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Abstract

:

Epidermal growth factor receptor (EGFR) mutations are the most common oncogenic drivers in non-small-cell lung cancer (NSCLC). Significant developments have taken place which highlight the differences in tumor biology that exist between the mutant and wild-type subtypes of NSCLC. Patients with advanced EGFR-mutant NSCLC have a variety of EGFR-targeting agents available proven to treat their disease. This has led to superior patient outcomes when used as a monotherapy over traditional cytotoxic systemic therapy. Attempts at combining EGFR agents with other anticancer systemic treatment options, such as chemotherapy, antiangiogenic agents, and immunotherapy, have shown varied outcomes. Currently, no specific combination stands out to cause a shift away from the use of single-agent EGFR inhibitors in the first-line setting. Similarly, adjuvant EGFR inhibitors, are yet to significantly add to patient overall survival if used at earlier timepoints in the disease course. Liquid biopsy is an evolving technology with potential promise of being incorporated into the management paradigm of this disease. Data are emerging to suggest that this technique may be capable of identifying early resistance mechanisms and consequential disease progression on the basis of the analysis of blood-based circulating tumor cells.
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1. Introduction


Treatment of lung cancer, particularly with the adenocarcinoma subtype, has evolved significantly in recent years. A notable change is the analysis of patient tumors for the presence of oncogenic drivers [1]. With ongoing research, the number of actionable mutations is steadily increasing, offering a more personalized approach to the management of patients with lung cancer [2,3].



Epidermal growth factor receptor (EGFR)-mutated lung cancer occurs in 15–20% of patients with adenocarcinoma and is most commonly associated with nonsmokers and those of Asian ethnicity. Targeted EGFR treatment offers superior outcomes and toxicity profiles compared to traditional cytotoxic-based treatments in those with advanced disease. In this article, we outline the underlying mechanisms of action of the various EGFR tyrosine kinase inhibitors (TKIs), clinical data, and the evolving role of liquid biopsy in this disease.




2. Pathophysiology and EGFR TKI Mechanisms of Action


EGFR is a receptor tyrosine kinase (RTK) consisting of an amino-terminal extracellular domain, a single membrane-spanning domain, and a cytoplasmic domain. Activation of the wild-type receptor is mediated by the binding of one of six endogenous ligands, including epidermal growth factor (EGF), to the extracellular domain to induce a conformational change that promotes EGFR family member homo- or heterodimerization. The cytoplasmic region of EGFR contains a catalytic tyrosine kinase domain and sites of docking for molecular interactions with downstream signaling effector proteins. Dimerization of EGFR promotes autophosphorylation on tyrosine residues within the intracellular domain and stimulates the Ras/Raf/MAPK and PI3K/Akt/mTOR signaling pathways that orchestrate a range of cellular processes such as migration, proliferation, and cell survival.



EGFR mutations are located in the catalytic tyrosine kinase domain of EGFR as a small in-frame deletion within exon 19 (E19del) or as a leucine-to-arginine point mutation at codon 858 (L858R) within exon 21 [4]. The resulting effect is that the EGF receptor is constitutively activated [5]. The L858R mutations act by stabilizing the activation loop of the receptor and increasing the duration of ligand-dependent activation of EGFR [6]. The E19del mutations work in much the same way. Deletion of exon 19 results in a conformational shift in the EGFR helical axis, resulting in a narrowed ATP-binding cleft and increased ligand-dependent activation of the EGFR [6]. These first-generation TKIs work against the activating EGFR mutations L858R and E19del by inhibiting EGF-induced autophosphorylation of the EGF receptor [7,8].



Further investigation identified an acquired threonine-to-methionine mutation at codon 790 (T790M) within exon 20 in tumors of patients who developed resistance to first-generation EGFR TKIs [9,10,11]. Other additional resistance mechanisms to first-generation TKIs were also reported, such as small in-frame insertions in exon 20 of the kinase domains of EGFR and human epidermal growth factor receptor (HER2/ErbB2) [12,13].



A more broad-spectrum inhibitor against receptor tyrosine kinases with these acquired and primary resistance mechanisms is required. Afatinib, a pan-ErbB family inhibitor, presented as an attractive therapeutic option, given its ability to block EGFR, HER2, and HER4 (ErbB4), has wide-spectrum preclinical activity against EGFR mutations [14,15].



Afatinib covalently binds to cysteine 797 of the EGFR and cysteines 805 and 803 of HER2 and HER4, respectively. In doing so, the second-generation TKI irreversibly inhibits the TKI activity of these receptors. As a result, auto- and transphosphorylation within the ErbB dimers is decreased, thus reducing the activity of downstream signaling pathways [16].



However, clinical trials comparing the treatment of afatinib alone or in combination with chemotherapy to chemotherapy alone found that they had limited added therapeutic benefit relative to first-generation EGFR TKIs due to the adverse effects they present such as stomatitis, paronychia, anorexia, diarrhea, and rash. This also included dose-limiting toxicity via inhibition of wild-type EGFRs in addition to inhibiting mutated EGFRs [17,18,19].



A 2018 study looking at the worldwide frequency of commonly detected EGFR mutations identified that the T790M mutation occurs in 0.7% of all NSCLC cases [20]. Furthermore, the T790M mutation accounts for approximately half of all cases with resistance to gefitinib and erlotinib [21,22]. The T790M mutation sits within the ATP-binding pocket of the catalytic tyrosine kinase domain of the EGFR. The T790M mutation affects the binding kinetics of the TKI to EGFR by enhancing the affinity of the receptor for ATP and reducing the potency of competitive EGFR TKIs [23]. Third-generation TKIs, such as osimertinib, were developed to selectively and irreversibly target T790M mutations [14]. Similar to second-generation TKIs, they function within the catalytic domain at the ATP-binding pocket to displace ATP. However, their mode of action is different to second-generation TKIs in that osimertinib binds to the EGFR irreversibly by targeting and covalently binding to the cysteine 797 residue (C797) in the ATP-binding pocket [14].



Despite the success of third-generation TKIs, mutations mediating resistance to third-generation TKIs have emerged alongside the T790M mutation, such as the cysteine-to-serine point mutation at codon 797 (C797S) in exon 20 [24]. The C797S mutation is thought to induce resistance to TKIs by impairing the covalent binding of these TKIs to the EGFR [25]. Other identified tertiary point mutations include L798I, L718Q, L692V, E709K, L844V, and G796D [11,24,26,27,28].



It is clear that further study is required to explore the mutational heterogeneity of the EGFR with particular focus on the prevalence of emerging mutations with the known sensitizing (E19del and L858R) and resistant (T790M) mutations. The broad mutational landscape of EGFR indicates the need for combination therapies that can simultaneously inhibit or prevent the emergence of multiple resistance mechanisms.




3. EGFR Monotherapy as Palliative Therapy in Advanced Disease


3.1. First-Generation EGFR Tyrosine Kinase Inhibitors


Two first-generation EGFR tyrosine kinase inhibitors (TKI) inhibitors, erlotinib and gefitinib, are currently available for patients with advanced/incurable EGFR exon 19 deletion and exon 21, L858R, mutated NSCLC. These drugs are well established in clinical practice and widely used in the first-line treatment of patients with EGFR-mutated NSCLC.



Erlotinib was evaluated in three first-line phase III studies in both Asian and Caucasian populations (Table 1). The OPTIMAL study performed by a Chinese group evaluated erlotinib against first-line platinum-based chemotherapy. Median progression-free survival (PFS) was significantly longer in the erlotinib arm: 13.1 versus 4.6 months, hazard ratio (HR) 0.16, p < 0.0001 [29]. Erlotinib was subsequently evaluated in a similar setting by a European group in the EURTAC trial. This trial also found an improvement of median PFS in the experimental arm: 9.7 versus 5.2 months, HR 0.37, p < 0.0001 [30]. Another phase III Asian study, ENSURE, compared erlotinib to first-line cisplatin and gemcitabine. A significantly improved median PFS was observed: 11 versus 5.5 months, HR 0.34, p < 0.0001 [31].



Gefitinib was studied in a number of first-line trials (Table 1). A Japanese group, WJTOG3405, reported a median PFS of 9.2 versus 6.3 months, HR 0.489, p <0.0001, when gefitinib was compared to first-line cisplatin and docetaxel. [32]. Another Japanese trial evaluated gefitinib compared to carboplatin and paclitaxel combination chemotherapy. Again, an improvement in median PFS was observed in the gefitinib group: 10.8 versus 5.4 months, HR 0.30, p < 0.001. Post hoc analysis of the IRESSA Pan-Asia Study (IPASS) of patients with a confirmed EGFR mutation confirmed superiority of gefitinib in this cohort: PFS 9.5 versus 6.3 months, HR 0.48, p < 0.001 [33].




3.2. Second-Generation EGFR Tyrosine Kinase Inhibitors


Second-generation EGFR TKIs work by irreversibly binding the tyrosine kinase domain of EGFR along with other members of the ErbB family, thereby inhibiting downstream cellular signaling. Agents that have been studied in this drug class include afatinib and dacomitinib. Both were evaluated and approved in the first-line setting for the treatment of EGFR-mutated NSCLC (Table 2). These agents, however, have not overtaken the first-generation EGFR TKIs as the preferred standard of care. Instead, it is often a physician’s choice as to which agent or drug class best suits a particular patient’s clinical situation [34].



Lux-Lung 3 (LL3) compared afatanib to first-line cisplatin and pemetrexed in EGFR-mutated NSCLC. Progression-free survival was improved in the afatanib arm: 11.1 versus 6.9 months, HR 0.58, p = 0.001 [15]. Lux-Lung 6 (LL6) later compared afatanib to cisplatin and gemcitabine in an exclusively Asian population. PFS was significantly improved with afatanib: 11.0 months versus 5.6 months, HR 0.28, p < 0.0001 [35]. Afatanib and gefitinib were compared 1:1 in a first-line setting in Lux-Lung 7 (LL7). In this setting, the median PFS was similar for both arms: 11.0 versus 10.9 months, HR 0.73, p = 0.017. Exploratory analysis suggested an 18 month PFS of 27.3% versus 15.2% and 24 month PFS of 17.6% versus 7.6%, favoring Afatanib [36]. A post hoc analysis of Lux Lung 2 (LL2), LL3, and LL6 assessed the response of afatanib in uncommon EGFR mutations. This analysis confirmed the activity of afatanib in those with exon 18–21 point mutations and duplications. Variants that showed greatest responses included Gly719Xaa (PFS 13.8 months (6.8–not estimable (NE)), overall survival (OS) 26.9 months (16.4–NE)), Leu861Gln( PFS 8.2 months (4.5–16.6), OS 17.1 months (15.3–21.6)), and Ser786Ile (PFS 14.7 months (2.6–NE), OS NE (3.4–NE)) [37].



Dacomitinib was compared to gefitinib in a first-line phase III study in patients with EGFR-mutated NSCLC in ARCHER 1050. Dacomitinib was found to improve progression-free survival: 14.7 months versus 9.2 months, HR 0.59, p < 0.0001. Higher rates of grade 3–4 events and two treatment-related deaths were reported in the dacomitinib group [38]. A later report of the ARCHER 1050 overall survival (OS) data demonstrated an improvement in OS for dacomitinib: 34.1 versus 26.8 months, HR 0.76, p = 0.044 [39].




3.3. Third-Generation Tyrosine Kinase Inhibitors


Osimertinib is an irreversible inhibitor of T790M resistant and sensitive forms of the EGFR tyrosine kinase. An advantage of osimertinib is its increased selectivity for exon 19, L858R, and T790M mutations over wild-type EGFR, thereby improving the off-target toxicity profile [14]. This agent was evaluated in phase III studies in two different settings: initially, in second-line T790M mutation-positive NSCLC post progression on prior EGFR TKI treatment (AURA3), and subsequently in the first-line setting irrespective of T790M mutation status (FLAURA) [40,41]. AURA3 recruited 419 patients with T790M mutation-positive NSCLC post progression on first-line EGFR TKIs. Patients were randomized in a 2:1 fashion to receive osimertinib or carboplatin and pemetrexed-based chemotherapy. Osmiertinib was found to improve PFS relative to chemotherapy: 10.1 versus 4.4 months, HR 0.30, p < 0.001. Central nervous system activity was confirmed with a PFS of 8.5 versus 4.2 months, HR 0.32, favoring osimertinib. Grade 3 and above events were higher in the chemotherapy arm, 23% versus 47% [40]. FLAURA randomly assigned 556 patients to receive either first-line osimertinib or a first-generation EGFR TKI, erlotinib or gefitinib. Median PFS was significantly improved in the experimental arm: 18.9 versus 10.2 months, HR 0.46, p < 0.001. Grade 3 and above events were higher in those who received a first-generation TKI, 34% versus 45% [41]. Later analysis of central nervous system (CNS) response rates in the FLAURA study was performed. Two hundred patients in the study had baseline CNS imaging performed at the time of enrolment in the study. Of these, 128 were found to have CNS disease: 61 in the osimertinib arm and 67 in the standard-of-care arm. At the time of reporting, median PFS was not reached in the osimertinib group and was 13.9 months in the standard-of-care group. CNS progression occurred in 20% of the osimertinib arm and 39% of the standard-of-care arm [42]. A phase I study, BLOOM, evaluated the efficacy of osimertinib (160 mg daily) in patients with progressive disease on prior EGFR TKI treatment and confirmed leptomeningeal disease. In an assessment of 23/30 patients with an MRI of the brain at 12 weeks, 10 had radiological improvement and 13 had stable disease. Two of the 23 patients reported a deterioration in their symptoms at the point. Toxicity was manageable with two grade 3 events reported [43].





4. EGFR Monotherapy as Adjuvant Therapy in Early-Stage Disease


A number of studies looked at the use of various EGFR inhibitors in the adjuvant setting. Results of these studies were variable and, as such, this strategy has not yet been adopted in routine clinical practice.



The RADIANT study compared the use of adjuvant erlotinib versus placebo in 973 patients who had completely resected stage IB–IIIA stage tumors which expressed EGFR protein by immunohistochemistry or EGFR amplification by fluorescence in situ hybridization. Patients were randomized in a 2:1 fashion to receive erlotinib or placebo over a 2 year period post resection. Adjuvant chemotherapy was allowed if warranted. No difference in disease-free survival (DFS) was observed between the two groups in the intention to treat population: 50.5 months for erlotinib and 48.2 months for placebo, HR 0.90, p = 0.324. A subgroup analysis of those with specific EGFR sensitizing mutations revealed a numerical improvement in median DFS: 46.4 months for erlotinib and 28.5 months for placebo; however, this was not statistically significant. At 22% maturity, no OS survival advantage was identified in this cohort, HR 1.09, p = 0.815. As observed from this study, the experimental and placebo DFS curves returned together upon discontinuation of EGFR therapy, suggesting no added benefit from the early introduction of erlotinib [44]. Gefitinib was evaluated in the NCIC CTG BR19 study. In total, 503 patients with resected NSCLC, EGFR status unknown, were randomized in a 1:1 fashion to receive gefitinib or placebo for 2 years on completion of started therapy. This study was terminated early due to an unfavorable initial in-term analysis. Median follow-up in this study was 4.7 years. No difference in OS or DFS was observed between arms: OS HR 1.24, p = 0.14; DFS HR 1.22, p = 0.15. The study concluded that adjuvant gefitinib offered no additional advantage [45]. ADJUVANT/CTONG1104, a phase III study, compared adjuvant gefitinib directly with adjuvant vinorelbine plus cisplatin in patients with resected stage II–IIIA EGFR-mutated NSCLC. In total, 222 patients were randomized 1:1 to received gefitinib for 24 months or vinorelbine plus cisplatin for four cycles. Median DFS was 28.7 months for gefitinib and 18 months for chemotherapy, HR 0.60, p = 0.0054. Like the RADIANT study, the DFS curves started to converge at the time of withdrawal of EGFR therapy [46]. Updated OS analysis with a median follow-up of 76.9 months showed no difference between groups: 75.5 months for gefitinib and 79.2 months for chemotherapy, HR 0.96, p = 0.823. The 3 and 5 year OS rates were 68.6% and 53.8% for gefitinib and 67.5% and 52.4% for vinerolbine plus cisplatin, respectively [47]. The EVAN phase II study compared adjuvant erlotinib with cisplatin and vinerolbine in 102 patients with resected stage IIIA EGFR-positive NSCLC. This study reported a 2 year DFS in favor of erlotinib: 2 year DFS 81.4%, 95% confidence interval (CI) 69.6–93.1% for erlotinib; 2 year DFS 44.6%, 95% CI 26.9–62.4% for chemotherapy. The authors cautioned that a larger phase III trial was required to verify these results, and this is especially relevant in the context of negative larger phase III studies of first-line EGFR inhibitors [48]. ADAURA evaluated the third-generation EGFR TKI, osimertinib, in patients with resected stage IB–IIIA resected EGFR-mutated NSCLC. Adjuvant chemotherapy was allowed if warranted. In total, 682 patients were randomized to receive osimertinib or placebo on a 1:1 basis for a total of 3 years post resection. In the total population, the 2 year DFS rate was 89% with osimertinib and 53% with placebo, HR 0.2, p < 0.0001. OS data at the time of reporting were immature [49].



EGFR inhibitors were evaluated in the adjuvant setting post concurrent chemo-radiotherapy in locally advanced stage III disease. SWOG S0023 evaluated gefitinib as a maintenance therapy post completion of cisplatin and etoposide concurrently with radiotherapy and three cycles of docetaxel in an unselected population. This study closed prematurely. OS was inferior in the experimental arm. With a median follow-up of 27 months, OS for gefitinib was 23 months compared to 35 months for placebo, HR 0.633, p = 0.013 [50]. The impact of harboring an EGFR mutation was evaluated in a study by Tanaka et al. In this study, the group assessed the effect of EGFR mutation status on progression-free survival in those with stage III NSCLC treated with chemo-radiotherapy. In total, 104 patients were recruited, whose EGFR status was known, while 29 patients (28%) were positive for an EGFR mutation. This study identified shorter progression-free survival in those with EGFR-mutated disease: 9.8 months versus 16.5 months, p = 0.041. The shorter PFS was predominantly accounted for due to recurrence at distant sites in the EGFR mutant group [51]. A similar study recruited 197 patients with stage III NSCLC treated with concurrent chemo-radiotherapy (81 EGFR wild type, 36 mutants, and 80 status unknown). This study also reported a shorter PFS in the mutant group compared to those with wild-type disease, predominately due to relapse at distant sites: 8.9 months versus 11.8 months, p = 0.013 [52].




5. Combination Strategies


Combining existing and new treatments with EGFR-targeted therapy is a potential strategy in combating resistance to treatment in non-small-cell lung cancer. Using agents together is attractive due to the potential synergy of mechanisms and the elimination of resistant clones, but this can come at the cost of greater toxicity. Various combinations of EGFR TKI therapy have been investigated including cytotoxic chemotherapy, antiangiogenic agents, and immune checkpoint inhibitors.



5.1. EGFR Inhibitors and Chemotherapy Combinations


The optimal strategy for using EGFR with cytotoxic agents is not known, with rationale provided for intercalated, sequential, and concurrent regimens on the basis of clinical and preclinical data. Initial trials of EGFR-directed therapy saw TKIs paired with chemotherapy. Although the intention to treat population analyses yielded no improvement in efficacy, when the EGFR mutant population was examined subsequently, a superiority emerged [53,54]. Preclinical data suggested synergy between chemotherapeutic agents, for instance, pemetrexed, which, in combination with gefitinib, has actions affecting cell growth and signaling and promotes apoptosis, which was proposed as a potential mechanism to overcome resistance to the TKI [55].



IMPRESS was a phase III trial conducted internationally which randomized 265 patients to receive either gefitinib with up to six cycles of cisplatin plus pemetrexed or placebo with the same chemotherapy regime following progression of disease on first-line gefitinib. Oral therapy continued following the completion of chemotherapy. Patients were tested for but not stratified by presence of T790M mutation. After a median of 11.2 months of follow-up, the median number of chemotherapy cycles received in both groups was five. Progression was seen in 74% of the patients in the gefitinib compared to 81% in the placebo group with a median PFS of 5.4 months in both groups, HR 0.86, p < 0.27 [56]. Median overall survival was reported in favor of the placebo at 14.8 vs. 17.2 months, HR 1.62, p < 0.03, and updated in a follow-up publication at 13.4 vs. 19.5 months, HR 1.44, p = 0.016, favoring placebo [9]. Adverse events were common, but generally grade 1–2 in both groups. Diarrhea, stomatitis, vomiting, and neutropenia were seen more frequently in the group receiving gefitinib.



In the first-line setting, there were three studies that published data using combinations of cytotoxic chemotherapy and EGFR-directed treatment. Han et al. conducted a head-to-head study of four cycles of carboplatin/pemetrexed doublet chemotherapy combined with gefitinib on days 5–21 of a 3 week cycle, followed by maintenance gefitinib with standard chemotherapy and gefitinib alone. In total, 121 patients were randomized 1:1:1 with a primary outcome of PFS. Efficacy results were favorable toward the combination, with mPFS reported as 17.5 (15.3–19.7), 11.9 (9.1–14.6), and 5.7 (5.2–6.3) in the triplet, gefitinib alone, and doublet groups, respectively. The hazard ratio for the triplet vs. gefitinib alone was 0.48, p < 0.003, and that vs. chemotherapy was 0.16, p < 0.001 [57]. Toxicities experienced by patients were higher with the triplet, whereby 10% of patients experienced grade 3–4 liver dysfunction. Similar numbers also experienced rash in those patients who received gefitinib, either alone or in combination.



Noronha and colleagues reported similar results from a phase III trial which enrolled 350 patients to receive gefitinib alone or with carboplatin/pemetrexed chemotherapy. PFS from this trial at a follow-up of 17 months was 16 (13.5–18.5) months vs. 8 (7.0–9.0) months, HR 0.5, p < 0.001 with overall survival not yet reached [58]. This improvement in PFS was accompanied by significantly more toxicity including an 11% rate of nephrotoxicity, G3/4 anemia in 19% vs. 1%, neutropenia 16% vs. 0%, and diarrhea 14% vs. 9%. In addition, G3/4 hyponatremia was seen in 24% and 16% of patients and hypertension was seen in 26% and 24% of patients [58].



Most recently, results from the NEJ009 study were published, which looked at 345 patients again treated with gefitinib alone or with carboplatin/pemetrexed. This was a multicenter trial, in a Japanese population, which followed a phase II trial suggesting that concurrent chemotherapy with gefitinib was superior to sequential alternating treatment in NEJ009; PFS was again in favor of the combination group at 20.9 (17.9–24.2) months vs. 11.1 (8.97–13.4) months, HR 0.49, p < 0.001 [59,60]. This trial also showed a benefit in terms of overall survival; however, again, toxicities were greater. Grade 3 or higher myelotoxicity in 20–30% of patients was seen in the combination group, while liver dysfunction was also seen; interestingly, this only occurred in 22% of those receiving gefitinib monotherapy and in 12% of those receiving the combination (Table 3).



An alternative strategy is with an intercalated regime as described by Wu and colleagues reporting the results of FASTACT-2. Patients were randomized to receive six cycles of gemcitabine with platinum every 4 weeks with either erlotinib or placebo administered on Days 15–28 of the cycle. In patients with activating EGFR mutations, results were statistically favored toward the combination therapy showing PFS 16.8 months (12.9–20.4) vs. 6.9 months (5.3–7.6), HR 0.25, p < 0.001 and median OS 31.4 months (22.2–NR) vs. 20.6 months (14.2–26.9), HR 0.48, p < 0.0092. Of note, the toxicity appeared to be similar, with rates of neutropenia grade 3 or higher being 29% vs. 25%, thrombocytopenia 14% in both groups, and anemia 12% vs. 9% [61]. Finally, a further study currently recruiting and yet to report, FLAURA2, is investigating the second-generation EGFR TKI osimertinib as monotherapy or in combination [62].




5.2. EGFR Inhibitor and Antiangiogenic Combinations


Vascular endothelial growth factor (VEGF) in lung cancer is considered an attractive target for therapy due to the role this pathway plays in lung cancer growth and progression [63]. VEGF monoclonal antibodies such as bevacizumab are used in combination with chemotherapy as routine practice in many countries. Combining anti-EGFR therapy and VEGF-directed antibodies may have acceptable toxicity, as these agents historically have differing toxicity profiles and, therefore, overlap should be rare. In addition, it was shown that the combination of anti-EGFR therapy and antiangiogenesis agents delays or suppresses the activation of T790M resistance mutations [64,65].



NEJ026 compared the combination of bevacizumab 15 mg/kg every 3 weeks plus erlotinib 150 mg daily with erlotinib 150 mg monotherapy in a Japanese population, with a primary end point of progression-free survival. At the publication of the first interim analysis, 228 patients were randomized with a median follow-up of 12.4 months. Median PFS was 16.9 months (14.2–21) vs. 13.3 months (11.1–15.3), HR 0.61, p = 0.016 in favor of the combined and monotherapy arm. Objective response was 81% vs. 74%. Grade 3 or above adverse events in the intervention group were 88% vs. 46% in the group receiving erlotinib with rash seen in 21% of patients in either cohort. Hypertension, proteinuria, and nonpulmonary hemorrhage occurred at higher rates for the combination [66]. The “bevacizumab plus erlotinib study” (BEVERLY) also investigated this combination with no results published to date [67], whilst SPIRAL II is looking at the combination of bevacizumab and osimertinib [68].



In the phase III RELAY study, 449 mainly Asian (77%) patients, with EGFR mutations and no CNS metastases, were randomized to receive erlotinib 150 mg + ramucirumab 10 mg/kg every 2 weeks versus erlotinib 150 mg daily and placebo. Initial results, after a median follow-up period of 20.7 months, supported the combination with a median PFS of 19.4 months vs. 12.4 months, HR 0.591, p < 0.0001, and an objective response rate of 76.3% vs. 74.7%. The median OS was not yet reached in either arm. Grade 3 toxicities were reported to be 72% for the combined arm against 54% in the control arm and consisted mainly of hypertension (24% vs. 5%). There was one treatment-related death from hemothorax in the intervention arm [69].




5.3. EGFR Inhibitors and Immunotherapy Combinations


Combining EGFR and immune checkpoint therapies was explored in a limited number of trials. The only phase 3 trial was CAURAL, which combined osimertinib with durvalumab in a population who had confirmed progression on EGFR TKI therapy, with T790M mutation-positive disease. This trial was ceased early due to safety concerns from an earlier phase Ib trial looking at the same combination which showed rates of interstitial lung disease to be 38%. At the termination of the study, 29 patients were recruited. Reported adverse events included diarrhea in 53% rash in 67% of patients, and, at the time of reporting, no patients in the combination group had developed interstitial lung disease. Response rates were higher in the monotherapy arm at 80% compared to 64% with the combination, although these results cannot be considered as formal analysis. No further phase III trials have reported results to our knowledge to date [70].





6. Evolving Role of Liquid Biopsy in NSCLC


Noninvasive means of assessing tumoral information in lung cancers is becoming an increasingly important factor given that tumor tissue samples are often limiting [71]. The ability to assess this from blood samples is desirable as it is (1) noninvasive, (2) can be repeated to assess dynamically changing tumoral status, and (3) can be used to monitor a patient over the course of disease by serial blood sampling to determine treatment efficacy in a real-time manner. The ability to detect minimal residual disease (MRD) after curative surgery, as well as the potential to identify patients that are likely to develop recurrences, remains an unmet clinical need.



A number of studies highlighted the use of circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), and exosomes which may be used for a liquid biopsy [72,73]. Circulating tumor cells are thought to be the “metastatic seeds” in circulation and represent single, intact cancer cells or cell clusters which travel transiently in the blood to seed at distant sites. Molecular characterization of CTCs has revealed that genomic changes of the tumor can be readily assessed via CTCs. This was recently highlighted by a number of studies identifying translocations/mutations in anaplastic lymphoma kinase (ALK) and EGFR in CTCs [74,75,76,77,78]. For EGFR mutations, the sensitivity of the assay increased with higher numbers of detected CTCs with concordance between EGFR mutation status in the tumor and CTC samples [77].



Whilst enumeration of CTCs was found to be prognostic across a number of tumor types including lung cancers, CTC clusters appear to play a more important in forming overt metastasis. CTC clusters, which are composed of cancer cells and neutrophils, appear to have immune-evasion mechanisms to protect them from being destroyed in the blood [79,80]. Moreover, recent studies highlighted how CTC clusters have a 23–50-fold higher metastatic capacity compared to single CTCs, highlighting the importance of understanding these cell clusters, as well as identifying strategies to disrupt CTC cluster-mediated metastasis [81,82].



Circulating tumor DNA (ctDNA) is thought to mainly be released by apoptotic cells and carry tumor-specific DNA, which, in principle, may match that of the primary tumor. Recent studies highlighted that ctDNA is readily detectable in the plasma with concordant mutations to that of the primary tissue [83]. In evaluating EGFR T790M mutations across 21 studies and 1639 patients, the pooled sensitivity of ctDNA analysis was 0.67 (0.64–0.70) and the pooled specificity was 0.85 (0.82–0.87). The pooled negative positive predictive value (PPV) was 0.85 (0.82–0.87) and the pooled negative predictive value (NPV) was 0.60 (0.56–0.63). The reported area under the curve (AUC) of the summary receiver operating curve (sROC) was 0.77. This data highlighted the promising nature of this noninvasive approach and the need for standardized methodologies and clinical validation [84].



Moreover, studies have demonstrated that ctDNA can be used to detect minimal residual disease (MRD) after surgical resection and, therefore, identify patients at an increased risk of disease recurrence ahead of standard-of-care imaging surveillance [85]. With the recent data from the TRACERx (tracking non-small-cell lung cancer evolution through therapy (Rx)) study available, independent predictors of ctDNA release and phylogenetic ctDNA tracking provided insights into the subclonal nature of lung cancer relapse and metastasis [86].




7. Conclusions


Patients with advanced or inoperable EGFR-mutated NSCLC have an array of options at their disposal to treat their disease. However, even with the significant advances achieved to date, resistance has evolved that ultimately overcomes a drug’s inhibitory effects. EGFR TKIs used as monotherapy remains the recommended standard of care. Ongoing efforts are underway to establish the best sequence for these agents and determine if combination strategies with other anticancer treatments may offer better disease control. Liquid biopsy with analysis of circulating tumor cells may offer a minimally invasive approach that could be readily repeated at multiple time points over the course of treatment. Such a strategy may offer timely data prior to overt radiologic progression and/or yield early insight into evolving resistance mechanisms to a specific therapeutic agent in use at that time.
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Table 1. Outcome of first-generation epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors in the first-line setting. PFS, progression-free survival.
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	Study
	EGFR Inhibitor PFS (Months)
	Chemotherapy PFS (Months)





	Erlotinib versus carboplatin/gemcitabine (OPTIMAL)
	13.1
	4.6



	Erlotinib versus platinum doublet (EURTAC)
	9.7
	5.2



	Erlotinib versus cisplatin/gemcitabine (ENSURE)
	11
	5.5



	Gefitinib versus cisplatin/docetaxel (WJTOG3405)
	9.2
	6.3



	Gefitinib versus carboplatin/paclitaxel
	10.8
	5.4



	Gefitinib versus carboplatin/paclitaxel (IPASS)
	9.5
	6.3
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Table 2. Outcomes of second-generation EGFR tyrosine kinase inhibitors in the first-line setting. LL, Lux-Lung.
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	Study
	EGFR Inhibitor PFS (Months)
	Chemotherapy PFS (Months)





	Afatanib versus cisplatin/pemetrexed (LL3)
	11.1
	6.9



	Afatanib versus cisplatin/gemcitabine (LL6)
	11
	5.6



	Afatanib versus gefitinib (LL7)
	11
	10.9



	Dacomitinib versus gefitinib (ARCHER 1050)
	14.7
	9.2
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Table 3. Results of phase III trials comparing EGFR TKIs in combination with EGFR TKI alone. OS, overall survival.
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Study

	
Intervention

	
No

	
mPFS (Months)

	
mOS (Months)

	
ORR (%)






	

	
Chemotherapy and anti-EGFR




	
IMPRESS

	
gefitinib, cisplatin, pemetrexed vs. placebo, cisplatin, pemetrexed

	
265

	
5.4 vs. 5.4

HR 0.86

p < 0.27

	
14.8 vs. 17.2

HR 1.62

p < 0.03

	
32 vs. 34




	
Han et al.

	
gefitinib, carboplatin, pemetrexed vs. gefitinib vs. carboplatin, pemetrexed

	
121

	
17.5 vs. 11.9 vs. 5.7

HR 0.16

P < 0.001

	
32.6 vs. 25.8 vs. 24.3

HR 0.46

p < 0.016

	
82.5 vs. 65.9 vs. 32.5




	
NEJ009

	
gefitinib, carboplatin, pemetrexed and maintenance pemetrexed vs. gefitinib

	
344

	
20.9 vs. 11.2 HR 0.49

p < 0.001

	
52.2 vs. 38.8

HR 0.70

p < 0.013

	




	
Noronha et al.

	
gefitinib, carboplatin, pemetrexed and maintenance pemetrexed vs. gefitinib

	
350

	
16 vs. 8

HR 0.5

p < 0.001

	
NR vs. 18

HR 0.45

p < 0.001

	
81 vs. 69




	
FASTACT-2 (EGFR subpopulation)

	
erlotinib, platinum, gemcitabine vs. erlotinib

	

	
16.8 vs. 6.9, HR 0.25

p < 0.0001

	
31.4 vs. 20.6, HR 0.48

p < 0.0092

	
76.3 vs. 74.7




	

	
Antiangiogenesis agents and anti-EGFR




	
NEJ026

	
erlotinib, bevacizumab vs. erlotinib

	
228

	
16.9 vs. 13.3

HR 0.61

p < 0.016

	
NR vs. NR

	
81% vs. 74%




	
RELAY

	
erlotinib, ramucirumab vs. erlotinib, placebo

	
449

	
19.4 vs. 12.4 months

HR 0.59

p < 0.0001

	
NR vs. NR

	
76.3 vs. 74.7




	

	
Immunotherapy and anti-EGFR




	
CAURAL

	
osimertinib vs. osimertinib, durvalumab

	
29

	
Nil

	
Nil

	
Nil
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