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Abstract

:

Simple Summary


Interstitial pneumonia (IP) represents a significant prognostic comorbidity in patients diagnosed with non-small-cell lung cancer (NSCLC). Even if treatment for lung cancer proves effective, the occurrence of an acute exacerbation in pre-existing IP can pose a substantial risk to patient survival. Consequently, it is crucial to opt for a therapy that minimizes the likelihood of triggering an acute IP exacerbation. Evidence is limited regarding pharmacotherapy for advanced NSCLC with a low risk of triggering the exacerbation of pre-existing IP, but KRASG12C inhibitors may be a potential treatment option for NSCLC with comorbid IP. In this review article, we discuss the promise and prospects of molecular-targeted therapy, particularly KRASG12C inhibitors, which gained little attention as a treatment for NSCLC with comorbid IP.




Abstract


Non-small-cell lung cancer (NSCLC) with comorbid interstitial pneumonia (IP) is a population with limited treatment options and a poor prognosis. Patients with comorbid IP are at high risk of developing fatal drug-induced pneumonitis, and data on the safety and efficacy of molecularly targeted therapies are lacking. KRAS mutations have been frequently detected in patients with NSCLC with comorbid IP. However, the low detection rate of common driver gene mutations, such as epidermal growth factor receptor and anaplastic lymphoma kinase, in patients with comorbid IP frequently results in inadequate screening for driver mutations, and KRAS mutations may be overlooked. Recently, sotorasib and adagrasib were approved as treatment options for advanced NSCLC with KRASG12C mutations. Although patients with comorbid IP were not excluded from clinical trials of these KRASG12C inhibitors, the incidence of drug-induced pneumonitis was low. Therefore, KRASG12C inhibitors may be a safe and effective treatment option for NSCLC with comorbid IP. This review article discusses the promise and prospects of molecular-targeted therapies, especially KRASG12C inhibitors, for NSCLC with comorbid IP, along with our own clinical experience.
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1. Introduction


Non-small-cell lung cancer (NSCLC) with comorbid interstitial pneumonia (IP) presents limited treatment options and a poor prognosis due to the difficulties of treating NSCLC itself and the increased risk of acute exacerbation of IP with NSCLC treatment. Reportedly, 5–10% of NSCLC patients have IP as a comorbidity at the time of diagnosis of NSCLC [1,2,3]. Conversely, the prevalence of lung cancer in idiopathic pulmonary fibrosis (IPF) ranges from 2.7% to 48% [4], which is significantly higher than that in the general population [5]. This is due to the fact that the presence of IP, especially pulmonary fibrosis, has been shown to be associated with lung carcinogenesis [6]. The cumulative incidence rates of lung cancer in patients with IPF were 3.3%, 15.4%, and 54.7% at 1, 5, and 10 years, respectively. Additionally, the coexistence of emphysema may increase the risk of lung cancer development in patients with IPF [7,8]. Unlike the general population, squamous cell carcinoma is the most frequent type of lung cancer in patients with IPF [4,7]. Lung cancer is a poor prognostic factor in IPF, with 11% of all deaths attributed to it in Japan [9]. Furthermore, Kato et al. revealed that the 1-, 3-, and 5-year all-cause mortality rates in patients with IPF after a lung cancer diagnosis were 53.5%, 78.6%, and 92.9%, respectively [7]. Both IPF itself and the development of lung cancer demonstrated a significant effect on prognosis.



Acute exacerbation is an abrupt worsening of IP, sometimes clearly triggered by factors, such as infection or surgery, leading to high short-term mortality [10]. The criteria for diagnosing acute exacerbations in IPF proposed by an international working group report [11] are as follows: (1) previous or concurrent diagnosis of IPF; (2) acute worsening or development of dyspnea, typically within a 1-month duration; (3) computed tomography (CT) findings revealing new bilateral ground-glass opacity and/or consolidation superimposed on a background reticular shadow or honeycomb lung; and (4) deterioration that is not fully explained by cardiac failure or fluid overload. The annual incidence of acute exacerbations in IPF ranges from 8.5% to 14.2% [12,13,14], preceding up to 46% of deaths in IPF [9,11]. The median survival post-exacerbation is approximately 3–4 months, with high in-hospital mortality frequently exceeding 50% [11]. Acute exacerbations in IP other than IPF have a poor prognosis but are still better than IPF. Miyashita et al. [15] revealed that the 90-day mortality after acute exacerbation was 57% in IPF, 29% in non-IPF idiopathic IPs, and 33% in secondary IP. Patients with IP other than IPF demonstrated a significantly better survival rate than those with IPF after acute exacerbations (p < 0.001). Among those who survived, the proportion of patients needing long-term oxygen therapy post-exacerbation was 63% for IPF, 35% for non-IPF idiopathic IPs, and 46% for secondary IP.



Cytotoxic chemotherapy has the potential to trigger acute exacerbations of IP. The incidence of acute exacerbation was as high as 30% in cytotoxic chemotherapy in cases with the UIP pattern, and nearly all of these cases were graded as severe (grade 3 or higher) [16]. A nationwide surveillance study in Japan revealed that acute exacerbations of idiopathic IP related to cytotoxic chemotherapy for lung cancer occurred in 13.1–22% of the overall population [16,17]. As for first-line treatment for NSCLC with comorbid IP, platinum combination therapies such as carboplatin plus nanoparticle albumin-bound paclitaxel (nab-paclitaxel) are frequently used as the standard therapy, according to results from several prospective intervention studies [18,19,20]. However, regarding second-line and subsequent treatment for NSCLC with comorbid IP, therapy with universal consensus as the standard of care remains unavailable due to insufficient evidence.



Recently, immune checkpoint inhibitors (ICI) have demonstrated better efficacy for some NSCLC cases and are considered key drugs for improving the survival of NSCLC patients [21,22,23]. However, drug-induced pneumonitis is recognized as one of the immune-related adverse events (irAE) and can be life-threatening, even in patients without pre-existing IP. Nevertheless, the incidence of acute exacerbations or drug-induced pneumonitis related to ICI in NSCLC patients with comorbid IP has not been firmly established because patients with IP are often excluded from large-scale prospective studies. There have been a few reports regarding the efficacy and safety of ICI for NSCLC with comorbid IP, but the data have varied between reports. For nivolumab, the incidence of ICI-induced pneumonitis in NSCLC patients with comorbid IP was lower, with zero cases reported in the pilot study [24] and 11.1% in the phase II study [25]. However, the efficacy was higher compared with the non-IP group [26]. Conversely, one phase II study for atezolizumab in previously treated NSCLC patients with comorbid IP was discontinued because of the high incidence of ICI-induced pneumonitis. The incidence rates were 29% for all grades, 24% for grades ≥ 3, and 6% for grade 5 [27]. As for ICI, there are relatively few reports regarding its safety for NSCLC with comorbid IP, as described above, and it has not become the standard of care for NSCLC with comorbid IP because of concerns about irAE pneumonitis.



Radiotherapy for NSCLC patients with comorbid IP should be carefully considered because of the high risk of triggering acute exacerbations. Patients with visible fibrosis on chest X-rays demonstrated a significantly higher rate of postradiation death than those without fibrosis (relative risk 165.7) [28]. Given the poor prognosis after radiation therapy, chemotherapy remains the primary treatment option for unresectable and locally advanced NSCLC patients with comorbid IP.



Interstitial lung abnormality (ILA) has been reported to be a factor affecting the prognosis of NSCLC and the risk of adverse events during NSCLC treatment. This includes even very minor interstitial shadows that are incidentally detected on CT scans conducted for screening purposes related to other lung and extrapulmonary abnormalities. ILA is defined as non-dependent abnormalities affecting >5% of any lung zone, as per the position paper of the Fleischner Society [29]. ILA includes various features such as ground-glass opacities, reticular abnormalities, lung distortion, traction bronchiectasis, honeycombing, and nonemphysematous cysts. A population-based cohort study in the United States revealed that high attenuation areas (HAA), which encompass some of the ILA features listed above, increased in prevalence with higher categories of pack years. HAA increased by 2.5 cm3 (95% confidence interval [CI]: 1.8–3.3 cm3) for every 10 cigarette pack years after adjusting for age, sex, and ethnicity [30]. The prevalence of ILA detected by CT has ranged from 8% to 22.8% in cohorts of smokers [31,32], and 13.2% of patients had ILA at the time of NSCLC diagnosis [33]. In a study involving patients with stage IV NSCLC, a high ILA score, which was visually evaluated, was associated with shorter survival [34]. Nakanishi et al. examined pretreatment chest CT scans for ILAs in 83 patients treated with anti-programmed death-1 (PD-1) antibodies such as nivolumab or pembrolizumab. They revealed a high incidence of immunotherapy-associated pneumonitis at 17% (n = 14), with pre-existing ILAs correlating with a six-fold increase in the risk of drug-associated pneumonitis, especially those displaying a predominant ground-glass pattern of pneumonitis [35].



The challenge is selecting chemotherapy regimens with a lower risk of triggering acute exacerbations. However, only a limited number of chemotherapy regimens have been evaluated for their low risk of causing acute exacerbations. As patients with IP have been excluded from the majority of prospective clinical studies, there is very limited evidence regarding pharmacotherapy for NSCLC patients with comorbid IP.




2. Driver Gene Mutations in NSCLC with Comorbid IP


First-line therapy with tyrosine kinase inhibitors (TKI) targeting the respective gene mutations is usually recommended for NSCLC with driver gene mutations such as the epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), BRAF, and ROS1 genes. However, there are several patients with advanced or recurrent NSCLC whose driver genes have not been sufficiently identified before initial pharmacotherapy, especially in patients with comorbidities such as IP. A retrospective real-world study conducted in Japan, which aimed to investigate the actual status of biomarker testing and drug therapy, revealed that multiplex gene testing was conducted in 47.7% of patients with advanced or recurrent NSCLC. Among these, next-generation sequencing (the Oncomine DX Target Test) was conducted in 67.2% of multiplex gene testing. The rates of biomarker testing implementation for specific genetic alterations were as follows: EGFR at 84.2%, ALK at 78.8%, ROS1 at 72.8%, BRAF at 54.3%, and MET at 54.4%. Furthermore, in adenocarcinoma cases, the prevalence of each driver mutation, including EGFR, ALK, ROS1, BRAF, and MET, was found to be 34.0%, 3.2%, 2.1%, 1.2%, and 1.6%, respectively. Additionally, in non-adenocarcinoma cases, the prevalence was found to be 3.7%, 1.6%, 0.3%, 0.8%, and 2.1%, respectively. Factors associated with the lack of multiplex gene testing were Eastern Cooperative Oncology Group Performance Status of 3 or 4 (odds ratio (OR): 0.47; 95% CI: 0.32–0.70; p < 0.005), comorbidities (OR: 0.54; 95% CI: 0.44–0.67; p < 0.005), and non-adenocarcinoma (OR: 0.70; 95% CI: 0.56–0.87; p < 0.005) in the multivariate model. Among patients with comorbidities, 10.5% had interstitial lung disease [36].



Pre-existing IP is considered one of the risk factors for drug-induced pneumonitis caused by molecular-targeted therapy, especially by EGFR-TKIs, along with factors such as older age, smoking history, and poor performance status. Japanese nationwide surveillance of NSCLC with comorbid IP by Minegishi et al. revealed that the incidence rates of acute exacerbation after EGFR-TKI were 83.3% for first-line pharmacotherapy and 44.4% for second-line pharmacotherapy [17]. Gefitinib was known to have a higher incidence rate of drug-induced pneumonitis than conventional chemotherapy [37]. The observed naive cumulative incidence rates at the end of a 12-week follow-up were 4.0% (95% CI: 3.0–5.1%) for gefitinib and 2.1% (95% CI: 1.5–2.9%) for chemotherapy. The overall OR for gefitinib versus chemotherapy, adjusted for imbalances in risk factors between treatments, was 3.2 (95% CI: 1.9–5.4). Similarly, other EGFR-TKIs, such as erlotinib [38] and osimertinib [39], exhibited a higher frequency of drug-induced pneumonitis during molecular-targeted therapies in NSCLC with comorbid IP compared with those without IP. A prospective cohort study of drug-induced pneumonitis after erlotinib administration in patients with EGFR mutation-positive NSCLC identified pre-existing IP and low residual normal lung function (50% or less) as risk factors for developing drug-induced pneumonitis. Specifically, low residual normal lung function (≤50%) was recognized as a risk factor for developing fatal drug-induced pneumonitis [38]. Gemma et al. reported the results of real-world data about osimertinib for EGFR T790M-positive NSCLC and revealed IP history or coexistence as factors that are potentially associated with the onset of drug-induced pneumonitis during the treatment (adjusted OR: 3.51; 95% CI: 2.10–5.87) [39].



Pulmonary toxicity in patients taking ALK-TKIs has been reported to be relatively rare, with incidence rates of 1.8%, 1.1%, and 2.6% for crizotinib, ceritinib, and alectinib, respectively, regardless of the coexistence of IP [40]. However, data to fully report the efficacy and incidence of drug-induced pneumonitis for molecular-targeted therapies targeting driver gene mutations other than EGFR in NSCLC patients with comorbid IP remain insufficient. Therefore, further study accumulation is required.



The prevalence of driver gene mutations related to molecular-targeted therapy is reported to be low in the NSCLC population with comorbid IP. A retrospective study conducted in a single center in Japan [41] revealed that only 0.4% (1/246) of patients with EGFR mutations demonstrated pre-existing IP, and 3.2% (1/31) of patients with pre-existing IP exhibited EGFR mutations. The rate of EGFR mutation in patients with pre-existing IP was lower than that in patients without IP (1/246 vs. 30/309) [41]. The prevalences of driver gene mutations in NSCLC patients with comorbid IP classified as UIP patterns were 1.9%, 20.4%, and 3.7% for EGFR, KRAS, and BRAF, respectively [42]. EGFR and KRAS mutations were observed in 9 (14.1%) and 24 (37.5%) cases, respectively, in lung adenocarcinoma with smoking-related IP [43]. Notably, BRAF mutations demonstrated a significantly higher frequency in patients with lung cancer with IPF, accounting for 6 of 35 cases (17.1%) [44], which is much higher than the known prevalence of 2–4% in the general lung cancer population [45,46]. As previously mentioned, a retrospective real-world study conducted in Japan [36] revealed that comorbidities, including IP, were associated with the absence of multiplex gene testing. Consequently, NSCLC patients with comorbid IP were not thoroughly investigated for multiple driver gene mutations, considering the underlying risk of drug-induced pneumonia. However, KRAS and BRAF were sometimes detected as driver gene mutations even in NSCLC patients with comorbid IP, and these driver gene mutations and treatment opportunities were missed in patients with comorbid IP. Therefore, all NSCLC patients, regardless of comorbidity, should be comprehensively investigated for driver gene mutations.



KRAS mutations occupied a significant portion of driver gene mutations in NSCLC with comorbid IP, particularly when presenting a UIP pattern in chest CT. However, the low detection rate of common driver gene mutations, such as EGFR and ALK, in patients with comorbid IP frequently results in inadequate screening for driver mutations, and KRAS mutations may be unintentionally overlooked.




3. NSCLC with KRAS Mutations


3.1. Epidemiology of KRAS Mutations and the Development of KRASG12C Inhibitors


The prevalence of KRAS mutations in NSCLC is distinct from that of other genetic variants. KRAS is one of the most prevalent oncogenic drivers in NSCLC, found in over 30% of lung adenocarcinomas based on data from the Cancer Genome Atlas [47]. However, the prevalence varies based on ethnicity and tumor stage and is associated with smoking and female patients [48]. KRAS mutations encompass a range of distinct substitutions, with codon 12 being the most frequent site. The KRASG12C substitution, occurring in 10–30% of lung adenocarcinoma cases and accounting for 40–50% of all KRAS mutations, is prevalent [49,50,51]. In lung squamous cell carcinoma, it is approximately 4.5% [52]. Other notable point mutations include glycine-to-aspartic acid (KRASG12D) and glycine-to-valine (KRASG12V) substitutions, which are observed in approximately 5% and 4% of patients with lung adenocarcinoma, respectively [49]. Epidemiologically, KRASG12C and KRASG12V are linked to a history of smoking, whereas KRASG12D is associated with nonsmokers [53]. These mutations lead to distinct alterations in downstream signaling pathways, affecting clinical outcomes and treatment responses.



KRAS mutations were difficult to target for a long time because the surface structure of the KRAS protein was relatively smooth, with limited pockets available for small molecules to bind, apart from the GTP/GDP binding site. The development of GTP-competitive inhibitors is difficult compared with other drug discovery approaches for RAS inhibitors because the strong affinity between KRAS and GTP poses challenges for competitive inhibition [54]. However, in 2013, Shokat et al. made a groundbreaking discovery by identifying a switch II pocket in the KRASG12C mutation that was amenable to binding with small-molecule compounds [55]. Subsequent discoveries of compounds that irreversibly bind to this pocket and cause allosteric inhibition have resulted in the development of KRASG12C inhibitors [56]. Sotorasib and adagrasib (Figure 1) were approved as second-line treatment options for advanced or recurrent NSCLC with KRASG12C mutations.




3.2. Sotorasib


The phase II portion of the CodeBreaK100 trial [57], which was part of an international phase I/II trial [57,58], administered oral sotorasib at a daily dose of 960 mg to patients with KRASG12C mutation-positive NSCLC after undergoing standard therapy. The primary endpoint of the study was the assessment of objective responses as determined by an independent central review. A total of 126 patients were enrolled in the study, with 124 of them having measurable disease according to Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1. The overall response rate (ORR) was 37.1% (95%CI: 28.6−46.2), with 4 patients achieving a complete response and 42 patients demonstrating a partial response (PR). The median duration of response (DOR), disease control rate, progression-free survival (PFS), and overall survival (OS), which were evaluated as secondary endpoints, were 11.1 months (95% CI: 6.9−not evaluable), 80.6% (95% CI: 72.6−87.2), 6.8 months (95% CI: 5.1−8.2), and 12.5 months (95% CI: 10.0−not evaluable), respectively.



Treatment-related adverse events occurred in 88 (69.8%) of 126 patients, with 26 (20.6%) patients experiencing grade ≥ 3 adverse events. No adverse events in grade 5 were observed. An exploratory analysis observed treatment responses in subgroups based on factors such as programmed death ligand-1(PD-L1) expression, tumor mutation burden (TMB), and the comutation status of STK11, KEAP1, and TP53. The results indicated that the PD-L1-negative, TMB-low, STK11-mutated, and KEAP1-unmutated groups demonstrated greater tumor reduction than the other groups.



The 2-year follow-up data on sotorasib has already been reported [59]. It revealed an ORR of 41%, a median DOR of 12.3 months, a PFS of 6.3 months, an OS of 12.5 months, and a 2-year OS rate of 33%. Long-term clinical benefit, defined as PFS of 12 months or over, was observed in 40 (23%) patients, irrespective of PD-L1 expression levels. Additionally, a subset of patients with somatic STK11 and/or KEAP1 alterations, along with lower baseline circulating tumor DNA, also experienced this clinical benefit. Based on these findings, sotorasib was evaluated as well tolerated in the second-line regimen for NSCLC with KRASG12C mutations, with minimal late-onset treatment-related adverse events that did not necessitate treatment discontinuation.



In the phase III trial of CodeBreaK200 [60], patients with advanced NSCLC bearing KRASG12C mutations who had experienced disease progression after previous platinum-based chemotherapy and treatment with a PD-1 or PD-L1 inhibitor were randomly assigned to two groups. One group received oral sotorasib at 960 mg daily, whereas the other group received docetaxel intravenously (75 mg/m2) once every three weeks. Randomization was stratified based on the number of previous lines of therapy for advanced disease, Asian ethnicity, and a history of central nervous system (CNS) metastases. The primary endpoint of the study was PFS, evaluated through a blinded independent central review within the intention-to-treat population. The study successfully met its primary endpoint after a median follow-up of 17.7 months (interquartile range (IQR): 16.4–20.1), demonstrating a statistically significant improvement in PFS for sotorasib compared with docetaxel. Specifically, the PFS was 5.6 months (95% CI: 4.3–7.8) for sotorasib compared with 4.5 months (IQR: 3.0–5.7) for docetaxel. The hazard ratio was 0.66 (IQR: 0.51–0.86), and the p-value was 0.0017. Sotorasib was well tolerated, with fewer occurrences of grade ≥ 3 severe adverse events (33% in the sotorasib group vs. 40% in the docetaxel group). Furthermore, fewer serious treatment-related adverse events were observed with sotorasib (11%) than with docetaxel (23%).




3.3. Adagrasib


A phase II cohort of the KRYSTAL-1 study [61] evaluated the efficacy of adagrasib at 600 mg orally twice daily in patients with KRASG12C-mutant NSCLC who had previously been treated with platinum-based agents and ICIs. The primary endpoint was ORR, as determined by an independent central review, and secondary endpoints included DOR, PFS, OS, and safety. A total of 116 NSCLC patients with KRASG12C mutations were enrolled, with 98.3% of them having received prior treatment involving both chemotherapy and immunotherapy. At the time of enrollment, 112 patients had measurable lesions according to RECIST version 1.1, and the ORR was evaluable in 48 (42.9%) of them. The median DOR was 8.5 months (95% CI: 6.2–13.8), and the median PFS was 6.5 months (95% CI: 4.7−8.4). At a median follow-up of 15.6 months, the median OS was 12.6 months (95% CI: 9.2−19.2). Among the 33 patients with previously treated or asymptomatic stable CNS metastases, the confirmed intracranial ORR was 33.3% (95% CI: 18.0−51.8). Treatment-related adverse events were reported in 97.4% of the patients, with 44.8% experiencing grade ≥ 3 events. Of these, two patients experienced grade 5 adverse events, leading to treatment discontinuation for 6.9% of patients.





4. Potential of KRASG12C Inhibitors as a Treatment Option for NSCLC with Comorbid IP


4.1. Significance of Exploring KRAS Mutations in NSCLC with Comorbid IP


The risk factors of KRAS mutation were more frequently revealed in patients with IP than in those without IP, independent of smoking history and elder age, based on the data of DNA extracted from bronchiolar metaplasia in honeycomb lesions [62]. Moreover, the KRAS mutation was considered to have a strong relationship with TP53 mutations because both are known to be smoking-related mutations [63]. Guyard et al. investigated the molecular profiling of 31 patients with lung cancer with comorbid IP, including 93.5% of smokers, and revealed TP53, MET, BRAF, and KRAS mutations in 64.5%, 12.9%, 9.7%, and 3.2%, respectively [64]. Masai et al. reported that in the surgically resected lung adenocarcinoma population, patients with the UIP pattern demonstrated lower EGFR mutation rates and higher KRAS mutation rates compared with those without the UIP pattern [65]. Honda et al. revealed KRAS mutations in 20.4% of patients with lung adenocarcinoma with a UIP pattern [42]. Additionally, Fujimoto et al. [41] and Ikeda et al. [66] reported KRAS mutations in 25% of NSCLC cases with comorbid IP. Table 1 summarizes the prevalence of driver gene mutations. Reports indicated bronchial metaplasia as a precancerous condition for IP-related lung adenocarcinoma [67,68], and another study detected a significant accumulation of KRAS mutations (G12V, G12C, and G12A) in the metaplastic epithelium [62]. These findings indicated a close relationship between lung adenocarcinoma and comorbid IP and KRAS mutations.




4.2. Pneumonitis Related to KRASG12C Inhibitors


Notably, the pivotal studies of sotorasib and adagrasib did not exclude patients with comorbid IP from the trials. However, the incidence of pneumonitis was relatively low. Regarding sotorasib, the phase II portion of CodeBreaK100 revealed pneumonitis as a treatment-related adverse event that occurred in two (1.6%) cases, one case each of grade 3 and grade 4 [57], and in the phase III trial of CodeBreaK200 [60], pneumonitis was observed in 1.8% of cases in the sotorasib group, compared with 2.0% in the docetaxel group. Concerning adagrasib, a phase II cohort of KRYSTAL-1 found any-grade pneumonitis in eight (6.9%) cases; three cases were grade ≥ 3 [61]. These data are very valuable for NSCLC with comorbid IP and indicate that KRASG12C inhibitors may be tolerable in NSCLC with comorbid IP with a low acute exacerbation incidence.




4.3. Case Presentation


A 70-year-old woman with no history of smoking was referred to our hospital for the evaluation of a dry cough and an abnormal shadow on her chest X-ray. Chest CT revealed a 7-cm-diameter mass in the right lower lobe and two nodules in the right middle lobe, along with comorbid IP with the UIP pattern.



She underwent a transbronchial forceps biopsy of the primary lesion in the right lower lobe and was then diagnosed with lung adenocarcinoma. He underwent lobectomy of the right middle and lower lobes. Pathologically, R0 resection was achieved with a histopathologically clear margin, and she was diagnosed with invasive mucinous adenocarcinoma (non-treminal respiratory unit type, TTF-1 negative, HNF4a positive, p40 negative) at pathological stage IIIA (T4N0M0) with KRASG12C mutation and PD-L1 of <1%. She received no adjuvant chemotherapy because of concerns about an acute exacerbation of IP.



Nine months after surgery, chest CT revealed multiple lung metastases, indicating a recurrence of invasive mucinous adenocarcinoma with comorbid IP. Carboplatin (area under the curve: 6, on day 1) and nab-paclitaxel (100 mg/m2, on days 1, 8, and 15) were initiated as a first-line regimen. However, she was evaluated as having progressive disease (PD) after two cycles. Subsequently, S-1 was initiated as a second-line regimen and continued for 13 months, achieving stable disease as the best overall response. However, she was diagnosed with PD due to increased bilateral lung metastases (Figure 2A−C). The patient began taking sotorasib as a third-line therapy at a daily dose of 960 mg. The best response was PR, and tumor shrinkage was maintained at 6 months (Figure 2D−F). Adverse events were grade 1 nausea and diarrhea, with no pneumonitis or acute exacerbation of pre-existing IP. Four months after the initiation of sotorasib, bilateral lung metastases were found to have reduced and were evaluated as PR, with the efficacy still continuing until the last outpatient visit, for 10 months since sotorasib started.





5. Conclusions and Future Perspectives


Treatment options for NSCLC with comorbid IP have been limited because of the risk of pharmacotherapy-induced acute exacerbations and the lack of sufficient evidence of efficacy. Platinum combination therapies, such as carboplatin plus nab-paclitaxel, are commonly used as first-line treatments for NSCLC with comorbid IP. However, there is currently no universally agreed standard of care for second-line and subsequent treatment due to a lack of sufficient evidence. IP is a poor prognostic comorbidity in patients with NSCLC. This is partly because typical driver gene mutations, such as EGFR mutations and ALK rearrangements, for which efficacy has been established in NSCLC with driver gene mutations, are rarely detected in the population of NSCLC with comorbid IP, and these mutations are more frequently found in nonsmokers. Even if one of these mutations is present, molecular-targeted therapies (especially EGFR-TKI) were hesitated in patients with comorbid IP because they may be at high risk for pneumonitis. Considering these backgrounds, exploration of driver gene mutations has frequently not been conducted in NSCLC patients with comorbid IP. Conversely, the presence of KRAS mutations has been reported to be potentially higher in NSCLC with comorbid IP than in NSCLC without IP because both KRAS mutations and IP are closely related to smoking. Hence, given the limited evidence for pharmacotherapy as described above, there is significant concern that valuable therapeutic opportunities with KRASG12C inhibitors may have been overlooked for NSCLC patients with comorbid IP. As would be expected from the case presentation above, which demonstrates the safe use of KRASG12C inhibitors for NSCLC with comorbid IP, it is hoped that further evidence regarding the use of KRASG12C inhibitors for NSCLC with comorbid IP will continue to accumulate in the near future.







Author Contributions


Conceptualization, K.F., S.I. and T.O.; methodology, K.F. and S.I.; resources, E.T., T.K., S.S., C.Y., K.K., T.F., S.H., M.W. and T.M.; writing—original draft preparation, K.F.; writing—review and editing, S.I., E.T., T.K., S.S., C.Y., K.K., T.F., S.H., M.W., T.M., A.S., T.B. and T.O.; visualization, K.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


This manuscript does not involve retrospective or prospective clinical research.




Informed Consent Statement


Written informed consent has been obtained from the patient to publish this paper.




Acknowledgments


We would like to thank the patients and their families.




Conflicts of Interest


The authors declare the following financial interests/personal relationships that may be considered potential competing interests: Ikeda S reports receiving grants and personal fees from Chugai and AstraZeneca and personal fees from Ono, Bristol-Myers Squibb, and Pfizer outside of the submitted work. Ogura T reports receiving personal fees from Boehringer Ingelheim and Shionogi outside of the submitted work. All remaining authors have declared no conflicts of interest.




References


	



Raghu, G.; Nyberg, F.; Morgan, G. The epidemiology of interstitial lung disease and its association with lung cancer. Br. J. Cancer 2004, 91, S3–S10. [Google Scholar] [CrossRef]

	



Omori, T.; Tajiri, M.; Baba, T.; Ogura, T.; Iwasawa, T.; Okudela, K.; Takemura, T.; Oba, M.S.; Maehara, T.; Nakayama, H.; et al. Pulmonary Resection for Lung Cancer in Patients With Idiopathic Interstitial Pneumonia. Ann. Thorac. Surg. 2015, 100, 954–960. [Google Scholar] [CrossRef]

	



Fujimoto, D.; Kato, R.; Morimoto, T.; Shimizu, R.; Sato, Y.; Kogo, M.; Ito, J.; Teraoka, S.; Nagata, K.; Nakagawa, A.; et al. Characteristics and prognostic impact of pneumonitis during systemic anti-cancer therapy in patients with advanced non-small-cell lung cancer. PLoS ONE 2016, 11, e0168465. [Google Scholar] [CrossRef]

	



Ballester, B.; Milara, J.; Cortijo, J. Idiopathic Pulmonary Fibrosis and Lung Cancer: Mechanisms and Molecular Targets. Int. J. Mol. Sci. 2019, 20, 593. [Google Scholar] [CrossRef]

	



Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int. J. Cancer 2015, 136, E359–E386. [Google Scholar] [CrossRef]

	



Bouros, D.; Hatzakis, K.; Labrakis, H.; Zeibecoglou, K. Association of Malignancy With Diseases Causing Interstitial Pulmonary Changes. Chest 2002, 121, 1278–1289. [Google Scholar] [CrossRef]

	



Kato, E.; Takayanagi, N.; Takaku, Y.; Kagiyama, N.; Kanauchi, T.; Ishiguro, T.; Sugita, Y. Incidence and predictive factors of lung cancer in patients with idiopathic pulmonary fibrosis. ERJ Open Res. 2018, 4, 00111–02016. [Google Scholar] [CrossRef]

	



Ozawa, Y.; Suda, T.; Naito, T.; Enomoto, N.; Hashimoto, D.; Fujisawa, T.; Nakamura, Y.; Inui, N.; Nakamura, H.; Chida, K. Cumulative incidence of and predictive factors for lung cancer in IPF. Respirology 2009, 14, 723–728. [Google Scholar] [CrossRef]

	



Natsuizaka, M.; Chiba, H.; Kuronuma, K.; Otsuka, M.; Kudo, K.; Mori, M.; Bando, M.; Sugiyama, Y.; Takahashi, H. Epidemiologic Survey of Japanese Patients with Idiopathic Pulmonary Fibrosis and Investigation of Ethnic Differences. Am. J. Respir. Crit. Care Med. 2014, 190, 773–779. [Google Scholar] [CrossRef]

	



Collard, H.R.; Moore, B.B.; Flaherty, K.R.; Brown, K.K.; Kaner, R.J.; King, T.E.; Lasky, J.A.; Loyd, J.E.; Noth, I.; Olman, M.A.; et al. Acute exacerbations of idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2007, 176, 636–643. [Google Scholar] [CrossRef]

	



Collard, H.R.; Ryerson, C.J.; Corte, T.J.; Jenkins, G.; Kondoh, Y.; Lederer, D.J.; Lee, J.S.; Maher, T.M.; Wells, A.U.; Antoniou, K.M.; et al. Acute Exacerbation of Idiopathic Pulmonary Fibrosis. An International Working Group Report. Am. J. Respir. Crit. Care Med. 2016, 194, 265–275. [Google Scholar] [CrossRef]

	



Kim, D.S.; Park, J.H.; Park, B.K.; Lee, J.S.; Nicholson, A.G.; Colby, T. Acute exacerbation of idiopathic pulmonary fibrosis: Frequency and clinical features. Eur. Respir. J. 2006, 27, 143–150. [Google Scholar] [CrossRef]

	



Kondoh, Y.; Taniguchi, H.; Katsuta, T.; Kimura, T.; Kataoka, K.; Taga, S.; Johkoh, T.; Kitaichi, M. Risk Factors For Acute Exacerbation of Idiopathic Pulmonary Fibrosis. In Proceedings of the American Thoracic Society 2010 International Conference, New Orleans, LA, USA, 14–19 May 2010; pp. 103–110. [Google Scholar]

	



Song, J.W.; Hong, S.-B.; Lim, C.-M.; Koh, Y.; Kim, D.S. Acute exacerbation of idiopathic pulmonary fibrosis: Incidence, risk factors and outcome. Eur. Respir. J. 2011, 37, 356–363. [Google Scholar] [CrossRef]

	



Miyashita, K.; Kono, M.; Saito, G.; Koyanagi, Y.; Tsutsumi, A.; Kobayashi, T.; Miki, Y.; Hashimoto, D.; Nakamura, Y.; Suda, T.; et al. Prognosis after acute exacerbation in patients with interstitial lung disease other than idiopathic pulmonary fibrosis. Clin. Respir. J. 2020, 15, 336–344. [Google Scholar] [CrossRef]

	



Kenmotsu, H.; Naito, T.; Kimura, M.; Ono, A.; Shukuya, T.; Nakamura, Y.; Tsuya, A.; Kaira, K.; Murakami, H.; Takahashi, T.; et al. The Risk of Cytotoxic Chemotherapy-Related Exacerbation of Interstitial Lung Disease with Lung Cancer. J. Thorac. Oncol. 2011, 6, 1242–1246. [Google Scholar] [CrossRef]

	



Minegishi, Y.; Gemma, A.; Homma, S.; Kishi, K.; Azuma, A.; Ogura, T.; Hamada, N.; Taniguchi, H.; Hattori, N.; Nishioka, Y.; et al. Acute exacerbation of idiopathic interstitial pneumonias related to chemotherapy for lung cancer: Nationwide surveillance in Japan. ERJ Open Res. 2020, 6, 00184–2019. [Google Scholar] [CrossRef]

	



Kenmotsu, H.; Yoh, K.; Mori, K.; Ono, A.; Baba, T.; Fujiwara, Y.; Yamaguchi, O.; Ko, R.; Okamoto, H.; Yamamoto, N.; et al. Phase II study of nab-paclitaxel + carboplatin for patients with non-small-cell lung cancer and interstitial lung disease. Cancer Sci. 2019, 110, 3738–3745. [Google Scholar] [CrossRef]

	



Asahina, H.; Oizumi, S.; Takamura, K.; Harada, T.; Harada, M.; Yokouchi, H.; Kanazawa, K.; Fujita, Y.; Kojima, T.; Sugaya, F.; et al. A prospective phase II study of carboplatin and nab-paclitaxel in patients with advanced non-small cell lung cancer and concomitant interstitial lung disease (HOT1302). Lung Cancer 2019, 138, 65–71. [Google Scholar] [CrossRef]

	



Otsubo, K.; Kishimoto, J.; Ando, M.; Kenmotsu, H.; Minegishi, Y.; Horinouchi, H.; Kato, T.; Ichihara, E.; Kondo, M.; Atagi, S.; et al. Nintedanib plus chemotherapy for nonsmall cell lung cancer with idiopathic pulmonary fibrosis: A randomised phase 3 trial. Eur. Respir. J. 2022, 60, 2200380. [Google Scholar] [CrossRef]

	



Gandhi, L.; Rodríguez-Abreu, D.; Gadgeel, S.; Esteban, E.; Felip, E.; De Angelis, F.; Domine, M.; Clingan, P.; Hochmair, M.J.; Powell, S.F.; et al. Pembrolizumab plus Chemotherapy in Metastatic Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2018, 378, 2078–2092. [Google Scholar] [CrossRef]

	



Socinski, M.A.; Jotte, R.M.; Cappuzzo, F.; Orlandi, F.; Stroyakovskiy, D.; Nogami, N.; Rodríguez-Abreu, D.; Moro-Sibilot, D.; Thomas, C.A.; Barlesi, F.; et al. Atezolizumab for First-Line Treatment of Metastatic Nonsquamous NSCLC. N. Engl. J. Med. 2018, 378, 2288–2301. [Google Scholar] [CrossRef] [PubMed]

	



Paz-Ares, L.; Ciuleanu, T.-E.; Cobo, M.; Schenker, M.; Zurawski, B.; Menezes, J.; Richardet, E.; Bennouna, J.; Felip, E.; Juan-Vidal, O.; et al. First-line nivolumab plus ipilimumab combined with two cycles of chemotherapy in patients with non-small-cell lung cancer (CheckMate 9LA): An international, randomised, open-label, phase 3 trial. Lancet Oncol. 2021, 22, 198–211. [Google Scholar] [CrossRef] [PubMed]

	



Fujimoto, D.; Morimoto, T.; Ito, J.; Sato, Y.; Ito, M.; Teraoka, S.; Otsuka, K.; Nagata, K.; Nakagawa, A.; Tomii, K. A pilot trial of nivolumab treatment for advanced non-small cell lung cancer patients with mild idiopathic interstitial pneumonia. Lung Cancer 2017, 111, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Fujimoto, D.; Yomota, M.; Sekine, A.; Morita, M.; Morimoto, T.; Hosomi, Y.; Ogura, T.; Tomioka, H.; Tomii, K. Nivolumab for advanced non-small cell lung cancer patients with mild idiopathic interstitial pneumonia: A multicenter, open-label single-arm phase II trial. Lung Cancer 2019, 134, 274–278. [Google Scholar] [CrossRef]

	



Kanai, O.; Kim, Y.H.; Demura, Y.; Kanai, M.; Ito, T.; Fujita, K.; Yoshida, H.; Akai, M.; Mio, T.; Hirai, T. Efficacy and safety of nivolumab in non-small cell lung cancer with preexisting interstitial lung disease. Thorac. Cancer 2018, 9, 847–855. [Google Scholar] [CrossRef] [PubMed]

	



Ikeda, S.; Kato, T.; Kenmotsu, H.; Ogura, T.; Iwasawa, S.; Sato, Y.; Harada, T.; Kubota, K.; Tokito, T.; Okamoto, I.; et al. A Phase 2 Study of Atezolizumab for Pretreated NSCLC With Idiopathic Interstitial Pneumonitis. J. Thorac. Oncol. 2020, 15, 1935–1942. [Google Scholar] [CrossRef]

	



Ohe, Y.; Yamamoto, S.; Suzuki, K.; Hojo, F.; Kakinuma, R.; Matsumoto, T.; Ohmatsu, H.; Nishiwaki, Y. Risk factors of treatment-related death in chemotherapy and thoracic radiotherapy for lung cancer. Eur. J. Cancer 2001, 37, 54–63. [Google Scholar] [CrossRef]

	



Hatabu, H.; Hunninghake, G.M.; Richeldi, L.; Brown, K.K.; Wells, A.U.; Remy-Jardin, M.; Verschakelen, J.; Nicholson, A.G.; Beasley, M.B.; Christiani, D.C.; et al. Interstitial lung abnormalities detected incidentally on CT: A Position Paper from the Fleischner Society. Lancet Respir. Med. 2020, 8, 726–737. [Google Scholar] [CrossRef] [PubMed]

	



Lederer, D.J.; Enright, P.L.; Kawut, S.M.; Hoffman, E.A.; Hunninghake, G.; Van Beek, E.J.R.; Austin, J.H.M.; Jiang, R.; Lovasi, G.S.; Barr, R.G. Cigarette smoking is associated with subclinical parenchymal lung disease: The Multi-Ethnic Study of Atherosclerosis (MESA)-lung study. Am. J. Respir. Crit. Care Med. 2009, 180, 407–414. [Google Scholar] [CrossRef]

	



Sverzellati, N.; Guerci, L.; Randi, G.; Calabro, E.; La Vecchia, C.; Marchiano, A.; Pesci, A.; Zompatori, M.; Pastorino, U. Interstitial lung diseases in a lung cancer screening trial. Eur. Respir. J. 2011, 38, 392–400. [Google Scholar] [CrossRef]

	



Washko, G.R.; Hunninghake, G.M.; Fernandez, I.E.; Nishino, M.; Okajima, Y.; Yamashiro, T.; Ross, J.C.; Estépar, R.S.J.; Lynch, D.A.; Brehm, J.M.; et al. Lung Volumes and Emphysema in Smokers with Interstitial Lung Abnormalities. N. Engl. J. Med. 2011, 364, 897–906. [Google Scholar] [CrossRef]

	



Zhu, M.; Yi, J.; Su, Y.; Zhang, Y.; Gao, Y.; Xu, X.; Zhang, S.; Zhang, Y.; Huang, K. Newly diagnosed non-small cell lung cancer with interstitial lung abnormality: Prevalence, characteristics, and prognosis. Thorac. Cancer 2023, 14, 1874–1882. [Google Scholar] [CrossRef]

	



Nishino, M.; Cardarella, S.; Dahlberg, S.E.; Araki, T.; Lydon, C.; Jackman, D.M.; Rabin, M.S.; Hatabu, H.; Johnson, B.E. Interstitial lung abnormalities in treatment-naïve advanced non-small-cell lung cancer patients are associated with shorter survival. Eur. J. Radiol. 2015, 84, 998–1004. [Google Scholar] [CrossRef]

	



Nakanishi, Y.; Masuda, T.; Yamaguchi, K.; Sakamoto, S.; Horimasu, Y.; Nakashima, T.; Miyamoto, S.; Tsutani, Y.; Iwamoto, H.; Fujitaka, K.; et al. Pre-existing interstitial lung abnormalities are risk factors for immune checkpoint inhibitor-induced interstitial lung disease in non-small cell lung cancer. Respir. Investig. 2019, 57, 451–459. [Google Scholar] [CrossRef]

	



Sakamoto, T.; Matsubara, T.; Takahama, T.; Yokoyama, T.; Nakamura, A.; Tokito, T.; Okamoto, T.; Akamatsu, H.; Oki, M.; Sato, Y.; et al. Biomarker Testing in Patients With Unresectable Advanced or Recurrent Non–Small Cell Lung Cancer. JAMA Netw. Open 2023, 6, e2347700. [Google Scholar] [CrossRef]

	



Kudoh, S.; Kato, H.; Nishiwaki, Y.; Fukuoka, M.; Nakata, K.; Ichinose, Y.; Tsuboi, M.; Yokota, S.; Nakagawa, K.; Suga, M.; et al. Interstitial Lung Disease in Japanese Patients with Lung Cancer. Am. J. Respir. Crit. Care Med. 2008, 177, 1348–1357. [Google Scholar] [CrossRef]

	



Johkoh, T.; Sakai, F.; Kusumoto, M.; Arakawa, H.; Harada, R.; Ueda, M.; Kudoh, S.; Fukuoka, M. Association Between Baseline Pulmonary Status and Interstitial Lung Disease in Patients With Non–Small-Cell Lung Cancer Treated With Erlotinib—A Cohort Study. Clin. Lung Cancer 2014, 15, 448–454. [Google Scholar] [CrossRef]

	



Gemma, A.; Kusumoto, M.; Sakai, F.; Endo, M.; Kato, T.; Saito, Y.; Baba, T.; Sata, M.; Yamaguchi, O.; Yabuki, Y.; et al. Real-World Evaluation of Factors for Interstitial Lung Disease Incidence and Radiologic Characteristics in Patients With EGFR T790M–positive NSCLC Treated With Osimertinib in Japan. J. Thorac. Oncol. 2020, 15, 1893–1906. [Google Scholar] [CrossRef]

	



Pellegrino, B.; Facchinetti, F.; Bordi, P.; Silva, M.; Gnetti, L.; Tiseo, M. Lung Toxicity in Non–Small-Cell Lung Cancer Patients Exposed to ALK Inhibitors: Report of a Peculiar Case and Systematic Review of the Literature. Clin. Lung Cancer 2018, 19, e151–e161. [Google Scholar] [CrossRef]

	



Fujimoto, D.; Tomii, K.; Otoshi, T.; Kawamura, T.; Tamai, K.; Takeshita, J.; Tanaka, K.; Matsumoto, T.; Monden, K.; Nagata, K.; et al. Preexisting interstitial lung disease is inversely correlated to tumor epidermal growth factor receptor mutation in patients with lung adenocarcinoma. Lung Cancer 2013, 80, 159–164. [Google Scholar] [CrossRef]

	



Honda, T.; Sakashita, H.; Masai, K.; Totsuka, H.; Motoi, N.; Kobayashi, M.; Akashi, T.; Mimaki, S.; Tsuchihara, K.; Chiku, S.; et al. Deleterious Pulmonary Surfactant System Gene Mutations in Lung Adenocarcinomas Associated With Usual Interstitial Pneumonia. JCO Precis. Oncol. 2018, 2, 1–24. [Google Scholar] [CrossRef]

	



Primiani, A.; Dias-Santagata, D.; Iafrate, A.J.; Kradin, R.L. Pulmonary adenocarcinoma mutation profile in smokers with smoking-related interstitial fibrosis. Int. J. Chronic Obstr. Pulm. Dis. 2014, 9, 525–531. [Google Scholar] [CrossRef]

	



Hwang, J.A.; Kim, D.; Chun, S.; Bae, S.; Song, J.S.; Kim, M.Y.; Koo, H.J.; Song, J.W.; Kim, W.S.; Lee, J.C.; et al. Genomic profiles of lung cancer associated with idiopathic pulmonary fibrosis. J. Pathol. 2017, 244, 25–35. [Google Scholar] [CrossRef]

	



Marchetti, A.; Felicioni, L.; Malatesta, S.; Sciarrotta, M.G.; Guetti, L.; Chella, A.; Viola, P.; Pullara, C.; Mucilli, F.; Buttitta, F. Clinical Features and Outcome of Patients With Non–Small-Cell Lung Cancer Harboring BRAF Mutations. J. Clin. Oncol. 2011, 29, 3574–3579. [Google Scholar] [CrossRef]

	



Cardarella, S.; Ogino, A.; Nishino, M.; Butaney, M.; Shen, J.; Lydon, C.; Yeap, B.Y.; Sholl, L.M.; Johnson, B.E.; Jänne, P.A. Clinical, pathologic, and biologic features associated with BRAF mutations in non-small cell lung cancer. Clin Cancer Res. 2013, 19, 4532–4540. [Google Scholar] [CrossRef]

	



Network TCGAR. Comprehensive molecular profiling of lung adenocarcinoma. Nature 2014, 511, 543–550. [Google Scholar] [CrossRef]

	



Shepherd, F.A.; Domerg, C.; Hainaut, P.; Jänne, P.A.; Pignon, J.P.; Graziano, S.; Douillard, J.Y.; Brambilla, E.; Le Chevalier, T.; Seymour, L.; et al. Pooled analysis of the prognostic and predictive effects of KRAS mutation status and KRAS mutation subtype in early-stage resected non–small-cell lung cancer in four trials of adjuvant chemotherapy. J. Clin. Oncol. 2013, 31, 2173–2181. [Google Scholar] [CrossRef]

	



Sweeney, S.M.; Cerami, E.; Baras, A.; Pugh, T.J.; Schultz, N.; Stricker, T.; Lindsay, J.; Del Vecchio Fitz, C.; Kumari, P.; Micheel, C.; et al. AACR project genie: Powering precision medicine through an international consortium. Cancer Discov. 2017, 7, 818–831. [Google Scholar]

	



Arbour, K.C.; Jordan, E.; Kim, H.R.; Dienstag, J.; Yu, H.A.; Sanchez-Vega, F.; Lito, P.; Berger, M.; Solit, D.B.; Hellmann, M.; et al. Effects of co-occurring genomic alterations on outcomes in patients with KRAS-mutant non-small cell lung cancer. Clin. Cancer Res. 2018, 24, 334–340. [Google Scholar] [CrossRef]

	



Biernacka, A.; Tsongalis, P.D.; Peterson, J.D.; de Abreu, F.B.; Black, C.C.; Gutmann, E.J.; Liu, X.; Tafe, L.J.; Amos, C.I.; Tsongalis, G.J. The potential utility of re-mining results of somatic mutation testing: KRAS status in lung adenocarcinoma. Cancer Genet. 2016, 209, 195–198. [Google Scholar] [CrossRef]

	



Tamiya, Y.; Zenke, Y.; Matsumoto, S.; Furuya, N.; Sakamoto, T.; Kato, T.; Nishino, K.; Shingyoji, M.; Miyamoto, S.; Shirakawa, C.; et al. Therapeutic impact of mutation subtypes and concomitant STK11 mutations in KRAS–mutated non-small cell lung cancer (NSCLC): A result of nationwide genomic screening project (LC-SCRUM-Japan). J. Clin. Oncol. 2020, 38, 9589. [Google Scholar] [CrossRef]

	



Tomasini, P.; Walia, P.; Labbe, C.; Jao, K.; Leighl, N.B. Targeting the KRAS Pathway in Non-Small Cell Lung Cancer. Oncologist 2016, 21, 1450–1460. [Google Scholar] [CrossRef]

	



Kwan, A.K.; Piazza, G.A.; Keeton, A.B.; Leite, C.A. The path to the clinic: A comprehensive review on direct KRASG12C inhibitors. J. Exp. Clin. Cancer Res. 2022, 41, 27. [Google Scholar] [CrossRef]

	



Ostrem, J.M.; Peters, U.; Sos, M.L.; Wells, J.A.; Shokat, K.M. K-Ras(G12C) inhibitors allosterically control GTP affinity and effector interactions. Nature 2013, 503, 548–551. [Google Scholar] [CrossRef]

	



Ostrem, J.M.L.; Shokat, K.M. Direct small-molecule inhibitors of KRAS: From structural insights to mechanism-based design. Nat. Rev. Drug Discov. 2016, 15, 771–785. [Google Scholar] [CrossRef]

	



Skoulidis, F.; Li, B.T.; Dy, G.K.; Price, T.J.; Falchook, G.S.; Wolf, J.; Italiano, A.; Schuler, M.; Borghaei, H.; Barlesi, F.; et al. Sotorasib for Lung Cancers with KRAS p.G12C Mutation. N. Engl. J. Med. 2021, 384, 2371–2381. [Google Scholar] [CrossRef]

	



Hong, D.S.; Fakih, M.G.; Strickler, J.H.; Desai, J.; Durm, G.A.; Shapiro, G.I.; Falchook, G.S.; Price, T.J.; Sacher, A.; Denlinger, C.S.; et al. KRAS G12C Inhibition with Sotorasib in Advanced Solid Tumors. N. Engl. J. Med. 2020, 383, 1207–1217. [Google Scholar] [CrossRef]

	



Dy, G.K.; Govindan, R.; Velcheti, V.; Falchook, G.S.; Italiano, A.; Wolf, J.; Sacher, A.G.; Takahashi, T.; Ramalingam, S.S.; Dooms, C.; et al. Long-Term Outcomes and Molecular Correlates of Sotorasib Efficacy in Patients With Pretreated KRAS G12C-Mutated Non–Small-Cell Lung Cancer: 2-Year Analysis of CodeBreaK 100. J. Clin. Oncol. 2023, 41, 3311–3317. [Google Scholar] [CrossRef]

	



de Langen, A.J.; Johnson, M.L.; Mazieres, J.; Dingemans, A.-M.C.; Mountzios, G.; Pless, M.; Wolf, J.; Schuler, M.; Lena, H.; Skoulidis, F.; et al. Sotorasib versus docetaxel for previously treated non-small-cell lung cancer with KRASG12C mutation: A randomised, open-label, phase 3 trial. Lancet 2023, 401, 733–746. [Google Scholar] [CrossRef]

	



Jänne, P.A.; Riely, G.J.; Gadgeel, S.M.; Heist, R.S.; Ou, S.H.I.; Pacheco, J.M.; Johnson, M.L.; Sabari, J.K.; Leventakos, K.; Yau, E.; et al. Adagrasib in Non–Small-Cell Lung Cancer Harboring a KRAS G12C Mutation. N. Engl. J. Med. 2022, 387, 120–131. [Google Scholar] [CrossRef]

	



Kataoka, T.; Okudela, K.; Matsumura, M.; Baba, T.; Kitamura, H.; Arai, H.; Suzuki, T.; Koike, C.; Mutsui, H.; Sekiya, M.; et al. Significant accumulation of KRAS mutations in bronchiolar metaplasia-associated honeycomb lesions of interstitial pneumonia. Oncol. Lett. 2022, 24, 225. [Google Scholar] [CrossRef]

	



Subramanian, J.; Govindan, R. Molecular genetics of lung cancer in people who have never smoked. Lancet Oncol. 2008, 9, 676–682. [Google Scholar] [CrossRef]

	



Guyard, A.; Danel, C.; Théou-Anton, N.; Debray, M.P.; Gibault, L.; Mordant, P.; Castier, Y.; Crestani, B.; Zalcman, G.; Blons, H.; et al. Morphologic and molecular study of lung cancers associated with idiopathic pulmonary fibrosis and other pulmonary fibroses. Respir. Res. 2017, 18, 120. [Google Scholar] [CrossRef]

	



Masai, K.; Tsuta, K.; Motoi, N.; Shiraishi, K.; Furuta, K.; Suzuki, S.; Asakura, K.; Nakagawa, K.; Sakurai, H.; Watanabe, S.-I.; et al. Clinicopathological, Immunohistochemical, and Genetic Features of Primary Lung Adenocarcinoma Occurring in the Setting of Usual Interstitial Pneumonia Pattern. J. Thorac. Oncol. 2016, 11, 2141–2149. [Google Scholar] [CrossRef]

	



Ikeda, S.; Kato, T.; Kenmotsu, H.; Ogura, T.; Sato, Y.; Hino, A.; Harada, T.; Kubota, K.; Tokito, T.; Okamoto, I.; et al. Atezolizumab for Pretreated Non-Small Cell Lung Cancer with Idiopathic Interstitial Pneumonia: Final Analysis of Phase II AMBITIOUS Study. Oncologist 2022, 27, 720–e702. [Google Scholar] [CrossRef]

	



Kojima, Y.; Okudela, K.; Matsumura, M.; Omori, T.; Baba, T.; Sekine, A.; Woo, T.; Umeda, S.; Takemura, T.; Mitsui, H.; et al. The pathological features of idiopathic interstitial pneumonia-associated pulmonary adenocarcinomas. Histopathology 2016, 70, 568–578. [Google Scholar] [CrossRef]

	



Okudela, K.; Kojima, Y.; Matsumura, M.; Arai, H.; Umeda, S.; Tateishi, Y.; Mitsui, H.; Suzuki, T.; Tajiri, M.; Ogura, T.; et al. Relationship between non-TRU lung adenocarcinomas and bronchiolar metaplasia—Potential implication in their histogenesis. Histol. Histopathol. 2018, 33, 317–326. [Google Scholar]








[image: Cancers 16 01327 g001] 





Figure 1. Structural formulas of sotorasib and adagrasib. 
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