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Abstract

:

Simple Summary


Tyrosine kinase inhibitors are drugs targeting the epidermal growth factor receptor. In lung cancer, they are used to treat advanced EGFR-mutant diseases, and more recently, one has been approved for adjuvant therapy. Even though publications on the topic are numerous, conclusions are difficult to interpret and are sometimes contradictory. We therefore reviewed the literature in order to present an overview of up-to-date data regarding the adjuvant and neoadjuvant use of tyrosine kinase inhibitors, with particular attention given to their benefits, proven or expected, as well as what challenges could be faced when entering them as protocols in standard care.




Abstract


The ADAURA trial has been significant for the perception of EGFR tyrosine kinase inhibitors (TKIs) as a tool for early stage non-small-cell lung cancer (NSCLC). It produced such great insight that the main TKI, Osimertinib, was rapidly integrated into international guidelines for adjuvant use. However, EGFR-mutant NSCLC is a complex entity and has various targeting drugs, and the benefits for patients might not be as clear as they seem. We reviewed trials and meta-analyses considering TKI adjuvant and neoadjuvant use. We also explored the influence of mutation variability and financial evaluations. We found that TKIs often show disease-free survival (DFS) benefits, yet studies have struggled to improve the overall survival (OS); however, the results from the literature might be confusing because of variability in the stages and mutations. The safety profiles and adverse events are acceptable, but costs remain high and accessibility might not be optimal. TKIs are promising drugs that could allow for tailored treatment designs.
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1. Introduction


In the last decade, the prognosis and treatment of non-small-cell lung cancer (NSCLC) have improved as a result of the discovery of epidermal growth factor receptor (EGFR) mutations, which are predictor markers for the response to tyrosine kinase inhibitors (TKIs). Nowadays, at advanced stages of the disease, TKIs are part of the treatment tools, but their place in the early stages remains unclear. Recent studies, such as the ADAURA trial [1], have shown improvements in disease-free survival (DFS) for resected NSCLC in TKI groups, but the impact on the overall survival (OS) remains undefined. Osimertinib is already being introduced into international guidelines. In this review, we aimed to assess the possible place for TKIs in standard care for EGFR-mutated NSCLC at the surgical stages in the upcoming years.




2. Lung Cancer and EGFR Mutations


Lung cancer accounts for 11.4% of all cancer worldwide and was responsible for 1.8 million deaths in 2020 (WHO). Among these, NSCLC is the most common histology [2], and almost one out of three cases are localized upon diagnosis. For these cases, the gold-standard treatment is surgical resection [3]—anatomical resection through lobectomy or sub-lobectomy, or segmentectomy in the very early stages [4], combined with mediastinal lymphadenectomy [5]. Surgery is associated with peri-operative chemotherapy in cases of nodal involvement or with a tumor size of >4 cm [6]. Chemotherapy slightly improves OS (absolute benefits of 3.9% and 5.4% after 3 and 5 years, respectively) and DFS (absolute benefits of 5.8% and 5.8% after 3 and 5 years, respectively) outcomes, but the recurrence rate remains high—up to 50% after 5 years [7]. At an advanced stage, lung cancer is associated with a poor prognosis, and standard care is represented by platinum-based chemotherapy, with small improvements in OS and progression-free survival (PFS) [8] and high toxicity profiles [9].



The discovery of oncogenic driver mutations allowed for the development of targeted therapies, which rapidly became the standard treatment for eligible patients as a result of their major improvement outcomes [10,11]. These mutations are numerous; however, EGFR mutations are the most represented, and are present in 15% of lung adenocarcinomas in the USA and up to 60% in Asian females [2].



The epidermal growth factor receptor is a transmembrane receptor from the tyrosine kinases family HER/erbB; it is involved in proliferation, angiogenesis, and apoptosis inhibition. Its gene is located on the short arm of chromosome 7 (7p11.2), and 93% of mutations of interest are found within exons 18–21, which code for the tyrosine kinase domain responsible for abnormal activation in cancerous cells [12]. Of these mutations, 90% are represented by exon 19 deletions (Ex19del) and exon 21 L858R mutations [13], which have been proven to be sensitive to TKI drugs [14]. On the contrary, the exon 20 T790M mutation produces resistance to targeted therapy, and is mainly an acquired mutation after clonal selection as a result of drug administration [11]. While exon 20 T790M confers resistance to first- and second-generation EGFR TKIs, it can be overcome by third-generation TKIs (i.e., Osimertinb) [15]. Another frequent (around 5% of all EGFR mutations) [16] TKI-resistant mutation family is found in exon 20 insertions. Although these mutations currently confer de novo resistance for most available TKIs [17], Osimertinib may provide a moderate response [18], and Mobocertinib, a new drug, is in the early stages of evaluation for this particular indication [19]. Less common mutations are also found on exons 18, 20, and 21, and a small amount of patients have been found to have complex mutations, associated with two or more mutations [20]. EGFR-mutant (EGFRm) NSCLC mainly occurs in nonsmoking Asian females with adenocarcinoma [21].



The development of three generations of EGFR inhibitors has shown increased outcomes [22] and acceptable security profiles, providing them a place as a first-line treatment for advanced EFGRm NSCLC [23]. These improvements have provided insight so as to enhance the prognosis of patients with localized stages in adjuvant and neoadjuvant therapy.




3. TKIs as Neoadjuvant Treatment


TKIs might be able to be used as neoadjuvant treatment; however, the topic has been poorly explored. Some phase II trials have found potential improvements with Erlotinib; the main results from these trials are summarized in Table 1.



Chen et al. [24] compared Erlotinib versus Pemetrexed−Cisplatin chemotherapy in a randomized trial with 86 patients and found an improved objective response rate (ORR)/risk ratio (RR) of 1.53 (95% CI: 1.03–2.27) and operation rate (OpR)/RR of 1.08 (95% CI: 0.9–1.27). Zhong et al. [26] also compared Erlotinib to chemotherapy in a 24-patient non-randomized trial; their results contradicted other studies because the OS was in favor of chemotherapy, with a hazard ratio (HR) = 1.79 (95% CI: 0.73–4.39).



Xiong et al. [27] performed a trial with 31 patients, and compared Erlotinib treatment for EGFRm patients versus chemotherapy treatment for EGFR-wild-type (EGFRw) patients. Their findings found an improved ORR (67% vs. 19%), OpR (12/15 vs. 8/16), pathological response rate (67% vs. 38%), and OS (51 vs. 20.9 months) in the Erlotinib group. They also found an improved tumor diameter reduction (35% vs. 16%) with Erlotinib.



Recently, Zhong et al. [25] published EMERGING CTONG, a controlled trial that included 72 patients receiving Erlotinib or chemotherapy; it showed an encouraging ORR (primary outcome) of 54.1% (95% CI: 37.2–70.9%) versus 34.3% (95% CI: 17.7–50.8%), odds ratio (OR) of 2.26 (95% CI: 0.87–5.84; p = 0.092), and node down staging (secondary outcome, 10.8% vs. 2.9%, p = 0.185), without reaching statistical significance. The PFS (secondary outcome) was significantly better: 21.5 months (95% CI: 16.7–26.3 months) versus 11.4 months (95% CI: 7.3–15.5 months), and HR of 0.39 (95% CI: 0.23–0.67; p = 0.001). The OS (secondary outcome) was comparable in both groups: 45.8 versus 39.2 months (HR = 0.77, 95% CI: 0.41–1.45; p = 0.417). These results might have been attenuated by the sample size, slow rate of accrual, and short time of exposure. The safety profile was good with no grade 3/4 toxicities in the Erlotinib group. The most common adverse events (AEs) were rash, diarrhea, and cough, as described before. These results warrant more investigations with larger cohorts in order to give stronger evidence of the improvement provided by TKI in neoadjuvant therapy.



In 2021, Chen et al. [29] published a meta-analysis collecting data from the five trials (three RCT [25,28,29] and two non-RCT [26,27]) available comparing Erlotinib to chemotherapy as neoadjuvant treatments for EGFRm stage IIIA NSCLC patients; they found a trend in favor of Erlotinib in OS (HR = 0.74, 95% CI: 0.43–1.27) and PFS (HR = 081, 95% CI: 0.27–2.44). The ORR (RR = 1.70, 95% CI: 1.35–2.15), progression rate (RR = 0.64, 95% CI: 0.34–1.19), and OpR (RR = 1.13, 95% CI: 1.01–1.26) were in favor of TKIs in all of the studies included, resulting in significant improvements when using Erlotinib. The effect on OpR was lost when excluding the data from non-RCT trials. The toxicity was greater in the Erlotinib group (RR = 0.50, 95% CI: 0.34–0.75), mainly presenting as skin rash, but not significantly different when excluding the non-RCT data (RR = 0.53, 95% CI: 0.26–1.08).



Gefitinib has not been evaluated as much. Rivzi et al. [30] enrolled 50 patients with stages I–II NSCLC in a single-arm trial; patients from a population enriched for EGFR mutations received TKI for 21 days before surgery. The authors reported a radiographic response (>25% reduction in bidimensional measurement) for 21 patients (42%), in which 17 were EGFRm. Nine patients were upstaged and seven were downstaged, but it was not detailed from which group they were. DFS did not significantly differ when stratified according to EGFR status or adjuvant TKI usage. The OS data were incomplete and, to our knowledge, were never reported. No grade IV AEs were reported and only one grade III rash occurred during the pre-operative period.



Zhang et al. [31] published a trial of 35 patients with stages II−IIIA EGFRm NSCLC who received Gefitinib 42 days before surgery. They found an ORR of 54.5% (95% CI: 37.7–70.7) and a rate of major pathologic response (MPR) of 24.2% (95% CI: 11.9–40.4) using the RECIST criteria. The median DFS was 33.5 months (95% CI: 19.7–47.3) and the median OS was not achieved. They also found that patients with MPR had a significantly longer median DFS (68 vs. 25.3 months, p = 0.019) and a trend for a longer OS (p = 0.134).



NEOADAURA [32], a phase III trial, is currently ongoing, comparing Osimertinib with or without chemotherapy versus chemotherapy alone in resectable stages II–IIIB N2 EGFRm (Ex19del or L858R) NSCLC. The trial is ongoing and might not end before 2024 (estimated final data collection date for primary outcome measure). Of note, nine single-arm phase II trials are currently ongoing to explore new schemes [33,34,35,36,37,38,39,40,41]. These studies are summarized in Table 2.




4. TKI as Adjuvant Treatment


TKI was first described as an adjuvant therapy by Tsuboi et al. [42] in 2005 in a 38-patient phase III trial comparing Gefitinib to a placebo. They provided safety and feasibility data, but no survival data because of early trial termination due to a controversy involving a rising rate of interstitial lung disease (ILD) in patients treated with Gefitinib [43] (see safety profile below).



Since this publication, a dozen clinical comparisons [44,45] have been conducted, with four phase II [46,47,48,49] and seven phase III [1,42,50,51,52,53,54] randomized trials. When using TKI, most of these trials showed improved DFS compared with a placebo, with an HR ranging from 0.2 to 0.61, with statistical significance for all of the trials (Table 3), except for Feng et al. [48], where the statistical power may have been limited by the sample size (39 patients) and follow-up period (24 months, median DFS not reached).



In 2015, Kelly et al. [50] published the RADIANT trial, a randomized, double-blind, placebo-controlled phase III international and multi-center trial that included 973 patients. They compared Erlotinib with a placebo in patients with EGFR-expressing tumors, but not necessarily EGFR-mutated tumors (n = 161). For the EGFRm patients, DFS (as a secondary endpoint) was better (HR = 0.61, 95% CI: 0.38–0.98) with Erlotinib, but the primary outcome was not reached (DFS in the ITT population, HR = 0.90; 95% CI: 0.74–1.10; p = 0.324).



It is not clear yet if Gefitinib should be used as an adjuvant therapy. The findings of Goss et al. [52] (BR19 trial, Phase III, 2013) on DFS were not in favor of Gefitinib (HR = 1.84, 95% CI: 0.44–7.73), but the study was stopped early because of a lack of supportive evidence regarding the efficacy of this drug in trials for advanced stages [55]. Zhong et al., in CTONG 1104/ADJUVANT [53] (2018), compared Gefitinib versus Vinorelbine plus Cisplatin (VP), and showed an improved median DFS in the TKI group of 30.8 months (95% CI: 26.7–36.6) versus 19.8 months (95% CI: 15.4–23.0), with an HR of 0.51 (95% CI: 0.36–0.72, p< 0.001). The long-term data did not show any benefit, with 3-year DFS rates of 39.6% (TKI) and 32.5% (VP) (p = 0.316) and 5-year DFS rates of 22.6% (TKI) and 23.2% (VP) (p = 0.928). The Kaplan−Meier curves crossed at 60 months, but the risk at this point represented only 10% of the original contingent, exposing this result to a power insufficiency [56]. Tada et al. [57] recently published IMPACT WJOG6410L, a phase III randomized trial with 234 patients with stages II–III, EGFRm NSCLC. The patients either received 2 years of adjuvant Gefitinib or four cycles of Cisplatin−Vinorelbine adjuvant chemotherapy. Neither DFS nor OS were different between the two arms (DFS HR = 0.92; 95% CI: 0.67–1.28; p = 0.63) (OS HR = 1.03; 95% CI: 0.65–1.65; p = 0.89).



In 2021, He et al. [54] published the EVIDENCE trial—a phase III randomized trial comparing Icotinib (highly selective first-generation EGFR TKI) to chemotherapy in 322 patients. Their findings were consistent with previous trials, with an improved DFS of 47 months (95% CI: 36.4–not reached) with Icotinib versus 22.1 months (95% CI: 16.8–30.4) with chemotherapy (HR = 0.36; 95% CI: 0.24–0.55; p < 0.0001). The 3-year DFS was also better (63.9% (95% CI: 51.8–73.7) vs. 32.5% (95% CI: 21.3–44.2)), but the OS data were incomplete and not published. To date, it is the largest trial on Icotinib in an adjuvant setting.



The ADAURA [1] study, a phase III trial, compared 3-year adjuvant Osimertinib versus a placebo in stages IB−IIIA (seventh TNM classification) EGFRm (Ex19del or L858R) NSCLC. It is currently the largest cohort to date, with 682 patients enrolled. Adjuvant chemotherapy before targeted therapy was allowed, but not mandatory. The primary endpoint, DFS at 24 months for stages II−IIIA, was shown to be dramatically better for TKI (HR = 0.17; 99.06% CI: 0.11–0.26), with an 80% reduction of risk of recurrence after 2 years. In the overall population (stages IB−IIIA, with stage IB accounting for 32% of the cohort), the same effect was shown (HR = 0.20; 99.12% CI: 0.14–0.30; p< 0.001). In the subgroup analysis, the effect was consistent and progressive according to disease stage, with an HR of 0.39 (95% CI: 0.18–0.76) in stage IB, HR of 0.17 (95% CI: 0.08–0.31) in stage II, and HR of 0.12 (95% CI: 0.07–0.2) in stage IIIA. The use of precedent adjuvant chemotherapy also slightly enhanced DFS (HR = 0.16 with chemo vs. 0.23 without, 95% CI: 0.10–0.26 and 0.13–0.40, respectively). They also reported an 82% reduction in the risk of death or central nervous system (CNS) recurrence (HR = 0.18; 95% CI: 0.10–0.33), but the median CNS DFS was not achieved, and this result should be taken with caution. According to these results, the independent data monitoring committee decided to unblind the trial early. At publication, the OS data were incomplete, and the follow-up is still ongoing as well as the quality-of-life evaluation. Although these results are impressive, this study might be biased in its design. Firstly, a PET−CT scan was not mandatory at baseline staging. Secondly, brain imaging was not updated before TKI introduction, even though the delay between surgery and randomization was allowed to be up to 26 weeks when adjuvant chemotherapy was administered (10 weeks without chemotherapy). Furthermore, there are no data for assessing the quality of surgical resection (lymphadenectomy extend and lymph node capsular effraction, complete or incomplete resection, operative approach). The duration of treatment was 3 years, which is longer than in other trials; however, it is not clear if longer therapy would improve the outcomes [58]. These limitations might have resulted in an underestimation of the staging at randomization, lowering the control of this possible confounding factor. Nevertheless, ADAURA largely contributed to the inclusion of Osimertinib in North American guidelines as an adjuvant treatment for NSCLC with EGFR Ex19del or L858R mutations [59], and in Europe for stages IB−IIIA with the same mutations [60,61]. Of note, ADAURA used the seventh TNM classification with stage IB with tumors of at least 4 cm, which are now classed stage II in the eighth TNM [62]. However, these guidelines would be applied to new stage IB tumors, even though this patient group was not evaluated.



Concerning OS, only the EVAN [49] phase II trial was able to prove a statistical benefit of Erlotinib over chemotherapy as a secondary endpoint (HR = 0.165, 95% CI: 0.047–0.579), but this result might be immature because the median OS was not reached for both groups at the data cutoff and there were fewer death events compared with the study discontinuation events. In other trials, the results were heterogeneous from one study to another (HR ranging from 0.37 to 3.16, p > 0.05).



Soon, the French Intergroup of Thoracic Cancerology (IFCT) will conduct the ROSIE trial, which aims to identify clinico-pathological and molecular descriptions associated with the probability of relapse after Osimertinib adjuvant exposure in completely resected stages pIIA–IIIA (TNM staging 8th) EGFRm NSCLC, and to describe the clinical, pathological, and molecular characteristics upon relapse during or after Osimertinib treatment. The protocol will include plasmatic circulating tumor DNA (ctDNA) level monitoring, as well as tumor genomic sequencing at baseline and at relapse.



Regarding future publications, we considered the ALCHEMIST [63] trial, a nationwide study evaluating Erlotinib versus a placebo in stages IB (>4 cm)−IIIA EGFRm NSCLC. The primary outcome is OS and investigators plan to include 450 patients, with a complete follow-up of 6 years after ending treatment. For more details regarding the ongoing comparative trials, see Table 4.



Ten meta-analyses [45,67,68,69,70,71,72,73,74,75] assessed that DFS was better with TKI than without [69] (HR ranging from 0.38 to 0.86 with statistical significance in all ten publications). However, only two of five found an improvement in OS—Tang et al. [73] in 2019 with an OR of 0.63 (95% CI: 0.46–0.86) and Yin et al. [75] in 2021 with an HR of 0.62 (95% CI: 0.45–0.86), but they included non-randomized trials [76,77,78]. One of the latter trials highlighted the heterogeneity of the stage and mutation repartition from one trial to another [67], which could be confounding factors. We found that the patient pool from stages IB to IIIA regrouped a very wide variety of cancers with an inconstant prognosis, and that mutation variability could also interfere with the drug response (see below—Impact of EGFR Mutation). Thus, entering Osimertinib into routine protocol will surely provide data, but its administration should be monitored to define who should receive it and who should not. Of note, unsurprisingly, TKI showed no benefits when used on EGFR-wild-type NSCLC.




5. Impact of EGFR Mutation and Co-Mutations


Although Ex19del and L858R are the most frequent mutations and markers for TKI sensitivity, they might not be equal. In advanced cancers, Lee et al. [79] revealed in a meta-analysis that the PFS for tumors with the Ex19del mutation could be up to 50% greater (HR = 0.24, 95% CI: 0.20–0.29) than for tumors with L858R (HR = 0.48, 95% CI: 0.39–0.58). In adjuvant therapy, the subgroups analysis data from ADAURA, EVAN, ADJUVANT, and EVIDENCE were consistent with these results, with a trend towards a better DFS in patients with Ex19del. There are also dozens of rare mutations that could produce the opposite reactions from one or another drug [80], highlighting the challenge of precise genomic sequencing in order to allow for personalized treatment plans. Furthermore, as TKI could promote the emergence of a resistant clone under selection pressure, tumor re-sequencing upon recurrence might be an important step in adaptive therapy.



Co-mutations may also be predictive for drug response. Liu et al. [81] reviewed the genomic profiles from the ADJUVANT trial and found five predictive biomarkers (TP53 exon4/5 mutations; RB1 alterations; and copy number gains of MYC, NKX2-1, and CDK4). They were able to define three subtypes of patients with very different responses to Gefitinib in each group—sometimes opposite. These data show the complexity of genomic impact and the uncertainty of the drug response from one patient to another. In the future, as TKIs are becoming part of standard treatment, very careful routine patient data collection will be needed to further document this variability and to design better tailored treatment paths.




6. Safety


As TKIs struggle to show an impact on OS, safety, AEs, and quality of life (QoL) appear to be key points for patients’ and clinicians’ acceptability. At the beginning of its use, Gefitinib was shown to cause interstitial lung disease, which could severely injure the lung capacity [43]. Investigations led to the conclusion that this AE, which can occur for any EGFR TKI, is rare and is more likely to occur in Japanese populations [82]. ILD is usually reversible after drug discontinuation, and steroids and reliable drugs can replace TKIs [83]. Dacomitinib and Afatinib have a higher toxicity than Icotinib, Osimertinib, and Gefitinib, but Osimertinib seems to provide the highest risk for ILD [84]. Most trials and meta-analyses have provided safety data—TKIs are more likely to cause AEs than a placebo, but much less than adjuvant chemotherapy [68]. Grade III−IV AEs are extremely rare; the most common AEs are diarrhea, paronychia, mucocutaneous symptoms (skin rash, dry skin, pruritus, mouth ulceration, etc.), and cough. Treatment discontinuation and dose reductions due to AEs are less than in the chemotherapy groups in the ADJUVANT, EVIDENCE, and EVAN trials. ADAURA’s QoL was reported and showed no difference between Osimertinib and a placebo [85]. Finally, as TKIs are oral drugs with a single daily dose, adhesion and acceptation will be better than for intravenous treatments.




7. Cost Effectiveness and Accessibility


With every new drug class being routinely used, the financial aspect for health organizations is considered. Lemmon et al. [86] performed a cost-effectiveness model using the ADAURA data and calculated an incremental cost-effectiveness ratio (ICER) for Osimertinib of about USD 317,000 per quality-adjusted life year (QALY) gained (E.D: “One quality-adjusted life year (QALY) is equal to 1 year of life in perfect health”, NICE Glossary). Choi et al. [87] did the same by detailing cost according to stage. They found a better incremental benefit in the stage II group than in the IB and IIIA groups, but with higher a incremental cost−utility ratio (ICUR) than Lemmon, with around USD 1.2 million (Groups IB–IIIA) and USD 636,000, per life year gained. These models are limited by the incompleteness of the OS data, and their outcomes (QALY gain vs. life year gain) may not be comparable. The implementation of adjuvant therapy in standard care will have substantial costs that will warrant more accurate cost-effectiveness evaluations. These costs, associated with the lack of evidence of the benefit on OS, might limit their use to wealthier countries and patients.




8. Discussion


TKIs are promising drugs, yet there are still some crucial points to explore. First is the question of an optimal treatment duration [54]. It has been highlighted that most recurrence in TKI arms occurs after treatment discontinuation, with DFS perhaps being dependent on the exposition time. Then, it could be hypothesized that TKIs will not cure the disease, but only keep cancerous cells in a dormant state, while slowly selecting resistant clones, resulting in a delayed but inexorable recurrence [88,89]. This could explain why the benefits of OS are so tricky to find. To date, the duration of treatment is arbitrary and relies on evidence from shorter DFS with shorter treatment times (i.e., ADJUVANT vs. ADAURA); however, more investigations are warranted to develop and define this concept. Indeed, the merits of adjuvant TKIs may also be considered for very early stages—in ADAURA, the stage IB DFS at 24 months was 88% and 71% with the TKIs and a placebo, respectively. Therefore, we do not know how the recurrence was rechallenged, especially in the TKI group, where the clonal selection could make it untreatable with other TKIs. Ultimately, we cannot know if these patients really benefited from Osimertinib. One might wonder if active monitoring and TKI challenging at relapse would not be a more efficient strategy, with a delayed use of chemotherapy (and thus preserved QoL) and wiser money spending.



Second, while TKIs are introduced as an adjuvant treatment more and more frequently by national and international guidelines, evidence of their survival improvements needs to be more underpinned. With a wide range of mutations, stages, and prognoses, it is necessary to more accurately explore which groups could benefit more from TKI adjuvant therapy. Their use needs to be managed by genomic detection of appropriate mutations and co-mutations. This detection, associated with a high cost of treatment, may slow down their inclusion into standard care and accessibility for all. With good safety profiles and few AEs, TKIs could enter adjuvant therapy panels with a good patient adhesion expected. Even without evidence of the benefit of survival over chemotherapy, this point may be important in patients for whom an adjuvant treatment is formally indicated, but who are unfit to receive chemotherapy. In these cases, TKIs could be an alternative to chemotherapy, with better outcomes than abstention, while maintaining their QoL.



Eventually, these drugs might also have a place as neoadjuvant treatments, but this statement needs to be supported by more accurate data and well-conducted trials.



We aimed to highlight the challenges regarding what could be the future of oncologic practice: individualized therapy design, with clinical, pathological, and genomic profiles very precisely defined at baseline and at relapse. There is still a lot to understand about EGFRm NSCLC, and as the amount of data needed will be huge, we can only place our hopes in the usefulness and completeness of national and international databases to help investigators find ways to relentlessly fight this disease [90,91]. We believe that the success of this new era will be dependent on the meticulous collection and sharing of patient data.




9. Conclusions


EGFR TKIs in adjuvant therapy clearly improve DFS, but not, to date, OS. The optimal duration of adjuvant treatment and its real place among other therapeutic tools should be defined. In neoadjuvant therapy, EGFR TKIs may improve ORR and operation rates. Their safety and toxicity are good, but the high cost of treatment may restrain accessibility. The understanding the effects of the numerous mutations must be improved for individualized drug assignment and tailored treatment plans.







Author Contributions


Conceptualization, D.C. and A.L.; methodology, X.C. and C.V.; validation, X.C., C.V. and A.L.; investigation, X.C., B.L., D.C. and A.L.; resources, X.C., C.V. and A.L.; writing—original draft preparation, X.C. and A.L.; writing—review and editing, X.C., B.L., D.S., A.T., C.V., D.C. and A.L.; supervision, A.L.; project administration, A.L.; funding acquisition, D.C., B.L., A.T., D.S. and A.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding. Publication Charges were supported by Association Thorax à Tours.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wu, Y.-L.; Tsuboi, M.; He, J.; John, T.; Grohe, C.; Majem, M.; Goldman, J.W.; Laktionov, K.; Kim, S.-W.; Kato, T.; et al. Osimertinib in Resected EGFR-Mutated Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2020, 383, 1711–1723. [Google Scholar] [CrossRef] [PubMed]

	



Barta, J.A.; Powell, C.A.; Wisnivesky, J.P. Global Epidemiology of Lung Cancer. Ann. Glob. Health 2019, 85, 8. [Google Scholar] [CrossRef] [PubMed]

	



Dziedzic, R.; Żurek, W.; Marjański, T.; Rudziński, P.; Orłowski, T.M.; Sawicka, W.; Marczyk, M.; Polańska, J.; Rzyman, W. Stage I Non-Small-Cell Lung Cancer: Long-Term Results of Lobectomy versus Sublobar Resection from the Polish National Lung Cancer Registry †. Eur. J. Cardiothorac. Surg. 2017, 52, 363–369. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, K.; Saji, H.; Aokage, K.; Watanabe, S.-I.; Okada, M.; Mizusawa, J.; Nakajima, R.; Tsuboi, M.; Nakamura, S.; Nakamura, K.; et al. Comparison of Pulmonary Segmentectomy and Lobectomy: Safety Results of a Randomized Trial. J. Thorac. Cardiovasc. Surg. 2019, 158, 895–907. [Google Scholar] [CrossRef]

	



D’Andrilli, A.; Venuta, F.; Rendina, E.A. The Role of Lymphadenectomy in Lung Cancer Surgery. Thorac. Surg. Clin. 2012, 22, 227–237. [Google Scholar] [CrossRef]

	



Watanabe, S.; Nakagawa, K.; Suzuki, K.; Takamochi, K.; Ito, H.; Okami, J.; Aokage, K.; Saji, H.; Yoshioka, H.; Zenke, Y.; et al. Neoadjuvant and Adjuvant Therapy for Stage III Non-Small Cell Lung Cancer. Jpn. J. Clin. Oncol. 2017, 47, 1112–1118. [Google Scholar] [CrossRef]

	



Pignon, J.-P.; Tribodet, H.; Scagliotti, G.V.; Douillard, J.-Y.; Shepherd, F.A.; Stephens, R.J.; Dunant, A.; Torri, V.; Rosell, R.; Seymour, L.; et al. Lung Adjuvant Cisplatin Evaluation: A Pooled Analysis by the LACE Collaborative Group. J. Clin. Oncol. 2008, 26, 3552–3559. [Google Scholar] [CrossRef]

	



Rodrigues-Pereira, J.; Kim, J.-H.; Magallanes, M.; Lee, D.H.; Wang, J.; Ganju, V.; Martínez-Barrera, L.; Barraclough, H.; van Kooten, M.; Orlando, M. A Randomized Phase 3 Trial Comparing Pemetrexed/Carboplatin and Docetaxel/Carboplatin as First-Line Treatment for Advanced, Nonsquamous Non-Small Cell Lung Cancer. J. Thorac. Oncol. 2011, 6, 1907–1914. [Google Scholar] [CrossRef]

	



Snee, M. Quality of Life Comparing Carboplatin with Cisplatin in the Treatment of Non-Small Cell Lung Cancer. Eur. J. Cancer Oxf. Engl. 1990 2018, 91, 167. [Google Scholar] [CrossRef]

	



Zhou, C.; Wu, Y.-L.; Chen, G.; Feng, J.; Liu, X.-Q.; Wang, C.; Zhang, S.; Wang, J.; Zhou, S.; Ren, S.; et al. Erlotinib versus Chemotherapy as First-Line Treatment for Patients with Advanced EGFR Mutation-Positive Non-Small-Cell Lung Cancer (OPTIMAL, CTONG-0802): A Multicentre, Open-Label, Randomised, Phase 3 Study. Lancet Oncol. 2011, 12, 735–742. [Google Scholar] [CrossRef]

	



Sharma, S.V.; Bell, D.W.; Settleman, J.; Haber, D.A. Epidermal Growth Factor Receptor Mutations in Lung Cancer. Nat. Rev. Cancer 2007, 7, 169–181. [Google Scholar] [CrossRef]

	



Castellanos, E.; Feld, E.; Horn, L. Driven by Mutations: The Predictive Value of Mutation Subtype in EGFR-Mutated Non–Small Cell Lung Cancer. J. Thorac. Oncol. 2017, 12, 612–623. [Google Scholar] [CrossRef]

	



da Cunha Santos, G.; Shepherd, F.A.; Tsao, M.S. EGFR Mutations and Lung Cancer. Annu. Rev. Pathol. Mech. Dis. 2011, 6, 49–69. [Google Scholar] [CrossRef]

	



Eck, M.J.; Yun, C.-H. Structural and Mechanistic Underpinnings of the Differential Drug Sensitivity of EGFR Mutations in Non-Small Cell Lung Cancer. Biochim. Biophys. Acta 2010, 1804, 559–566. [Google Scholar] [CrossRef]

	



Mok, T.S.; Wu, Y.-L.; Ahn, M.-J.; Garassino, M.C.; Kim, H.R.; Ramalingam, S.S.; Shepherd, F.A.; He, Y.; Akamatsu, H.; Theelen, W.S.M.E.; et al. Osimertinib or Platinum–Pemetrexed in EGFR T790M–Positive Lung Cancer. N. Engl. J. Med. 2017, 376, 629–640. [Google Scholar] [CrossRef]

	



Vyse, S.; Huang, P.H. Targeting EGFR Exon 20 Insertion Mutations in Non-Small Cell Lung Cancer. Signal Transduct. Target. Ther. 2019, 4, 5. [Google Scholar] [CrossRef]

	



Yasuda, H.; Kobayashi, S.; Costa, D.B. EGFR Exon 20 Insertion Mutations in Non-Small-Cell Lung Cancer: Preclinical Data and Clinical Implications. Lancet Oncol. 2012, 13, e23–e31. [Google Scholar] [CrossRef]

	



Cho, J.H.; Lim, S.H.; An, H.J.; Kim, K.H.; Park, K.U.; Kang, E.J.; Choi, Y.H.; Ahn, M.S.; Lee, M.H.; Sun, J.-M.; et al. Osimertinib for Patients with Non-Small-Cell Lung Cancer Harboring Uncommon EGFR Mutations: A Multicenter, Open-Label, Phase II Trial (KCSG-LU15-09). J. Clin. Oncol. 2020, 38, 488–495. [Google Scholar] [CrossRef]

	



Riely, G.J.; Neal, J.W.; Camidge, D.R.; Spira, A.I.; Piotrowska, Z.; Costa, D.B.; Tsao, A.S.; Patel, J.D.; Gadgeel, S.M.; Bazhenova, L.; et al. Activity and Safety of Mobocertinib (TAK-788) in Previously Treated Non-Small Cell Lung Cancer with EGFR Exon 20 Insertion Mutations from a Phase I/II Trial. Cancer Discov. 2021, 11, 1688–1699. [Google Scholar] [CrossRef]

	



O’Kane, G.M.; Bradbury, P.A.; Feld, R.; Leighl, N.B.; Liu, G.; Pisters, K.-M.; Kamel-Reid, S.; Tsao, M.S.; Shepherd, F.A. Uncommon EGFR Mutations in Advanced Non-Small Cell Lung Cancer. Lung Cancer 2017, 109, 137–144. [Google Scholar] [CrossRef]

	



Sequist, L.V.; Joshi, V.A.; Jänne, P.A.; Bell, D.W.; Fidias, P.; Lindeman, N.I.; Louis, D.N.; Lee, J.C.; Mark, E.J.; Longtine, J.; et al. Epidermal Growth Factor Receptor Mutation Testing in the Care of Lung Cancer Patients. Clin. Cancer Res. 2006, 12, 4403s–4408s. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Y.; Liu, J.; Cai, X.; Pan, Z.; Liu, J.; Yin, W.; Chen, H.; Xie, Z.; Liang, H.; Wang, W.; et al. Efficacy and Safety of First Line Treatments for Patients with Advanced Epidermal Growth Factor Receptor Mutated, Non-Small Cell Lung Cancer: Systematic Review and Network Meta-Analysis. BMJ 2019, 367, l5460. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Yang, S.; Ma, Y.; Zhou, H.; Wu, X.; Han, J.; Hou, J.; Hao, L.; Spicer, J.D.; Koh, Y.W.; et al. Consistency of Recommendations for the Diagnosis and Treatment of Non-Small Cell Lung Cancer: A Systematic Review. Transl. Lung Cancer Res. 2021, 10, 2715–2732. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.Q.; Li, P.; Wang, Q.; Zhang, Y.J.; Li, H.Y.; Jin, X.T.; Yan, S.; Kou, G.F.; Cai, S.L.; Liu, G. A randomized controlled study of erlotinib versus pemetrexed combined with cisplatin in neoadjuvant therapy of stage ⅢA EGFR-mutant lung adenocarcinoma. Zhonghua Zhong Liu Za Zhi 2018, 40, 133–137. [Google Scholar] [CrossRef]

	



Zhong, W.-Z.; Chen, K.-N.; Chen, C.; Gu, C.-D.; Wang, J.; Yang, X.-N.; Mao, W.-M.; Wang, Q.; Qiao, G.-B.; Cheng, Y.; et al. Erlotinib Versus Gemcitabine Plus Cisplatin as Neoadjuvant Treatment of Stage IIIA-N2 EGFR-Mutant Non-Small-Cell Lung Cancer (EMERGING-CTONG 1103): A Randomized Phase II Study. J. Clin. Oncol. 2019, 37, 2235–2245. [Google Scholar] [CrossRef]

	



Zhong, W.; Yang, X.; Yan, H.; Zhang, X.; Su, J.; Chen, Z.; Liao, R.; Nie, Q.; Dong, S.; Zhou, Q.; et al. Phase II Study of Biomarker-Guided Neoadjuvant Treatment Strategy for IIIA-N2 Non-Small Cell Lung Cancer Based on Epidermal Growth Factor Receptor Mutation Status. J. Hematol. Oncol. J. Hematol. Oncol 2015, 8, 54. [Google Scholar] [CrossRef]

	



Xiong, L.; Lou, Y.; Bai, H.; Li, R.; Xia, J.; Fang, W.; Zhang, J.; Han-Zhang, H.; Lizaso, A.; Li, B.; et al. Efficacy of Erlotinib as Neoadjuvant Regimen in EGFR-Mutant Locally Advanced Non-Small Cell Lung Cancer Patients. J. Int. Med. Res. 2020, 48, 0300060519887275. [Google Scholar] [CrossRef]

	



Ning, Z.; Chen, R.; Chen, K.; Yang, Y. Influence of Clinical Efficacy and Safety of Two Kinds of Neoadjuvant Therapy in Treatment of Lung Adenocarcinoma Complicated with EGFR Mutant at Stage III. J. Clin. Pulm. Med. 2019, 5, 915–918. [Google Scholar]

	



Chen, D.; Jin, Z.; Zhang, J.; Xu, C.; Zhu, K.; Ruan, Y.; Zhang, B.; Chen, B.; Shen, J. Efficacy and Safety of Neoadjuvant Targeted Therapy vs. Neoadjuvant Chemotherapy for Stage IIIA EGFR-Mutant Non-Small Cell Lung Cancer: A Systematic Review and Meta-Analysis. Front. Surg. 2021, 8, 715318. [Google Scholar] [CrossRef]

	



Rizvi, N.A.; Pao, W.; Chaft, J.E.; Ladanyi, M.; Miller, V.A.; Krug, L.M.; Azzoli, C.G.; Bains, M.; Downey, R.; Flores, R.; et al. Molecular Characteristics Predict Clinical Outcomes: Prospective Trial Correlating Response to the EGFR Tyrosine Kinase Inhibitor Gefitinib with the Presence of Sensitizing Mutations in the Tyrosine Binding Domain of the EGFR Gene. Clin. Cancer Res. 2011, 17, 3500–3506. [Google Scholar] [CrossRef]

	



Zhang, Y.; Fu, F.; Hu, H.; Wang, S.; Li, Y.; Hu, H.; Chen, H. Gefitinib as Neoadjuvant Therapy for Resectable Stage II-IIIA Non–Small Cell Lung Cancer: A Phase II Study. J. Thorac. Cardiovasc. Surg. 2021, 161, 434–442.e2. [Google Scholar] [CrossRef]

	



Tsuboi, M.; Weder, W.; Escriu, C.; Blakely, C.; He, J.; Dacic, S.; Yatabe, Y.; Zeng, L.; Walding, A.; Chaft, J.E. Neoadjuvant Osimertinib with/without Chemotherapy versus Chemotherapy Alone for EGFR-Mutated Resectable Non-Small-Cell Lung Cancer: NeoADAURA. Future Oncol. Lond. Engl. 2021, 17, 4045–4055. [Google Scholar] [CrossRef]

	



Neoadjuvant HS-10296 (Almonertinib) Therapy for Potential Resectable Stage III EGFR Mutation-Positive Lung Adenocarcinoma-Tabular View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/record/NCT04685070 (accessed on 1 April 2022).

	



Zhang, P. Neoadjuvant Afatinib Therapy for Potentially Resectable Stage III EGFR Mutation-Positive Lung Adenocarcinoma: A Single-Arm, Open-Label, Phase II Clinical Trial. Available online: http://clinicaltrials.gov/ct2/show/NCT04201756 (accessed on 1 April 2022).

	



Betta Pharmaceuticals Co., Ltd. Icotinib as Neoadjuvant Therapy in EGFR-Mutant Stage ⅢA-N2 Non-Small Cell Lung Cancer: A Single Arm, Phase II Clinical Study. Available online: http://clinicaltrials.gov/ct2/show/NCT03749213 (accessed on 1 April 2022).

	



Betta Pharmaceuticals Co., Ltd. Icotinib as Neoadjuvant and Adjuvant Therapy in EGFR-Mutant Stage IIIB or Oligometastasis Non-Small Cell Lung Cancer: A Single Arm, Phase II Clinical Study. Available online: http://clinicaltrials.gov/ct2/show/NCT03349203 (accessed on 1 April 2022).

	



Nan, W. A Phase II, Single-Arm, Prospective Study of Neoadjuvant Icotinib with Chemotherapy for the Treatment of Patients with Epidermal Growth Factor Receptor Mutation Positive, Resectable for Stage II to IIIB(N2) Non-Small Cell Lung Cancer. Available online: http://clinicaltrials.gov/ct2/show/study/NCT05104788 (accessed on 1 April 2022).

	



Yuqing, H. An Open-Label, Multicenter, Single-Arm, Phase II Clinical Study of Icotinib for IIIA-IIIB NSCLC Patients with Epidermal Growth Factor Receptor Mutation. Available online: http://clinicaltrials.gov/ct2/show/NCT02820116 (accessed on 1 April 2022).

	



Hong, Y. Neoadjuvant Osimertinib Plus Chemotherapy for EGFR-Mutant Stage III N2 Non-Squamous Non-Small Cell Lung Cancer. Available online: http://clinicaltrials.gov/ct2/show/study/NCT05011487 (accessed on 1 April 2022).

	



University of California, San Francisco. A Phase II Study to Evaluate Neoadjuvant Osimertinib Therapy in Patients with Surgically Resectable, EGFR-Mutant Non-Small Cell Lung Cancer. Available online: http://clinicaltrials.gov/ct2/show/NCT03433469 (accessed on 1 April 2022).

	



Sequist, L.V. Afatinib Sequenced with Concurrent Chemotherapy and Radiation in EGFR-Mutant Non-Small Cell Lung Tumors: The ASCENT Trial. Available online: http://clinicaltrials.gov/ct2/show/NCT01553942 (accessed on 1 April 2022).

	



Tsuboi, M.; Kato, H.; Nagai, K.; Tsuchiya, R.; Wada, H.; Tada, H.; Ichinose, Y.; Fukuoka, M.; Jiang, H. Gefitinib in the Adjuvant Setting: Safety Results from a Phase III Study in Patients with Completely Resected Non-Small Cell Lung Cancer. Anticancer Drugs 2005, 16, 1123–1128. [Google Scholar] [CrossRef]

	



Inoue, A.; Saijo, Y.; Maemondo, M.; Gomi, K.; Tokue, Y.; Kimura, Y.; Ebina, M.; Kikuchi, T.; Moriya, T.; Nukiwa, T. Severe Acute Interstitial Pneumonia and Gefitinib. Lancet 2003, 361, 137–139. [Google Scholar] [CrossRef]

	



D’Angelo, S.P.; Janjigian, Y.Y.; Ahye, N.; Riely, G.J.; Chaft, J.E.; Sima, C.S.; Shen, R.; Zheng, J.; Dycoco, J.; Kris, M.G.; et al. Distinct Clinical Course of EGFR-Mutant Resected Lung Cancers: Results of Testing of 1118 Surgical Specimens and Effects of Adjuvant Gefitinib and Erlotinib. J. Thorac. Oncol. 2012, 7, 1815–1822. [Google Scholar] [CrossRef]

	



Raphael, J.; Vincent, M.; Boldt, G.; Shah, P.S.; Rodrigues, G.; Blanchette, P. Adjuvant Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors (TKIs) in Resected Non-Small Cell Lung Cancer (NSCLC): A Systematic Review and Meta-Analysis. Am. J. Clin. Oncol. 2019, 42, 440–445. [Google Scholar] [CrossRef]

	



Li, N.; Ou, W.; Ye, X.; Sun, H.-B.; Zhang, L.; Fang, Q.; Zhang, S.-L.; Wang, B.-X.; Wang, S.-Y. Pemetrexed-Carboplatin Adjuvant Chemotherapy with or without Gefitinib in Resected Stage IIIA-N2 Non-Small Cell Lung Cancer Harbouring EGFR Mutations: A Randomized, Phase II Study. Ann. Surg. Oncol. 2014, 21, 2091–2096. [Google Scholar] [CrossRef]

	



Pennell, N.A.; Neal, J.W.; Chaft, J.E.; Azzoli, C.G.; Jänne, P.A.; Govindan, R.; Evans, T.L.; Costa, D.B.; Wakelee, H.A.; Heist, R.S.; et al. SELECT: A Phase II Trial of Adjuvant Erlotinib in Patients with Resected Epidermal Growth Factor Receptor–Mutant Non–Small-Cell Lung Cancer. J. Clin. Oncol. 2019, 37, 97–104. [Google Scholar] [CrossRef]

	



Feng, S.; Wang, Y.; Cai, K.; Wu, H.; Xiong, G.; Wang, H.; Zhang, Z. Randomized Adjuvant Chemotherapy of EGFR-Mutated Non-Small Cell Lung Cancer Patients with or without Icotinib Consolidation Therapy. PLoS ONE 2015, 10, e0140794. [Google Scholar] [CrossRef]

	



Yue, D.; Xu, S.; Wang, Q.; Li, X.; Shen, Y.; Zhao, H.; Chen, C.; Mao, W.; Liu, W.; Liu, J.; et al. Erlotinib versus Vinorelbine plus Cisplatin as Adjuvant Therapy in Chinese Patients with Stage IIIA EGFR Mutation-Positive Non-Small-Cell Lung Cancer (EVAN): A Randomised, Open-Label, Phase 2 Trial. Lancet Respir. Med. 2018, 6, 863–873. [Google Scholar] [CrossRef]

	



Kelly, K.; Altorki, N.K.; Eberhardt, W.E.E.; O’Brien, M.E.R.; Spigel, D.R.; Crinò, L.; Tsai, C.-M.; Kim, J.-H.; Cho, E.K.; Hoffman, P.C.; et al. Adjuvant Erlotinib Versus Placebo in Patients with Stage IB-IIIA Non–Small-Cell Lung Cancer (RADIANT): A Randomized, Double-Blind, Phase III Trial. J. Clin. Oncol. 2015, 33, 4007–4014. [Google Scholar] [CrossRef] [PubMed]

	



Tada, H.; Mitsudomi, T.; Yamanaka, T.; Sugio, K.; Tsuboi, M.; Okamoto, I.; Iwamoto, Y.; Sakakura, N.; Sugawara, S.; Atagi, S.; et al. Adjuvant Gefitinib versus Cisplatin/Vinorelbine in Japanese Patients with Completely Resected, EGFR-Mutated, Stage II-III Non-Small Cell Lung Cancer (IMPACT, WJOG6410L): A Randomized Phase 3 Trial. J. Clin. Oncol. 2021, 39, 8501. [Google Scholar] [CrossRef]

	



Goss, G.D.; O’Callaghan, C.; Lorimer, I.; Tsao, M.-S.; Masters, G.A.; Jett, J.; Edelman, M.J.; Lilenbaum, R.; Choy, H.; Khuri, F.; et al. Gefitinib Versus Placebo in Completely Resected Non–Small-Cell Lung Cancer: Results of the NCIC CTG BR19 Study. J. Clin. Oncol. 2013, 31, 3320–3326. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, W.-Z.; Wang, Q.; Mao, W.-M.; Xu, S.-T.; Wu, L.; Shen, Y.; Liu, Y.-Y.; Chen, C.; Cheng, Y.; Xu, L.; et al. Gefitinib versus Vinorelbine plus Cisplatin as Adjuvant Treatment for Stage II-IIIA (N1-N2) EGFR-Mutant NSCLC (ADJUVANT/CTONG1104): A Randomised, Open-Label, Phase 3 Study. Lancet Oncol. 2018, 19, 139–148. [Google Scholar] [CrossRef]

	



He, J.; Su, C.; Liang, W.; Xu, S.; Wu, L.; Fu, X.; Zhang, X.; Ge, D.; Chen, Q.; Mao, W.; et al. Icotinib versus Chemotherapy as Adjuvant Treatment for Stage II-IIIA EGFR-Mutant Non-Small-Cell Lung Cancer (EVIDENCE): A Randomised, Open-Label, Phase 3 Trial. Lancet Respir. Med. 2021, 9, 1021–1029. [Google Scholar] [CrossRef]

	



Thatcher, N.; Chang, A.; Parikh, P.; Rodrigues Pereira, J.; Ciuleanu, T.; von Pawel, J.; Thongprasert, S.; Tan, E.H.; Pemberton, K.; Archer, V.; et al. Gefitinib plus Best Supportive Care in Previously Treated Patients with Refractory Advanced Non-Small-Cell Lung Cancer: Results from a Randomised, Placebo-Controlled, Multicentre Study (Iressa Survival Evaluation in Lung Cancer). Lancet Lond. Engl. 2005, 366, 1527–1537. [Google Scholar] [CrossRef]

	



Zhong, W.-Z.; Wang, Q.; Mao, W.-M.; Xu, S.-T.; Wu, L.; Wei, Y.-C.; Liu, Y.-Y.; Chen, C.; Cheng, Y.; Yin, R.; et al. Gefitinib Versus Vinorelbine Plus Cisplatin as Adjuvant Treatment for Stage II-IIIA (N1-N2) EGFR-Mutant NSCLC: Final Overall Survival Analysis of CTONG1104 Phase III Trial. J. Clin. Oncol. 2021, 39, 713–722. [Google Scholar] [CrossRef]

	



Tada, H.; Mitsudomi, T.; Misumi, T.; Sugio, K.; Tsuboi, M.; Okamoto, I.; Iwamoto, Y.; Sakakura, N.; Sugawara, S.; Atagi, S.; et al. Randomized Phase III Study of Gefitinib Versus Cisplatin Plus Vinorelbine for Patients with Resected Stage II-IIIA Non–Small-Cell Lung Cancer with EGFR Mutation (IMPACT). J. Clin. Oncol. 2022, 40, 231–241. [Google Scholar] [CrossRef]

	



Neal, J.W.; Costa, D.B.; Muzikansky, A.; Shrager, J.B.; Lanuti, M.; Huang, J.; Ramachandran, K.J.; Rangachari, D.; Huberman, M.S.; Piotrowska, Z.; et al. Randomized Phase II Study of 3 Months or 2 Years of Adjuvant Afatinib in Patients with Surgically Resected Stage I–III EGFR-Mutant Non–Small-Cell Lung Cancer. JCO Precis. Oncol. 2021, 5, 325–332. [Google Scholar] [CrossRef] [PubMed]

	



Koch, A.L.; Vellanki, P.J.; Drezner, N.; Li, X.; Mishra-Kalyani, P.S.; Shen, Y.L.; Xia, H.; Li, Y.; Liu, J.; Zirkelbach, J.F.; et al. FDA Approval Summary: Osimertinib for Adjuvant Treatment of Surgically Resected Non-Small Cell Lung Cancer, a Collaborative Project Orbis Review. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2021, 27, 6638–6643. [Google Scholar] [CrossRef]

	



Anonymous Tagrisso. Available online: https://www.ema.europa.eu/en/medicines/human/EPAR/tagrisso (accessed on 26 January 2022).

	



TAGRISSO (Osimertinib). Available online: https://www.has-sante.fr/jcms/p_3313529/fr/tagrisso-osimertinib (accessed on 14 March 2022).

	



Detterbeck, F.C.; Boffa, D.J.; Kim, A.W.; Tanoue, L.T. The Eighth Edition Lung Cancer Stage Classification. Chest 2017, 151, 193–203. [Google Scholar] [CrossRef]

	



Erlotinib Hydrochloride in Treating Patients with Stage IB-IIIA Non-Small Cell Lung Cancer That Has Been Completely Removed by Surgery (An ALCHEMIST Treatment Trial)-Tabular View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/record/NCT02193282 (accessed on 9 March 2022).

	



A Global Study to Assess the Effects of Osimertinib in Participants with EGFRm Stage IA2-IA3 NSCLC Following Complete Tumour Resection-Tabular View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/record/NCT05120349 (accessed on 1 April 2022).

	



Icotinib Following Chemotherapy Versus Chemotherapy as Adjuvant Therapy in Stage IIA-IIIA NSCLC with EGFR Mutation -Tabular View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/record/NCT01996098 (accessed on 1 April 2022).

	



Efficacy and Safety of Almonertinib Combined with or Without Chemotherapy as an Adjuvant Treatment for Stage II-IIIA Non-Small Cell Lung Carcinoma Following Complete Tumour Resection-Tabular View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/record/NCT04762459 (accessed on 1 April 2022).

	



Lin, C.; Hu, F.; Chu, H.; Ren, P.; Ma, S.; Wang, J.; Bai, J.; Han, X.; Ma, S. The Role of EGFR-TKIs as Adjuvant Therapy in EGFR Mutation-positive Early-stage NSCLC: A Meta-analysis. Thorac. Cancer 2021, 12, 1084–1095. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, H.; Li, X.-J.; Wang, X.-J.; Chen, Z.-W.; Wang, R.-Q.; Zhong, H.-C.; Wu, T.-C.; Cao, Q.-D. A Meta-Analysis of Adjuvant EGFR-TKIs for Patients with Resected Non-Small Cell Lung Cancer. Lung Cancer 2019, 137, 7–13. [Google Scholar] [CrossRef] [PubMed]

	



Chen, R.-L.; Sun, L.-L.; Cao, Y.; Chen, H.-R.; Zhou, J.-X.; Gu, C.-Y.; Zhang, Y.; Wang, S.-Y.; Hou, W.; Lin, L.-Z. Adjuvant EGFR-TKIs for Patients with Resected EGFR-Mutant Non-Small Cell Lung Cancer: A Meta-Analysis of 1283 Patients. Front. Oncol. 2021, 11, 629394. [Google Scholar] [CrossRef]

	



Yuan, Y.; Huang, Q.; Gu, C.; Chen, H. Disease-Free Survival Improved by Use of Adjuvant EGFR Tyrosine Kinase Inhibitors in Resectable Non-Small Cell Lung Cancer: An Updated Meta-Analysis. J. Thorac. Dis. 2017, 9, 5314–5321. [Google Scholar] [CrossRef]

	



Li, M.; Hou, X.; Lin, S.; Zheng, L.; Liang, J.; Chen, J.; Wang, N.; Zhang, B.; Chen, L. Efficacy of Adjuvant EGFR Inhibitors and Impact of Clinical Factors in Resected EGFR-Mutated Non-Small-Cell Lung Cancer: A Meta-Analysis. Future Oncol. Lond. Engl. 2022, 18, 1159–1169. [Google Scholar] [CrossRef]

	



Huang, Q.; Li, J.; Sun, Y.; Wang, R.; Cheng, X.; Chen, H. Efficacy of EGFR Tyrosine Kinase Inhibitors in the Adjuvant Treatment for Operable Non-Small Cell Lung Cancer by a Meta-Analysis. Chest 2016, 149, 1384–1392. [Google Scholar] [CrossRef]

	



Tang, W.; Li, X.; Xie, X.; Sun, X.; Liu, J.; Zhang, J.; Wang, C.; Yu, J.; Xie, P. EGFR Inhibitors as Adjuvant Therapy for Resected Non-Small Cell Lung Cancer Harboring EGFR Mutations. Lung Cancer 2019, 136, 6–14. [Google Scholar] [CrossRef]

	



Wu, J.-X.; He, Q.; Ye, F.; Zhou, Q.-X.; Chen, H.-J.; Sun, L.; Wu, H. EGFR-TKI-Based vs Non-EGFR-TKI-Based Adjuvant Therapy in Resected Non-Small-Cell Lung Cancer with EGFR Mutations: A Meta-Analysis of Randomized Controlled Trials. OncoTargets Ther. 2018, 11, 6803–6810. [Google Scholar] [CrossRef]

	



Yin, Q.; Xun, X.; Yang, G.; Cui, H.; Liu, H. Efficacy of Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors in the Adjuvant Setting for Patients with Resected Epidermal Growth Factor Receptor Mutant Non-Small Cell Lung Cancer: A Meta-Analysis with 11 Trials. Oncol. Res. Treat. 2021, 44, 344–353. [Google Scholar] [CrossRef]

	



Lv, C.; An, C.; Feng, Q.; Ma, Y.; Li, S.; Wang, J.; Zhang, J.; Wang, X.; Yan, S.; Fang, J.; et al. A Retrospective Study of Stage I to IIIa Lung Adenocarcinoma After Resection: What Is the Optimal Adjuvant Modality for Patients with an EGFR Mutation? Clin. Lung Cancer 2015, 16, e173–e181. [Google Scholar] [CrossRef] [PubMed]

	



Janjigian, Y.Y.; Park, B.J.; Zakowski, M.F.; Ladanyi, M.; Pao, W.; D’Angelo, S.P.; Kris, M.G.; Shen, R.; Zheng, J.; Azzoli, C.G. Impact on Disease-Free Survival of Adjuvant Erlotinib or Gefitinib in Patients with Resected Lung Adenocarcinomas That Harbor EGFR Mutations. J. Thorac. Oncol. 2011, 6, 569–575. [Google Scholar] [CrossRef] [PubMed]

	



Xie, H.; Wang, H.; Xu, L.; Li, M.; Peng, Y.; Cai, X.; Feng, Z.; Ren, W.; Peng, Z. Gefitinib Versus Adjuvant Chemotherapy in Patients with Stage II-IIIA Non–Small-Cell Lung Cancer Harboring Positive EGFR Mutations: A Single-Center Retrospective Study. Clin. Lung Cancer 2018, 19, 484–492. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.K.; Wu, Y.-L.; Ding, P.N.; Lord, S.J.; Inoue, A.; Zhou, C.; Mitsudomi, T.; Rosell, R.; Pavlakis, N.; Links, M.; et al. Impact of Specific Epidermal Growth Factor Receptor (EGFR) Mutations and Clinical Characteristics on Outcomes After Treatment with EGFR Tyrosine Kinase Inhibitors Versus Chemotherapy in EGFR-Mutant Lung Cancer: A Meta-Analysis. J. Clin. Oncol. 2015, 33, 1958–1965. [Google Scholar] [CrossRef]

	



Kobayashi, Y.; Mitsudomi, T. Not All Epidermal Growth Factor Receptor Mutations in Lung Cancer Are Created Equal: Perspectives for Individualized Treatment Strategy. Cancer Sci. 2016, 107, 1179–1186. [Google Scholar] [CrossRef]

	



Liu, S.-Y.; Bao, H.; Wang, Q.; Mao, W.-M.; Chen, Y.; Tong, X.; Xu, S.-T.; Wu, L.; Wei, Y.-C.; Liu, Y.-Y.; et al. Genomic Signatures Define Three Subtypes of EGFR-Mutant Stage II–III Non-Small-Cell Lung Cancer with Distinct Adjuvant Therapy Outcomes. Nat. Commun. 2021, 12, 6450. [Google Scholar] [CrossRef]

	



Shi, L.; Tang, J.; Tong, L.; Liu, Z. Risk of Interstitial Lung Disease with Gefitinib and Erlotinib in Advanced Non-Small Cell Lung Cancer: A Systematic Review and Meta-Analysis of Clinical Trials. Lung Cancer Amst. Neth. 2014, 83, 231–239. [Google Scholar] [CrossRef]

	



Chang, S.-C.; Chang, C.-Y.; Chen, C.-Y.; Yu, C.-J. Successful Erlotinib Rechallenge after Gefitinib-Induced Acute Interstitial Pneumonia. J. Thorac. Oncol. 2010, 5, 1105–1106. [Google Scholar] [CrossRef]

	



Zhao, Y.; Cheng, B.; Chen, Z.; Li, J.; Liang, H.; Chen, Y.; Zhu, F.; Li, C.; Xu, K.; Xiong, S.; et al. Toxicity Profile of Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors for Patients with Lung Cancer: A Systematic Review and Network Meta-Analysis. Crit. Rev. Oncol. Hematol. 2021, 160, 103305. [Google Scholar] [CrossRef]

	



Majem, M.; Goldman, J.W.; John, T.; Grohe, C.; Laktionov, K.; Kim, S.-W.; Kato, T.; Vu, H.V.; Lu, S.; Li, S.; et al. Health-Related Quality of Life Outcomes in Patients with Resected Epidermal Growth Factor Receptor-Mutated Non-Small Cell Lung Cancer Who Received Adjuvant Osimertinib in the Phase III ADAURA Trial. Clin. Cancer Res. 2022. [Google Scholar] [CrossRef]

	



Lemmon, C.; Zabor, E.C.; Pennell, N.A. Modeling the Cost-Effectiveness of Adjuvant Osimertinib in Resected EGFR-Mutant Non-Small Cell Lung Cancer Patients. J. Clin. Oncol. 2021, 39, 8527. [Google Scholar] [CrossRef]

	



Choi, B.; Alrawashdh, N.; McBride, A.; Abraham, I. Cost Evaluation of Adjunctive Osimertinib Use in Resected Epidermal Growth Factor Receptor-Positive Non-Small Cell Lung Cancer. J. Clin. Oncol. 2021, 39, 8525. [Google Scholar] [CrossRef]

	



Addeo, A.; Banna, G.L.; Friedlaender, A. ADAURA: Mature Enough for Publication, Not for Prime Time. Oncologist 2021, 26, 266–268. [Google Scholar] [CrossRef]

	



Suda, K. For a Better Adjuvant Strategy for Resected Lung Cancer—Lessons from Treatment Failure Patterns of the ADJUVANT Trial (CTONG 1104). Transl. Lung Cancer Res. 2019, 8, S395–S399. [Google Scholar] [CrossRef]

	



Alifano, M.; Daffré, E.; Iannelli, A.; Brouchet, L.; Falcoz, P.E.; Le Pimpec Barthes, F.; Bernard, A.; Pages, P.B.; Thomas, P.A.; Dahan, M.; et al. The Reality of Lung Cancer Paradox: The Impact of Body Mass Index on Long-Term Survival of Resected Lung Cancer. A French Nationwide Analysis from the Epithor Database. Cancers 2021, 13, 4574. [Google Scholar] [CrossRef]

	



Govindan, R.; Mandrekar, S.J.; Gerber, D.E.; Oxnard, G.R.; Dahlberg, S.E.; Chaft, J.; Malik, S.; Mooney, M.; Abrams, J.S.; Jänne, P.A.; et al. ALCHEMIST Trials: A Golden Opportunity to Transform Outcomes in Early-Stage Non-Small Cell Lung Cancer. Clin. Cancer Res. 2015, 21, 5439–5444. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Results of trials considering neoadjuvant therapy.
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Name, Author Year

	
Design

	
Patients

	
Stage

	
HR (p)

	
N+ Down-Staging (p)




	
ORR

	
OpR

	
PRR

	
PFS

	
OS






	
Chen 2018

[24]

	
Phase II

Erlotinib vs. chemo (P + C)

	
EGFRm (86)

	
IIIA

	
1.53

(<0.05)

	
1.08

(>0.05)

	
1.55

(<0.05)

	
NA

	
NA

	
NA




	
CTONG 1103,

Zhong 2019

[25]

	
Phase II

Erlotinib vs. chemo (G + C)

	
EGFRm (72)

	
IIIA

N2

	
2.26

(0.092)

	
NA, 83.8% vs. 68.6% (0.129) †

	
NA, 9.7%

vs. 0% †

	
0.39

(<0.001)

	
0.77

(0.417)

	
10.8%

vs. 2.9% (0.185) †




	
Zhong 2015

[26]

	
Phase II

Erlotinib vs. chemo (G + C) *

	
EGFRm (12)

EGFRw (12)

	
IIIA

N2

	
NA, 58.3% vs. 25% (0.18) †

	
NA, 6/12

vs. 7/12 †

	
NA

	
2.26

(0.071)

	
1.79

(0.201)

	
25% vs.

25% (1) †




	
Xiong 2019

[27]

	
Phase II

Erlotinib vs. chemo *

	
EGFRm (15)

EGFRw (16)

	
IIIA

	
NA, 67%

vs. 19% †

	
NA, 12/15

vs. 8/16 †

	
NA, 67%

vs. 38% †

	
NA, 12.1

vs. 11 †,‡

	
NA, 51 vs.

20.9 (0.12) †,‡

	
NA




	
Ning 2019

[28]

	
Erlotinib vs. chemo (P + C) *

	
EGFRm (53)

EGFRw (53)

	
IIIA

	
NA, 35/53

vs. 22/53 †

	
NA, 46/53 vs. 43/53 †

	
NA

	
NA

	
NA

	
NA








* Chemotherapy in the EGFRw group, Erlotinib in the EGFRm group; † data from the tyrosine kinase inhibitors groups vs. data from the chemotherapy groups; ‡ Values in months; HR (p): ORR, OpR, PRR, PFS, and OS are expressed as hazard ratio, p: p-value; ORR: objective response rate; OpR: operation rate; PRR: pathological response rate; PFS: progression-free survival; OS: overall survival; Chemo: chemotherapy; P: Pemetrexed; C: Cisplatin; G: Gemcitabine; EGFRm: EGFR mutant; EGFRw: EGFR-wild-type; NA: not available.
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Table 2. Ongoing phase II trials considering neoadjuvant therapy. All these data are available on https://www.clinicaltrials.gov/ (accessed on 30 March 2022).
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	Name, Trial Number
	Tested Drug
	Treatment Plan
	Adjuvant TKI
	Primary Outcome
	Stage
	n





	NCT04685070 [33]
	Almonertinib
	8–16 weeks
	up to 40 weeks
	ORR
	Stage III
	56



	NCT04201756 [34]
	Afatinib
	8–16 weeks
	1 year
	ORR
	Stage III
	47



	NCT03749213 [35]
	Icotinib
	8 weeks
	2 years
	ORR
	IIIA N2
	36



	NCT03349203 [36]
	Icotinib
	8 weeks
	2 years
	ORR
	IIIB or oligometastasis
	60



	Neolpower, NCT05104788 [37]
	Icotinib + chemo
	12 weeks
	NA
	MPR
	IIA−IIIB
	27



	NCT02820116 [38]
	Icotinib
	8 weeks
	2 years
	Complete resection rate
	IIIA−IIIB
	67



	NOCE01, NCT05011487 [39]
	Osimertinib + chemo
	60 days
	NA
	Complete lymph node clearance rate *
	IIIA−IIIB N2
	30



	NCT03433469 [40]
	Osimertinib
	4–10 weeks
	No
	MPR
	I−IIIA
	27



	ASCENT, NCT01553942 [41]
	Afatinib + radio + chemo
	8 weeks
	2 years
	Response rate
	IIIA
	30







* The ratio of ypN0 percentage after resection. Chemo: chemotherapy; Radio: radiotherapy; ORR: objective response rate; MPR: major pathologic response; DFS: disease-free survival; OS: overall survival; n: expected patient number; NA: not available.













[image: Table] 





Table 3. Results of the main trials considering adjuvant therapy.
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	Name, Author Year
	Design
	EGFR Status (n)
	Stages
	HR DFS (p)
	HR OS (p)





	Tsuboi 2005 [42]
	Phase III

Gefitinib vs. placebo
	UP (38)
	IB−IIIA
	NA
	NA



	BR19,

Goss 2013 [52]
	Phase III

Gefitinib vs. placebo
	UP (503)

EGFRm (15)
	IB−IIIA
	1.84

(0.395)
	3.16

(0.15)



	Li 2014 [46]
	Phase II

Chemo (P + C) + Gefitinib

vs. chemo alone
	EGFRm (60)
	IIIA (N2)

(5th TNM)
	0.37

(0.014)
	0.37

(0.076)



	Feng 2015 [48]
	Phase II

chemo + Icotinib vs. chemo alone
	EGFRm (39)
	IB−IIIA
	NA, 21 vs. 16 (0.122)
	NA



	RADIANT,

Kelly 2015 [50]
	Phase III

Erlotinib vs. placebo
	EGFRexp (973)

EGFRm (161)
	IB−IIA

(6th TNM)
	0.61
	1.09

(0.815)



	EVAN,

Yue 2018 [49]
	Phase II

Erlotinib vs. chemo (V + P)
	EFGRm (102)
	IIIA
	0.268

(<0.0001)
	0.165

(0.0013)



	ADJUVANT,

Zhong 2018 [53]
	Phase III

Gefitinib vs. chemo (V + P)
	EGFRm (222)
	II−IIIA

(N1-2)
	0.51

(0.001)
	0.92

(0.674)



	ADAURA,

Wu 2020 [1]
	Phase III

Osimertinib vs. placebo
	EGFRm (682)
	IB−IIIA

(7th TNM)
	0.2

(<0.001)
	NA



	IMPACT,

Tada 2021 [51]
	Phase III

Gefitinib vs. chemo (V + P)
	EGFRm (234)
	II−IIIA
	0.92

(0.63)
	1.03

(0.89)



	EVIDENCE,

He 2021 [54]
	Phase III

Icotinib vs. chemo (V + P)
	EGFRm (322)
	II−IIIA

(7th TNM)
	0.36

(<0.0001)
	0.75

(>0.05)



	* SELECT,

Pennel 2019 [47]
	Phase II

Erltonib after chemo

(comparison to historical data)
	EGFRm (100)
	IA−IIIA

(7th TNM)
	NA, 88% vs. 76% (0.047) †
	NA







* All of the presented studies are RCT, except for SELECT, which is a single-arm trial. † Data in tyrosine kinase inhibitors groups vs. data in chemotherapy groups. Chemo: chemotherapy; V + P: Vinorelbine plus Cisplatin; P + C: Pemetrexed plus Carboplatin; UP: unselected patients; EGFRexp: EGFR expressing; EGFRm: EGFR mutant; NA: not available.













[image: Table] 





Table 4. List of ongoing comparative trials. All these data are available on https://www.clinicaltrials.gov/ (accessed on 30 March 2022).






Table 4. List of ongoing comparative trials. All these data are available on https://www.clinicaltrials.gov/ (accessed on 30 March 2022).





	Name, Trial Number
	Design
	Setting
	Treatment Arms
	Primary

Outcome
	Stages
	n





	NeoADAURA, NCT04351555 [32]
	Phase III, randomized, controlled, multi-center,

3-arm trial
	Neo-

adjuvant
	Osimertinib + chemo vs.

placebo + chemo

vs. Osimertinib
	MPR
	II−IIIB

N2
	328



	ADAURA2, NCT05120349 [64]
	Phase III, randomized, controlled, multi-center,

international, 2-arm trial
	Adjuvant
	Osimertinib

vs. placebo
	DFS
	IA2,

IA3
	380



	ICTAN, NCT01996098 [65]
	Phase III, randomized, open label, multi-center,

3-arm trial
	Adjuvant, after chemo
	Icotinib 6 months vs.

Icotinib 12 months vs.

no treatment
	DFS
	IIA

−IIIA
	318



	APEX, NCT04762459 [66]
	Phase III, randomized, open label, multi-center,

3-arm trial
	Adjuvant
	Almonertinib vs.

Almonertinib + chemo

vs. chemo
	DFS
	II

−IIIA
	606



	ALCHEMIST, NCT02193282 [63]
	Phase III, randomized, controlled, nationwide, multi-center, 4-arm trial
	Adjuvant
	Erlotinib (blinded) vs. placebo (blinded) vs. Erlotinib (unblinded) vs. placebo (unblinded)
	OS
	IB (≥4 cm)

−IIIA
	450







Chemo: chemotherapy; MPR: major pathologic response; DFS: disease-free survival; OS: overall survival; n: expected patient number.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  cancers-14-02257


  
    		
      cancers-14-02257
    


  




  





media/file0.png





