti-PD-1 0.48 0.44 0.63 0.55
2018 (7) PP (0.32- (0.31- (0.53- (0.48-
0.70) 0.62) 0.75) 0.63)
PP 35/171
Keynote-407/ 3 1 0S, PFS 7.8 Pembrolizumab+ 20/258 Anti-PD-1 0.48 0.44 0.63 0.55
2018 (8) PC/CnP (0.32- (03—  (0.53-  (0.48-
0.70) 0.62) 0.75) 0.63)
PC/CnP 24/257
CheckMate-057/ 3 >2 0s 13.2 Nivolumab 34/258 Anti-PD-1 1.04 0.80 o7 0.92
2015 (9) (0.62- (0.47- (0.58- (0.76-
1.76) 1.36) 0.88) 1.12)
Doctaxel 34/256
CheckMate-078/ 3 22 os 8.8 Nivolumab 45/293 Anti-PD-1 0.82 0.62 0.70 0.79
2019 (10) (0.42- (0.35- (0.53- (0.62—-
1.60) 1.10) 092) 1.00)
Doctaxel 27/139
CheckMate-227/ 3 1 0s 28.3 Nivolumab+ 64/519 Anti-PD-1+ 0.64 NR 0.75 NR
2019 (11, 12) Ipiimumal Anti-CTLA-4  (0.42— (0.64-
0.98) 0.88)
Platinum-based 52/532
CheckMate-9LA/ 3 1 0os 81 Nivolumab+ 65/296 Anti-PD-1+ 0.38 NR 0.75 NR
2020 (13) Ipilimumab+CT Anti-CTLA-4 (0.24- 0.61-
0.61) 092)
CcT 57/301
OAK/2019 (14, 3 >2 0s 21 Atezolizumab 61/364 Anti-PD-L1 0.74 0.38 0.74 0.99
15) (0.49- (016~  (063-  (0.50-
1.13) 091) 0.88) 1.97)
Doc 62/363
SHR-1210-303/ 3 1 PFS 1.9 Camrelizumab+ 10/194 Anti-PD-1 NR 0.14 NR 0.61
2019 (16) PC (0.01- (0.46-
0.88) 0.81)
PC 6/201
ORIENT-11/ 3 1 PFS 8.9 Sintilimab+PP 36/230 Anti-PD-1 NR 0.58 NR 0.47
2020 (17) (0.28- 0.34-
1.18) 0.64)
PP 22/109
EMPOWER- 3 1 PFS, OS 10.8 Cemiplimab 44/312 Anti-PD-1 0.44 0.49 o7 0.62
Lung1/2020 (18) 0.19- (0.27- (0.54- (0.51-
or 39/315 1.07) 0.90) 0.92) 0.76)
Lee/2020 (19) 3 1 PFS 7.4 Nivolumab+PC+ 36/239 Anti-PD-1 NR 0.65 NR NR
Bev (0.36—
1.18)
PC+Bev 41/234

OS, overall survival; PFS, progression-free survival; ORR, objective response rate; HR, hazard ratio; 95%Cl, confidence interval; ICls, immune checkpoint inhibitors; BMs, brain metastases;
CT, chemotherapy; PP, pemetrexed-cisplatin/carboplatin; PC, paclitaxel-carboplatin; CnP, paclitaxel-nanoparticle albumin-bound-carboplatin; GP, gemcitabine-cisplatin; Bev,
bevacizumab; NR, not reported.
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Model outputs No PD-L1 test strategy The PD-L1 test-based strategy Incremental
Docetaxel (A) Nivolumab (B) Overall® (C) Docetaxel (C-Doc) Nivolumab (C-Niv) BvsA CvsA CvsB
LYs 1.33 175 1.69 1.46 1.87 0.42 0.36 -0.06
PFS state 0.42 0.68 0.57 0.42 0.69 0.26 0.15 -0.11
PS state 091 1.07 1.13 1.05 1.19 0.16 0.22 0.06
QALYs 0.95 127 1.22 1.04 1.36 0.32 0.27 -0.06
PFS state 0.31 052 0.43 0.31 0.52 0.21 0.12 -0.09
PS state 0.64 0.75 0.79 0.74 0.83 o 0.15 0.04
Cost (CNY) 139,699 459,836 334,302 168,262 478,335 320,187 194,607 125,532
PD-L1 test cost 0 0 324 324 324 0 324 324
Drug acquisition cost 442 297,794 165,143 442 299,898 297,358 164,702  -132,644
Routine follow-up cost 3,365 3,932 3,235 2,345 3,960 1,587 890 -697
AEs management cost 566 28 269 566 28 -538 -297 241
Subsequent therapy cost® 91,460 107,348 112,528 104,754 118,882 15,715 20,889 5,174
BSC cost 36,210 42,419 44,468 41,398 46,979 6,209 8,258 2,042
Death-associated cost 8,499 8,313 8,340 8,444 8,258 -186 -159 28
ICER (CNY)
Cost per LY 762,229 547,410 1,946,253
Cost per QALY 987,618 731,089 2,165,577

LY, life-year; QALY, quality-adjusted life-year; ICER, incremental cost-effectiveness ratio; PFS, progression-free survival; PS, progressed survival; PD-L 1, programmed death ligand 1; AEs,
adverse effects; BSC, best supportive care.
“The total mean costs and QALYs of overall patients in the PD-L1 test-based strategy were calculated by multiplying the proportion of patients with a PD-L1 TPS =1% (reported in the
CheckMate 078 trial) by the mean cost and QALYS of nivolumab-treated patients, plus the proportion of patients with a PD-L1 TPS <1% (reported in the CheckMate 078 trial) multiplied by

the mean cost and QALY of docetaxel-treated patients.

bSubsequent therapy costs in PS state were estimated based on the proportion of patients received subsequent after disease progressed reported in the CheckMate 078 trial.
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Parameter Value Range Distribution Ref
Survival
The PD-L1 test-based strategy (C)
Log-logistic OS survival of nivolumab (C-Niv) Theta = 0.01532; kappa = 1.45712 - - (18)
Log-logistic OS survival of docetaxel (C-Doc) Theta = 0.01816; kappa = 1.52881 - - (18)
Log-logistic PFS survival of nivolumab (C-Niv) Theta = 0.01502; kappa = 1.49269 - - ®)
Log-logistic PFS survival of docetaxel (C-Doc) Theta = 0.01925; kappa = 1.55954 - - ®)
No PD-L1 test strategy
Log-logistic PFS survival of nivolumab (B) Theta = 0.1402; kappa = 1.3017 - - 8)
Log-logistic PFS survival of docetaxel (A) Theta = 0.1001; kappa = 1.7305 - - 8)
Log-logistic OS survival of nivolumab (B) Theta = 0.01502; kappa = 1.49269 - - ®)
Log-logistic OS survival of docetaxel (A) Theta = 0.01925; kappa = 1.55954 - - )
Costs (CNY)
Nivolumab (4.5 mg/kg per cycle) 413.9 124.2-413.9 Fixed in PSA Local charge
Docetaxel (75 mg/m? per cycle)® 38.6 31.0-46.2 Fixed in PSA Local charge
PD-L1 test 322.2 258.0-386.3 Lognormal Local charge
Routine follow-up per cycle® 383.6 287.7-478.8 Lognormal (20)
Subsequent therapy in PS state per cycle® 5,892.0 4,873.8-6,846.1 Lognormal 1)
BSC per cycle® 2,328.2 1,862.6-2,793.9 Lognormal (20)
Death-associated costs® 18,127.9 15,810.0-20,465.1 Lognormal 1)
Neutropenia per event 3,183.7 2,865.6-3,502.4 Lognormal (22)
Anemia per event 3,667.9 3,300.9-4,034.9 Lognormal (22)
Fatigue per event 796.1 716.1-875.4 Lognormal (22)
Rash per event 37.9 30.4-45.5 Lognormal (23)
Utilities
PFS state 0.768 0.614-0.922 Beta (24)
PS state 0.703 0.562-0.844 Beta (24)
Disutility for neutropenia 0.200 0.160-0.240 Beta (25)
Disutility for fatigue 0.070 0.060-0.080 Beta (25)
Disutility for rash 0.100 0.080-0.120 Beta (25)
Risk for treatment-related AEs
Neutropenia in nivolumab arm 0.003 0.002-0.004 Beta )
Neutropenia in docetaxel arm 0.147 0.118-0.177 Beta (8)
Anemia in nivolumab arm 0.003 0.002-0.004 Beta (8)
Anemia in docetaxel arm 0.019 0.015-0.023 Beta (8)
Fatigue in nivolumab arm 0.008 0.007-0.011 Beta )
Fatigue in docetaxel arm 0.032 0.025-0.038 Beta (8)
Rash in nivolumab arm 0.008 0.007-0.011 Beta 8)
Rash in docetaxel arm - - - ®)
Other
The proportion of PD-L1 TPS 1% (%) 0.55 0.44-0.66 Beta ©®)
Discount rate (%) 5 0-8 Fixed in PSA (15)
Patient weight (kg) 65 52-78 Normal (26)
body surface area (m?) 1.72 1.38-2.07 Normal (26)

PD-L1, programmed death ligand 1; OS, overall survival; PFS, progression-free survival; PS, progressed survival; BSC, best supportive care; AEs, adverse effects; TPS, tumor proportion score.
“Docetaxel has been included in the category B list of the Chinese basic medical insurance drug list, the drug expenses incurred by treating advanced non-small-cell lung cancer patients
with docetaxel need only be paid at 5% by the patients themselves, and the remaining 95% is paid by medical insurance.

®The cost of routine follow-up included the cost of outpatient physician visit, laboratory tests and examinations.

According to CheckMate 078 trial, subsequent therapy referred to the treatment after disease progression, including chemotherapy, targeted therapy and immunotherapy.
BSC referred to the intervention of clinical symptoms caused by cancer, the treatment of complications of anti-tumor treatment, and the rehabilitation treatment after the whole treatment.
Death-associated costs referred to the cost of palliative end-of-life.
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Baseline Characteristics All patients (n=22)

Age

Median(range), years 65 (46-82)
Gender, n(%)

Male 14 (63.6)
Female 8 (36.4)
ECOG score at the time of diagnosis, n(%)

0 2(9.1)
1 20 (90.9)
Histological subtype, n(%)

Adenocarcinoma 15 (68.2)
Squamous cell carcinoma 7 (31.8)
Smoking status, n(%)

Never smoked 11 (50.0)
Current or former smoker 10 (45.5)
Unknown 1(4.5)
No.of prior systemic regimens, n(%)

2 15 (68.2)
3 4(18.2)
>4 3(13.6)
No.of organs of metastasis, n(%)

>3 14 (63.6)
<3 8 (36.4)
Anlotinib treatment dose, n(%)

12mg 6 (27.3)
10mg 16 (72.7)
Anti-PD-1 mAbs, n(%)

Nivolumab 6(27.9)
Pembrolizumab 2(9.1)
Sintilimab 5(22.7)
Toripalimab 5(22.7)
Camrelizumab 4(18.2)
PD-L1 TPS, n(%)

>50% 2(9.1)
1-49% 9 (40.9)
<1% 7(31.8)
Unknown 4(18.2)
EGFR mutation status, n(%)

Negative 12 (54.6)
Positive 3(13.6)
Unknown 7(31.8)
Chemotherapy regimens, n(%)

1 5(22.7)
2 11 (50.0)
>3 6 (27.3)
Previous radiotherapy treatment, n(%)

No 15 (68.2)
Yes 7(31.8)
Previous target treatment, n(%)

No 19 (86.4)
Yes 3(13.6)

Anti-PD-1, anti-programmed death-1; EGFR, epidermal growth factor receptor; ECOG,
Eastern Cooperative Oncology Group; PD-L1, programmed death ligand-1; TPS, tumor
proportion score.
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26 NSCLC patients treated with anlotinib and PD-1 mAb from July 2018 to October 2019

3 patients treated for first-line or second-line

23 patients were eligible

t—{ I patient had no available follow-up data

22 patients for further analysis
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SCLC patients treated with anlotinib(n=165) |:>

Meet the inclusion criteria and do not meet
the exclusion criteria (n=109)

-

The clinical characteristics, efficacy
evaluation and adverse reactions were
recorded, and the survival was followed up

-

ORR, DCR, PFS, OS were calculated, and
stratified analyses were preformed

The following patients were
excluded according to the inclusion
criteria and exclusion criteria

1. Patients without effect evaluation
after taking anlotinib(n=14).

2. Patients without assessable
lesions(n=36).

3. Patients treated with anlotinib but
not for first-line maintenance,
second-line and third-line
treatment(n=6).
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Variable Training cohort Validation cohort P
Uncommon EGFR (+) Uncommon EGFR (-) P Uncommon EGFR (+) Uncommon EGFR (-) P
Age (mean + SD) 64.93 + 10.07 63.29 + 9.89 0.273 65.47 +9.14 64.82 £ 13.7 0.856 0.543
Sex, n (%) 0.270 0.098 0.064
Male 45 (52.3) 41 (44.1) 16 (76.2) 12(52.2)
Female 41 (47.7) 52 (55.9) 5(23.8) 11 (47.8)
Smoking status, 0.879 0.063 0.822
n (%)
Smoker 7(8.1) 7(7.5) 18 (85.7) 23 (100)
Never smoker 79 (91.9) 86 (92.5) 3(14.3) 0(0)
Grade, n (%) 0.036 0.032 0.137
Low/intermediate 62 (72.1) 79 (84.9) 1(62.4) 19 (82.6)
High 24 (27.9) 14 (15.1) 10 (47.6) 4(17.4)
Tumor marker (mean + SD)
CEA 7.63+6.13 5.78 + 5.49 0.035 8.53 +£8.18 4.58 +4.20 0.045 0.823
NSE 2.87 +2.27 3.03 +2.99 0.695 246 +1.38 375+ 3.1 0.087 0.686
CA125 9.49 + 8.39 9.63 +6.18 0.898 8.67 + 11.51 6.47 + 13.48 0.567 0.157
SCC 0.69 +1.29 0.81+£1.23 0.506 092 +1.7 0.53+0.28 0.294 0.848
Cy21-1 3.61£9.03 3.40 + 3.65 0.834 3.52 +2.59 2.06 +2.34 0.056 0.475
Stage, n (%) 0.060 0.216 0.266
| 52 (60.5) 58 (62.4) 11(52.4) 15 (65.2)
Il 9(10.5) 11 (1.8 1(4.8) 1(4.3)
U] 10 (11.6) 22 0(0) 287
v 15 (17.4) 22 (23.7) 9(42.9) 5(21.7)
ECOG PS, n (%) 0.368 0.594 0.580
0 29 (33.7) 34 (36.6) 6(28.6) 6 (26.1)
1 31 (36.0) 33(35.5) 9(42.9) 8(34.8)
2 18 (20.9) 23 (24.7) 5(23.8) 5(21.7)
3 8(9.3) 3(3.2) 1(4.8) 4(17.4)
Rad_score 0.55 + 0.68 -0.29 + 0.68 0.001 0.40 +0.84 -0.48 + 0.68 0.001 0.970
(mean + SD)

Bold values: P < 0.05.
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Variable

HR

Sex

Female Reference

Male 131
Age, years

<65 Reference

265 1.38
EGFR mutation status at first biopsy

Atypical EGFR mutations Reference

L858R alone 1.25

Ex19Del alone 0.95
Secondary T790M mutation
Positive Reference
Negative vs. 0.85
Duration of EGFR-TKI therapy, months

212 Reference

<12 0.79
ECOG PS

>1 Reference

1 0.32
Brain metastases

Yes Reference

No 0.66
Liver metastases

Yes Reference

No 0.67
Modality

CT Reference

ICI-based therapy 0.75

PES

95% CI

0.86-1.97

0.81-2.33

0.69-2.28
0.51-1.78

0.56-1.30

0.50-1.23

0.18-0.56

0.45-0.98

0.38-1.18

0.49-1.13

P value

047
0.88

0.00

0.04

HR

Reference
1.94

Reference
0.97

Reference
0.94
0.89

Reference0.93

Reference
0.75

Reference
0.34

Reference
0.52

Reference
0.58

0.55

95% CI

1.24-3.03

0.53-1.77

0.49-1.82
0.44-1.79

0.57-1.53

0.45-1.27

0.19-0.63

0.33-0.81

0.31-1.08

0.34-0.88

P value

0.00

0.86
0.74

0.00

0.00

PES, progression-free survival; OS, overall survival; EGFR, epidermal growth factor receptor; HR, hazard ratio; ECOG, Eastern Cooperative Oncology Group; CT, chemotherapy.

*Including patients harboring concomitant mutations or uncommon EGFR mutations.

The bolded numbers represent the results at P<0.05.
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Characteristic Patients N. (%) B

ICI-based therapy N = 72 (54.5) chemotherapy N = 60 (45.5)

Age group, years

<65 58 (80.6) 47 (78.3) 0.75
>65 14 (19.4) 13 (21.7)

Sex
Male 28 (38.9) 32(53.3) 0.97
Female 44 (61.1) 28 (46.7)

Smoking
Yes 25 (34.7) 26 (43.3) 0.32
No 47 (65.3) 34 (56.7)

Pathological type
Adenocarcinoma 70 (97.2) 57 (95) 0.84
Squamous cell carcinoma 2(2.8) 3(5)

Brain metastases initially

Yes 10 (13.9) 13 (21.7) 0.24
No 62 (86.1) 47 (78.3)
Liver metastases initially
Yes 11 (15.3) 4(6.7) 0.12
No 61 (84.7) 56 (93.3)
EGFR mutation status at first biopsy
Ex19Del alone 35 (48.6) 27 (45) 0.64
L858R alone 27 (37.5) 21 (35)
Atypical EGFR mutations* 10 (13.9) 12 (20)
First EGFR-TKI
Gefitinib 56 (77.8) 41 (68.3) 043
Erlotinib 7(9.7) 7 (11.7)
Icotinib 9 (12.5) 12 (20)
Pathological type at re-biopsy
Adenocarcinoma 31 (43.1) 24 (40.0) 091
Lowly differentiated cancer 6(8.3) 6 (10.0)
Unknown 35 (48.6) 30 (50.0)
EGFR mutation status at re-biopsy
T 790M positive alone 15 (20.8) 11 (18.3) 0.71
T790M positive combined with Ex19Del or L858R 16 (22.2) 10 (16.7)
T790M negative 27 (37.5) 23(38.3)
Unknown 14 (19.4) 16 (26.7)
Osimertinib 28 15 0.09
Duration of EGFR-TKI therapy (months)
<12 25 (26.4) 29 (48.3) 0.11
212 47 (73.6) 31(51.7)
Radiotherapy history
Yes 56 (77.8) 50 (83.3) 0.42
No 16 (12.2) 10 (16.7)
ECOG score
1 57 (79.2) 51 (85.0) 0.39
2 15 (20.8) 9 (15.0)
Therapy cycles (IQR) 6(5to 12) 7 (6 to 10)
PD-LI expression <1% 22 (30.6) 15 (25.0)
1%-49% 12 (16.7) 10 (16.7)
250% 3(4.1) 5(8.3)
Unknown 35 (48.6) 30 (50.0)

IQR, interquartile range; ECOG, Eastern Cooperative Oncology Group; CNS, central nervous system; ICI, immune checkpoint inhibitor; EGFR, epidermal growth factor receptor.
*Including patients with concomitant mutations and/or uncommon EGFR mutations.
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Events
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of studies
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Any grade
Grade = 3
Any grade
Grade = 3
Any grade
Grade = 3
Any grade
Grade 2 3
Any grade
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Incidence, %

Overall (%)

382
41
353
137
254
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257
58
186
31
165
33
17.0
39
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L1
30.1
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27
236
L1

A + I group

53.0%
55%

40.0%
162%
27.9%
12%

25.8%

209%
1.0%
16.1%
L1%
19.1%
21%
34.7%
11%
NR
NR
341%
0

NR
NR

A+T+
chemo group

18.1%
34%
211%
9.7%
212%
28%
25.8%
5.8%
17.4%
54%
17.0%
74%
122%
87%
5.1%
1.0%
30.1%
1.5%
25.6%
27%
23.6%
1.1%

A + I + chemo, antiangiogenic agents combined with ICIs with chemotherapy; A + I, antiangiogenic agents combined with ICIs; NR, not reported.
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Group No. of studies No. of patients Pooled PFS (95% CI),

months

Overall 15 1438 683 (5.53-8.13)

A+l 11 782 589 (4.58-7,19)

A+ 1+ chemo 4 656 878 (6.63-1093)
First-line therapy

A+l 2 584 109 (1.81-19.98)

A +1+ chemo 3 653 947 (645-12.49)
Subsequent-line therapy

A+l 8 198 5.08 (401-6.15)

A +1+ chemo 2 182 813 (5.00-11.26)
Anti-PD-1 therapy

A+l 7 623 590 (5.00-6.79)

A +1+ chemo 3 300 887 (4.88-12.85)
Anti-PD-L1 therapy

A+l 4 159 7.07 (3:41-1072)

A +1+ chemo 1 356 840 (7.45-9.35)

Antiangiogenic TKIs
A+l 7 435 595 (5.11-6.80)
A +1+ chemo - e .

Antiangiogenic mAbs
A+l 4 94 751 (3.14-11.88)
A +1+ chemo 4 656 878 (6.63-10.93)

EGFR mutation-positive
A+l 1 40 32 (0.75-565)
A +1+ chemo 2 182 8.13 (5.00-11.26)

EGER mutation-negative
A+l 10 742 60 (5.34-6.66)
A+ 1+ chemo 3 653 947 (645-12.49)

95% CI, 95% confidenc
kil ARMSETS . pricaimined aal A beoiilin

interval; A + 1+ chemo, antiangiogenic agents combined with ICIs with chemotherapy; A + I, antiangiogenic agents combined with ICIs; ICIs, immune checkpoint
shihiion Ant-PDVLL. progrusined-cell dbath Egand-1 ahibitors kb, inonoclamal antbodie: TIIs tyrosine kinss mhibitars.
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Group No. of studies 0. of patients Pooled values (95% CI), %
Overall 2 1,856 39.0 (31.0-47.0)

A+l 17 968 34.0 (26.0-42.0)

A +1+ chemo 6 888 53.0 (45.0-61.0)
First-line therapy

A+l 6 47 52.0 (40.0-64.0)

A +1+ chemo 5 696 59.0 (51.0-66.0)
Subsequent-line therapy

A+l 10 500 22.0 (17.0-28.0)

A +1+ chemo 2 182 56.0 (30.0-83.0)
Anti-PD-1 therapy

A+l 12 779 37.0 (28.0-45.0)

A +1+ chemo 4 461 56.0 (44.0-68.0)
Anti-PD-L1 therapy

A+l 5 189 28.0 (11.0-45.0)

A +1+ chemo 2 427 54.0 (19.0-89.0)
Antiangiogenic TKIs

A+l 6 824 35.0 (26.0-43.0)

A +1+ chemo 1 13 69.0 (44.0-94.0)
Antiangiogenic mAbs

A+l 11 144 310 (11.0-52.0)

A +1+ chemo 5 727 55.0 (47.0-67.0)
EGFR mutation-positive

A+l 1 2 32,0 (14.0-50.0)

A +1+ chemo 2 182 56.0 (30.0-83.0)
EGFR mutation-negative

A+l 16 943 340 (26.0-41.0)

A +1+ chemo 5 69 59.0 (51.0-66.0)

95% CI,95% confidence interval; A + I + chemo, antiangiogeni
inhibitors; Anti-PD-1, programmed cell death protein-1 inl

e Tl OB eetve teitcs e

agents combined with ICIs with chemotherapy; A + I, antiangiogenic agents combined with ICIs; ICIs, immune checkpoint
or; Anti-PD-L1, programmed cell death ligand-1 inhibitor; mAbs, monoclonal antibodies; TKIs, small molecule tyrosine
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Study Year Enrolled Design Tx arm Tx ORR DCR  PFS, 0§,

patient (no. line mos mos
of patients)
Reck 2019 Stage IV NS-NSCLC Phase 3 Randomized Atezo + PacCh (n= 112 406%  NR 67 (NR) 19.5
402/) 56.4% 84(80-99)  (163-213)
Atezo + Bev + PacCh 402% 68(60-70) 198
(n = 400) (17.4-242)
Bev + PacCh (n = 400) 149
(13.4-17.1)
Zhou 2020 Stage IIH/IV NS-NSCLC ~ Phase 1b/2 Cam + Apa (n=105) 2 309%  733% 57 (45-88) 155
Single group (10.9-24.5)
Herbst 2019 Stage IV NSCLC Phase la/b Pembro + Ram 22 30% 85% 97 (4.6-276) 262
Non-randomized (n=27) (11.8-nr)
Herbst 2020 Stage II/IV NSCLC Phase 1 Pembro + Ram 1 423%  846%  93(40-nr)  or
Non-randomized (n = 26)
Chu 2021 Stage II/IV NSCLC Phase 1 Sinti + Anlo (n=22) 1 773%  100% 15@83-nr)  nr
Non-randomized
Seto 2020 Stage I/IV NSCLC with  Phase 2 Atezo + Bev (1=39) 1 641%  NR 159 nr
high PD-L1 expression  Single group (5.65-15.93)
Lee 2020 Stage IIIL/IV NS-NSCLC ~ Phase 3 Niv + Bev + PacCb 1 615%  NR 121 (98-14) 254
Randomized (n=275) 50.5% 81(7.0-85)  (21.8-nr)
Placebo + Bev + 247
PacCh (n = 275) (20.2-nr)
Taylor 2020 Stage II/IV NSCLC Phase 1b/2 Pembro + Lenva =1 333%  809%  59(23-138) NR
Single group (n=21)
Nishio 2020 Stage IV NS-NSCLC Phase 3 part Pembro + Lenva + 1 692%  923%  NR NR
1 Randomized Double-  PemCb/Cis (n = 13)
blind
Bang 2020 Stage IIb/IV NSCLC Phase 1a/b Durva + Ram (n =28) 22 1% 57% 27(16-58)  11(62-152)
Non-randomized
Ardeshir- 2021 Stage IIIl NS-NSCLC Phase 2 Atezo + Bev + PemCb 1 3571%  9285%  NR NR
Larijani Single group (n = 30)
Yang 2021 Stage IV NSCLC Phase 3 Pembro + Lenva (n= 1 405%  NR 66(6.1-82) 141
Randomized 309) 27.7% 42(41-62)  (114-19.0)
Pembro + Placebo 164
(n=314) (12.6-20.6)
Ren 2022 Stage Ib-IV NS-NSCLC ~ Phase 1b/2 Cam + Apa (n=25) 1 40% 92% 96(55-nr)  nr
Single group (cohort 4)
Han 2021 Stage IIb-IV NS-NSCLC ~ Phase 3 Penpulimab + Anlo 1 57.1%  905%  nr nr
Randomized (n = 26)
Zhou 2019 Stage IIb/IV NS-NSCLC ~ Phase 1/2 Cam + Apa (n=96) 2 308%  824%  59(55-103) nr
Single group (cohort 1)
Neal 2021 Stage IV NSCLC Phase 1b Atezo + cabozantinib 22 23% 83% NR nr
Single group (n = 30)
Leal 2021 Stage IIIV NS-NSCLC  Phase 2 Nivo + sitravatinib 22 16% NR 6 15(9.3-21.1)
Single group (n=68)
Han 2021 Stage Ib-IV NSCLC Phase 3 TQ-B2450 (PD- 22 309%  735%  69(53-124) nr
Randomized L1)+Anlo (n = 68) 3% 546%  27(14-47) nr
TQ-B2450 (PD-L1)
(n=33)
Lee 2022 Stage IIb/IV NSCLC Phase 2 Atezo + Bev (n=24) 23 125%  875%  56(41-71) 14
Single group (stages 11) (10.7-17.4)
Gao 2021 EGFR-mutated NSCLC  Phase 1b/2 Cam + Apa (n=40) 23 20% 625%  32(15-64) nr
Single group (cohort 2)
Gao 2022 Stage IIb/IV non-central  Phase 1b/2 Cam + Apa (n=25) 22 32% 84% 60(3.6-83) 128 (64-nr)
squamous NSCLC Single group (cohort 3)
Gadgeel 2018 Stage IIb/IV NS-NSCLC ~ Phase 1/2 Pembro + Bev + 1 56% 76% 7.1 (42-143) 167 (8.5-mr)
Single group (cohort B)  PacCh (n = 25)
Lu 2021 Stage IIb-IV EGFR- Phase 3 Sinti + Bev + PemCs 22 439%  NR 69(60-93)  nr
mutated advanced NS~ Randomized (n = 148) 331%  NR 56(47-69)  nr
NSCLC Sinti + PemCs (n = 252%  NR 43 (41-54)  nr
145)

PemCs (n = 151)

Tx, treatment; NS, non-squamous; NSCLC, non-small cell lung cancer; Atezo, atezolizumab; Bev, bevacizumab; PacCh, paclitaxel plus carboplatin; Cam, camrelizumab; Apa, apatinib;
Pembro, pembrolizumab; Ram, ramucirumab; Sin, sintilimabs Anlo, anlotinib; Niv, nivolumab; Len, lenvatinib; PemCb, pemetrexed plus carboplatin; Durva, durvalumabs Cis, cisplating
s s DI olsectevs Tponts sabl: DER. e ctantol sabei DB procmd E oveiull soriiv S0 et sesantell v ok yelled.

n-free survival;
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Adverse reaction Any grade (%) Grade 3/4 (%)
Fatigue 51 (46.8%) 6 (5.5%)
Hand-foot syndrome 41 (37.6%) 2 (1.83%)
Hypertension 35 (32.1%) 2 (1.83%)
ALT/AST elevation 28 (25.7%) 3 (2.8%)
Loss of appetite 26 (23.9%) 3(2.8%)
Proteinuria 23 (21.1%) 1(0.9%)
Hemoptysis 17 (15.6%) 3 (2.8%)
Oral mucositis 12 (11.0%) 0 (0%)
Thrombocytopenia 10 (9.2%) 1(0.9%)
Thrombotic events 3(2.8%) 1(0.9%)
Joint pain 2 (1.83%) 0 (0%)
Prolonged Q-T interval 1(0.9%) 0 (0%)
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Groups PFS 0os

p value HR 95%CI p value HR 95%CI
Liver metastases: Yes vs No <0.001 3.769 1.921-7.391 <0.001 9.622 4.203-22.024
ECOG PS: >2 vs 0-1 <0.001 3.823 2.027-7.208 <0.001 9.968 4.232-23.479
Treatment lines: >3rd line vs 2nd line vs Post 1st line maintenance 0.145 1.258 0.924-1.713 0.225 1.288 0.856-1.936
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Characteristic

Gender

Age

Smoking history
ECOG PS
Disease extent
Brain metastases
Liver metastases

Treatment lines

Ki67 index
PFS of 1st-line therapy
ICls treatment

Previous radiation therapy

Previous antiangiogenic treatment

Cl. Confidence Interval: NR, Not Reached. P value less than 0.05 were shown in bold.

Groups

Male
Female
<65

>65

Yes

No

0-1

>2

Limited
Extensive
Yes

No

Yes

No

Post 1! line maintenance
2" line

>3 line
>90%
<90%

<3 months
>3 months
Yes

No

Yes

No

Yes

No

mPFS (m)

6.3
56
6.2
6.6
6.2
6.6
6.9
23
76
6.2
6.3
6.2
36
6.6
6.3
79
3.6
59
6.3
6.3
6.3
59
6.3
6.3
5.7
3.8
6.3

95%Cl

5.6-7.0
2.3-89
5.3-7.1
4.8-8.5
5.2-71
4.9-83
5.8-8.0
1.8-2.7
4.5-10.7
5.3-7.1
4.0-85
5.0-7.3
1.7-65
5.5-7.7
5.3-7.3
6.2-9.6
2.1-52
4.8-6.9
4.9-7.6
4.0-86
5.5-7.1
2791
5.1-7.5
5.8-6.8
2.7-8.7
0.0-10.0
53-7.3

2 value

0.002
0.411
0.085
22.825
1.921
0.049
13.325

7.43
5.377

0.19
0.523
1.659
0.137

3.766

P value

0.969

0.522

0.77

<0.001

0.166

0.824

<0.001

0.024

0.663

0.47

0.198

0.712

0.052

mOS (m)

16.7
185
189
185
189
16.7
NR
4.6
189
16.7
NR
16.7
6.6
NR
16.7
NR
125
167
NR
125
185
125
189
NR
139
109
189

95%Cl

3.8-24.1
NR
NR
9.9-27.1
NR
9.8-23.6
NR
24-68
NR

NR
10.1-23.3
3.8-9.4
NR
11.3-22.1
NR
9.8-16.3
9.6-23.8
NR
NR
NR
38-21.2
NR
NR
8.6-19.3
47174
NR

Avalue

0.771
0.011
0.029
36.972
0.877
2.053
27.415

5.88
4.329

0.768
0.014
2373
1.019

3.821

P value

0.38

0.918

0.864

<0.001

0.349

1.052

<0.001

0.053

0.381

0.906

0.123

0.313

0.051
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Treatment lines Cases(n) Combination therapy PR SD PD ORR DCR Total ORR Total DCR
2st line 16 None 1 9 6 6.25% 62.5% 17.9% 76.9%
16 Chemotherapy 2 12 2 12.5% 87.5%
5 ICls 3 1 1 60% 80%
2 Chemothrapy & ICls 1 1 0 50% 100%
>3rd line 12 None 1 9 2 8.3% 83.3% 17.1% 85.7%
14 Chemotherapy 2 11 1 14.3% 92.9%
8 ICls 3 3 2 37.5% 75%
1 Interventional therapy 0 1 0 100%
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Characteristic Groups Value (%)
Gender Male 79 (72.5%)
Female 30 (27.5%)
Age <65 years 74 (67.9%)
>65 years 35 (32.1%)
Smoking history Yes 56 (51.4%)
No 53 (48.6%)
ECOG PS 0-1 94 (86.2%)
>2 15 (13.8%)
Disease extent Limited 38 (34.9%)
Extensive 71 (65.1%)
Brain metastases Yes 31 (28.4%)
No 78 (71.6%)
Liver metastases Yes 11 (10.1%)
No 98 (90.0%)
Treatment lines Maintenance therapy after 1 35 (32.1%)
line
2" jine 39 (35.8%)
>3 line 35 (32.1%)
Ki67 index >90% 58 (53.2%)
<90% 42 (38.5%)
unknown 9 (8.3%)
PFS of 1st-line therapy <3 months 8 (7.3%)
>3 months 101
(92.7%)
ICls treatment Yes 35 (32.1%)
No 74 (67.9%)
Previous radiation therapy Yes 59 (54.1%)
No 50 (45.9%)
Previous antiangiogenic Yes 16 (14.7%)
treatment No 93 (85.3%)






OPS/images/fonc.2022.917089/fonc-12-917089-g004.jpg
Progression free survival (Probability)

Progression-free survival (Probability)

1.0

o
o
i

e
o
I

e
'S
T

0.2

0.0

Lo

0.8

0.6

0.4

0.2

0.0

i
200

200

~ECOG PS 0-1 (nPFS=6.9 months)
~TECOG PS >2 (mPFS=2.3 months)
t~ECOG PS 0-1-censored
—ECOG PS> 2-censored

I I I
400 600 800
Time(Days)

—Without liver metastases (nPFS=6.6 months)
~I"Liver metastases (nPFS=3.6 months)

~+ Without liver metastases-censored

~- Livermetastases-censored

400 600 800
Time (Days)

Overall survival(Probability)

Overall survival (probability)

1.01

0.8+

0.67

I
'S
1

S
[}
i

0.07

0.8+

e
o
1

S
s
]

e
o
I

0.0

T
0 200

~ECOG 0-1 (mOS Not reached)
~TECOG 22 (mOS=4.6 months)
~ECOG 0-1-censored
~~ECOG2>2-censored

T I I T
400 600 800 1000

—I'Without liver metastases (nOS Not reached)
~I71 Liver metastases (nOS=6.6 months)

I~ Without liver metastases-censored

~1— Liver metastases-censored

T T T T
400 600 800 1000
Time (Days)





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fonc.2021.672612/table1.jpg
NCT number

NCTO4625647

NCTO46203%0

NCTO4613596

NCTO4470674

NCTOS808555

NCTOS777124

NCTOS633326

NCTOg520842

NCTO2642042

NCTO4303780

NCTO2743923

NOTO2152631

NCTO1933952

Drug code

AMG510

Vs 6765

MATXB49

B 2810

sHR1210;
YnogeD
POROO!
cLaarr:
BAY73.4506
esktracat2
AMGS510
cabopiatin:
pacita-
bovacizumab;
cipltin-
pemetrered
Lresssaio

Azoe2es

Properties

KRS 612G
ontitor

RAEMEK
nntitor
KRS G12C
nntitor
APDLI

FASN inbtor

and anttoate

agent
Kinase inibtor
MEK nbtor

KRas G1ze

nntitor
chemotherapy

COKare votor

MEK intor

Phase

Intervention Model Allocation

Sl Group Assigament: AMG 510 monothecapy  Not

Singe Group Assigament: VS-6768 monaiherapy o« Randomised
V56766 in combinaton wih delactin

Sl Group Assigament: MRTXB49 in combination Not

with Permbeoizumab Appicable

Bind

i3

Paralel Assignment: Durvalumab monotherapy vs  Randomised None

Durvakumad plus chemotherapy

Singe Group Assigament: TVB 2840 monotherapy  Not

Appicatle
Paralel Assignment: SHR-1210 combinaton with  Randomisd Bind
apatnib vs Permetrexed and Carboplatn
Singo Group Assigament: POROO! monotherapy  Not Novo
Appicable
Singl Group Assignment: Regorafend in Not
‘combnaton wih Methotrexte Aopicable
S Group Assigament: Trametisb i combination Not
wih Docstaxel Appicable
Paralel Assignment: AMG 510 vs Docetaxel Randomsed None
Paratel Assignment: carbopiatipaciasel- Randomised Nove
bevacizumab vs Gsplat-pometrered
Paralel Assignment; LY2835219 vs Eroind Randomsed None
Paratel Assignment: Seumetind n combinaton with  Randomised Bind

Docstal vs Placabo n combinaton vith Docetassl

Sponsor

Souttest
Oncology Group
Natonal Cancer
Instute (NC)
Verastom, Ic.

Natonal Cancer
Instute (NC)
Amgen

The Netherans
‘Cancer nstiute
Dutch Socety

of Physicans for
Pumanology and
Tuberaosss

&5 Lty and Company

Astazeroca





OPS/images/fonc.2021.670313/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.670313/fonc-11-670313-g001.jpg
Tumor
=

ot adhesion molcuios
10 exclude immune colls Hypoc THE.

S e | Blood vessel
#ﬁ?

Oreriton| foarlly Trog Accumaten
= rocnonnsl MK rucmen | Suppesse
PO e protestion | ks e e}

CTL  Oiferenttin | shonctee | oo

M






OPS/images/fonc.2021.626566/table2.jpg
Patient  Surgery. Adjovant
chemotherapy

1 Yes Yes (67)

2 Yes No

s No No

s No No

s No No

PFS since.
surgery (m)

1944
83
N
N
N

No.of chematherapy
rogimons.

1
1
1
1

3

Ghemotherapy PFS since following
rogimens pallative chemotherapy (m)

T© 157+

3 108

3 56

T 42

AG.OP, TF 03,07

G, gemctabine s GSpatn: PFS, progression 60 unicl, NA, nc appicabe; TG, paciarel s Garboplt; AC,pematesed (Al pus Garbopitn; DP, doctars s ospit
TF, pacharel pls uorcuraci: SD, stalo Gsease; PR prtal romsion.

PRET lth AC recinet: PRS2 whl OP redinen.





OPS/images/fonc.2021.626566/table3.jpg
Patnt  Timegap  PD-L1 ieaT Cyclesof  Bestoverall PDto PFS Durain Living Sunival  Survival from

between ICBT _ expression ICBT  response ICBT  with  of  staws  fom  thestartof
and received 1CBT  following the start of  chemtherapy
chomothorapy the start iceT (m) )
(™ oticaT
)
1 75 0% Setimad Blongong PR N A 83 Awe 83 258
+hniolro
2 ne 0%  Pemooiumab  Songongl SO N NA 109 Ave 109 25
snab-pacitael
s 6 0% Pembroizumab 1 s W a2 W 420 102+
s 41 0%  Nwkmb 19 PR Yes 75 153 Ded 153 194
s 22 5%  Nvoumad  21(ngong SO Yes 205 260 Awe 260 502
rvesy

B, immuno chackpont bockad thaapy; PD-L1, programmed oo doath-1; P, progyessio isaase PR, partal ramssson; S0 stab isease; UN, uniooun.
TS0 cadiind it A0 S T Rt sl O o S5 i i i ol et kit AT 5 i St 3 i Ay ol e W et s





OPS/images/fonc.2021.672612/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.672612/fonc-11-672612-g001.jpg





OPS/images/fonc.2021.626566/fonc-11-626566-g001.jpg
IHC HE 1HC






OPS/images/fonc.2021.626566/fonc-11-626566-g002.jpg
G BT






OPS/images/fonc.2021.626566/table1.jpg
Patient  Sex

1 Fomde
2 Fomdo
3 Fomde
s Fomdo
5 Femde

Age  Smoking  Method of diagnosis

)

8
53
P
56

63

Stats

N

Opetion
Operation

EBUS bronchoscopy
CT-guided
percutaneous nesde
g biopsy
Bronchoscope bopsy

St of
tumor

AL
we
VL
uL

AL

Tumor
sizo
fem)

51
23
a7
6t

70

™
staging

ToNam0
TIONOMO
TNz
TaNaMib

Tanam

overal
staging

22%

v

‘Sorum EBV

‘examination  expression

unkoown
unkoown
unkooun
EBVEAG
postive

EB.ONAD.10E
+03 copes/mL.

PO-LY

0%
0%
0%
0%

5%

E6FR

Nogatio
Nogatvo
Nogatio
Nogatio

Nogaivo.

A

Negatve
Negatve
Negatve
Negatve

Negatve

RoS 1

Nogalie
Negato

Nogatve

EDUS, estotroichi atasound: ALL Hbil Ewer lobe: UL A coer e BV 7oA Skl b LLL. Jot lomer Kobe: V. Sostelv-Bar st FO-LT. Dtswmnsied ool teat-1.





OPS/images/fonc.2021.625578/fonc-11-625578-g002.jpg
Percent

100-

ol

AT SROOL
DCR:P-0.002

positve  nogative
=D o SD mm PR

o

P0015

ol i G

L
0 — negatve
3 = postie
H
H Tom  poooismeoms
i [ty
H asm
o N
T o om »
Nowik Monts
e
P-0.585 a
o0 —— posive
102
- i pp—
ss4 [l 750 &
. H
e R3304, P02
2.
o
posiive _nogtive

'y






OPS/images/fonc.2021.625578/fonc-11-625578-g003.jpg





OPS/images/fonc.2021.628124/table3.jpg
Characteristics

Age (6013 560)
Gonder (Mo v Femak)

Saking (<10 pack-years v 10 pack-years)
£G0G poromance saus (1-2 v 0
Fstology (Squaous v Adenoscuamous)
Surgery oatment (1 v5 No)

TStage 71-216 13-4

N g (N0-1 15 N2.3)

Provous systomi heapy (1 1532)
Arotnd Goso (B 10mg e 12m0)
Meastat s (35 <0)

Lver motastoso{fbsont v Prosr)

Brin meastasesAbsent v Presont)

HR

1253
1224
orr2
11544
o745
o83
1204
st
0969
1148
2431
o821
o702

Univariate analysis

95% ol

0si32443
05712627
0307-1.499
07803007
03731489
02040997
0402417
01571289
04692005
08591530
1.166.5.065
03811769
03411565

palue

0508
0603
0a4a
0210
0405
0049
0520
o137
0933
0354
o018
0615
087

0526

2267

Multivariate analysis.
95% 1 b valuo

N
N
N
N
N

02541000 0084
N
N
N
N

10804742 00
N
N

£COG, Eastam Cooparatino Oncobgy Group: EGPR, epidomal rowth foctr roceptor; HA, hazarat; i confdonconfarval N, notincuckd i mufarto mods Boloness ndcats

el o B8





OPS/images/fonc.2021.628124/table4.jpg
Characteristics

Age (460 s 60)
Gendir (Mae v Fomalo)

Smoking (<10 packyears vs 210 pack-years)
ECOG perormance satus (1-2v5 0
Histology (Sauamous vs Adenosquamors)
Surgery ratment (Yes vs No)

T Stage (11-2v T8-4)

N stage (NO-1 15 N2:3)

Previous systemic herapy (1 v 32)
peiotnib dose (émg/ 10mg vs 12mg)
Metastato sites (-3 vs <3)

Uver metastases(fbsent v Presen)

Bran metastases{Absent v Presen)

HR

0638
070
1086
1601
1.448
o667
0856
0904
1520
0915
4178
0824
0312

Univariate analysis

95% oI

02601562
02981835
04342570
07094033
05093496
02671666
03432139
03252513
05484212
06831308
151011658
03312577
01250871

palue

0525
0516
0905
023
o4t
0386
0740
0847
021
0732
0006
0880
0024

3ara

0551

Multivariate analysis
sl

118310113

02011513

b valuo

N
N
N
N
N
N
N
N
N
N

002
N

o217

£GOG, Eastam Cooparatino Oncokgy Group: EGPR, epidomal rowth foctr rooeptor; HA, hazardat; i, confdonconfarval N, notincuckd i mufarto mocs Boloness ndcals

el o B8





OPS/images/fonc.2021.625578/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.625578/fonc-11-625578-g001.jpg
Percent survival






OPS/images/fonc.2021.628124/fonc-11-628124-g002.jpg
2 Branks; g - Events, Modien #FR,
By o EC) i mo@nC)

Qe T WEwIEET

Overat Sural(%)
[T1311111]

Progression Free Sunial%)

T Il cinnnntnaR

Time(months) Time(monihs)

&
®.





OPS/images/fonc.2021.628124/fonc-11-628124-g003.jpg
nacanh aadnins ssainnice S

145

19

96
53
59

0 Tos
- e

B Uver metasases
. Bran metastases

72 g9
58

PES





OPS/images/fonc.2021.628124/table1.jpg
Characteristic Patients (N=67)

Age, median (range, year) 60(3.77)
Sex,n (%)

o 47q0%)

Fomdlo 20(30%)
ECOG performance salus, (%)

) 19 8%

12 182%)
Smoking staus, n (%)

210 pack-years 32 (48%)

<10 pack-years 35 (52%)
Histology, n (%)

Squamous 26(30%)

Adenosquamous 41 61%)
Surgerytreatment, n (%)

Yes 24@6%)

No 43 (64%)
Stage

" 11 (16%)

12 56 (84%)
pvlotnidose, 1 ()

8mg 7(10%)

10mg 32 48%)

12mg 2842%)
EGFR mutaton, (%)

EGFR(s) 9(13%)

EGFR() 30 (45%)

Unknown 28.42%)
PO-LI status, 1 (%)

Posiiva(TPS21%) 46%

Nogaihe(TPS<1%) 50%

Not reported 58(67%)
Liver melastases, (%)

Aosent 4903%)

Present 18 @7%)
Brain melastases, n (%)

Apsent 51.076%)

Present 16/24%)
Metastaticstes, n (%)

E) 29 (43%)

>3 38(57%)
Previous systemic therapy. n (%)

1 21@1%)

=2 46.69%)
AntPD-Tdugs

sintimab 28.42%)

torpaimab 18(19%)

camveizumab 12 (18%)

nivoumab 7(10%)

tsiizuma 46%)

pembxoizuma 364%)

ECOG, Eastom Cooperalive Oncology Group; EGFR, epidennal growth factor receplor
TPS, tumor proportion SCore.





OPS/images/fonc.2021.628124/table2.jpg
No. (%) of Patients (n = 67)

All grades. Grades 12 Grades 3-4
Any adverse event 57(85) 4979 270
Hypertension 4060) 2842) 12(18)
Fatigue 3765) 37(55) )
Transamints 36 64) 304s) 6@
Darrhoea 20@0) 16(24) 4@
Headache/Dizziness 187 1725 101
Rash 14 13(19) 1)
Neulropenia 1421) 13(19) 1)
Nausea 13(19) 13(19) [
Cough 12(18) 12(18) o
Hand-oot syndrome 11(16) 8(12) 3@
Protinuria 10(15) 10(15) o
Prurius. 9019 9(13) 0
Dysprea 9013 9(13) 0
Hypothyroidsm 9019 50) 46
Thrombocylopena 8(12) 7(10) 1)

Mouth uiceration 7010) 46 34)





OPS/images/fonc.2021.671228/fonc-11-671228-g002.jpg
~ PM:1.50 months.

— P+C: 430 months.

— PeA: 326 months
P+C VS PM:p<0.001
PrAVS PM:p=0.002
P4C VS PHA: p=0.071

o
s
o4
0 3 & & 12 15 18 Time(months)

— PM: 741 months
— prc: 1492months
PoA: 1597 months
PACVS PHip=0.021
PAAVS P:p=0.020
CL pacvs pea: prooc

3 528 3

Overall sursival (%)






OPS/images/fonc.2022.920047/table3.jpg
Subgroups ICI + CT CT HR for relapse(95% CI) ICI + CT CT P value HR for death(95% CI) ICI + CT CT P value

No. of 1-year PFS% 2-year OS%
patients

Overall 61 60 071 (0.48-1.05) 25.7 142 008 0.58 (0.37-0.91) 362 155 0.02
>65 years 12 13 1.02 (0.43-2.45) 15.0 231 096 0.96 (0.34-2.74) 0.0 192 094
<65 years 49 47 0.69 (0.44-1.07) 274 116 0.09 0.55 (0.33-0.91) 392 143 002
T790M positive 28 22 0.56 (0.30-1.67) 336 96 0.07 0.66 (0.32-1.35) 359 212 029
T790M negative 33 38 0.88 (0.53-1.45) 19.8 167 0.60 0.54 (0.29-0.98) 364 102 004
ECOG PS =1 49 51 0.63 (0.40-0.98) 311 147 0.04 0.50 (0.30-0.84) 407 162 001
ECOG PS >1 12 9 1.05 (0.40-2.74) 0.00 1L 092 0.81 (0.29-2.26) 0.0 1L 069
Brain metastasis 20 23 0.58 (0.30-1.14) 27.1 0.00 0.11 0.73 (0.37-1.44) 16.7 15.7 0.35
No brain 41 37 0.83 (0.51-1.37) 247 237 047 0.50 (0.27-0.93) 50.6 164 003
metastasis

Liver metastasis 18 7 0.52 (0.20-1.39) 75 00 019 0.36 (0.13-1.03) 140 00 005
No liver metastasis 43 53 0.62 (0.40-0.98) 324 158 0.04 0.48 (0.27-0.83) 462 173 001

ICI, immune checkpoint inhibitor; CT, chemotherapy; HR, hazard ratio; ECOG, PFS, progression-free survival; OS, overall survival; ECOG, Eastern Cooperative Oncology Group.
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