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    Abstract

The discovery of epidermal growth factor receptor (EGFR) mutations in nonsmall cell lung cancer (NSCLC) has allowed the identification of a subset of patients whose tumours are exquisitely sensitive to EGFR tyrosine kinase inhibitors (TKIs). Despite the efficacy and superiority of EGFR TKIs over chemotherapy as first-line therapy, all patients will ultimately develop progressive disease, with a median of 9–13 months progression-free survival. A better understanding of the molecular mechanisms underlying resistance to EGFR TKIs can help design new drugs and therapeutic strategies to overcome resistance. This has been illustrated by the new generation TKIs that are effective on the T790M mutation, which is the most frequent mechanism of acquired resistance to EGFR TKIs. In this article, we will address the main molecular mechanisms of primary and acquired resistance to EGFR TKIs in EGFR-mutant NSCLC.



Introduction

Recent insights in the molecular mechanisms of nonsmall cell lung cancer (NSCLC) have led to the development of targeted treatments associated with substantial clinical benefit. These include epidermal growth factor receptor (EGFR) inhibitors such as gefitinib, erlotinib and afatinib, which have shown superiority over chemotherapy as a first-line treatment for EGFR-mutant NSCLC.‘‘Topics in Thoracic Oncology’’Edited by G. Zalcman and N. GirardNumber 5 in the Series

EGFR (HER1) is a transmembrane tyrosine kinase receptor that belongs to the HER (or ErbB) family that includes four members. Upon ligand binding, EGFR homo- or hetero-dimerises with other HER family receptors, which results in phosphorylation of tyrosine residues that will serve as docking sites for recruiting and activating downstream pathways. The main downstream signalling involves the phosphatidylinositol 3-kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK) pathways, which promote cell survival and proliferation. EGFR is deregulated in a broad range of cancers including NSCLC, pancreatic cancer, breast cancer, colorectal cancer, and head and neck cancer. Most NSCLCs overexpress EGFR and a high EGFR gene copy number is observed in 10–30% of NSCLCs. Mutations of EGFR occurs in 10% of NSCLC patients of Caucasian ethnicity. They are more frequent in never-smokers, females, patients of Asian ethnicity and adenocarcinomas. EGFR mutations affect the EGFR tyrosine kinase domain, within exons 18–21. The L858R substitution in exon 21 and in-frame deletions in exon 19 account for 90% of all EGFR mutations. Apart from these two hotspot mutations, rare mutations include insertions in exon 20 and substitutions in exon 18 or 20 [1]. Mutations in EGFR exons 19 and 21 force EGFR into an active conformation, resulting in constitutive activation independent of ligand binding. EGFR mutant cells are highly dependent on the EGFR pathway, a phenomenon often referred to as “oncogene addiction” [2]. They display permanent activation of the PI3K/Akt and MAPK pathways. EGFR can be targeted by monoclonal antibodies directed against its extracellular domain, such as cetuximab or panitumumab, or by tyrosine kinase inhibitors (TKIs) such as gefitinib or erlotinib, which are small molecules that act as reversible competitive inhibitors of ATP. EGFR mutant cells are exquisitely sensitive to inhibition by TKIs. In these cells, EGFR TKIs decrease activation of EGFR, PI3K/Akt and MAPK pathways, and inhibit cell proliferation and induce apoptosis [3, 4].

The first trial comparing EGFR TKIs to chemotherapy in EGFR-mutant NSCLC was the IRESSA Pan-Asia Study (IPASS), which enrolled previously untreated patients from East Asia with advanced NSCLC who were light or nonsmokers. Patients were randomly assigned to treatment with carboplatin and paclitaxel or gefitinib. Among the 261 patients harbouring an EGFR mutation, objective response rate (71.2 versus 47.3%) and progression-free survival (PFS) (9.5 versus 6.3 months, hazard ratio 0.48; p<0.001) were significantly improved in patients receiving gefitinib compared with those receiving chemotherapy [5]. Further studies confirmed the superiority of EGFR TKIs over chemotherapy for gefitinib, erlotinib and afatinib, an irreversible EGFR TKI, with median PFS ranging from 9 to 13 months (table 1) [6–11]. Treatment with EGFR TKIs was usually well tolerated, with most adverse events involving skin rash and diarrhoea, and quality of life was better in patients treated with TKIs than in those treated with standard chemotherapy [12]. Given these results, treatment with an EGFR TKI has been recommended as the standard of care for first-line treatment of EGFR-mutant NSCLC [13–15]. However, all patients with EGFR-mutant NSCLC treated with EGFR TKIs will ultimately develop resistance. In this article, we will address the molecular mechanisms that underlie primary and acquired resistance to EGFR TKIs in EGFR-mutant NSCLC.
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Table 1. 
Primary resistance and PFS in EGFR-mutant nonsmall cell lung cancer patients treated with EGFR TKIs as first-line therapy in major phase III trials





Definition of resistance

The study of resistance to EGFR TKIs in EGFR-mutant NSCLC patients can be divided into primary and acquired resistances, which have different origins. Primary resistance refers to patients who had progressive disease or stable disease as the best response to EGFR TKI, whereas acquired, or secondary, resistance refers to patients who had progressive disease following an initial objective response or prolonged stable disease. Jackman et al. [16] have proposed a detailed definition of acquired resistance to EGFR TKIs, which relies on: 1) the presence of a known activating EGFR mutation associated with sensitivity to EGFR TKI or a prolonged response or stable disease to EGFR TKI (>6 months); 2) treatment with an EGFR TKI as a monotherapy; 3) disease progression upon uninterrupted exposure to EGFR TKI; and 4) no additional systemic therapy since discontinuation of EGFR TKI. The occurrence of osteoblastic reactions during treatment with TKIs, while the primary tumour and metastases are stable or in response, should not be considered as disease progression [17].



Primary resistance to EGFR TKIs

The definition of primary resistance to EGFR TKI varies among authors, from “a lack of objective response” to “progressive disease as the best response”. Using the latter definition, primary resistance usually occurs in 4–10% of EGFR-mutant NSCLC patients (table 1) [5–11, 18]. Although mechanisms of primary resistance are not fully understood, they can be divided into host-dependent and tumour-dependent factors.


Host-dependent factors


Cigarette smoke

Cigarette smoke is known to induce activation of cytochrome CYP 1A1, which is one of the cytochromes involved in the metabolism of EGFR TKIs [19]. Cigarette smoke also induces release of reactive oxidative stress species, and promotes autophosphorylation leading to impaired receptor ubiquitination/degradation of wild-type and mutant EGFR even in the presence of EGFR TKI [20, 21]. Recently, Filosto et al. [22] found that activation of EGFR through cigarette smoke involves activation of Src, and that Src inhibitors could reverse cigarette-induced resistance to EGFR TKI. Several studies have found that current smokers with EGFR-mutant NSCLC experience a lower benefit from EGFR TKI [23]. However, when comparing characteristics of patients with or without primary resistance to EGFR TKI, Lee et al. [24] have not found smoking status to be significantly associated with primary resistance.



BIM polymorphism

BIM is a pro-apoptotic member of the BCL-2 family of proteins, which is required for apoptosis induced by several TKIs, including EGFR TKIs [25–27]. In vitro, inhibition of BIM expression has been found to induce intrinsic resistance to EGFR TKI. In the EURTAC study (Erlotinib versus Chemotherapy as First-line Treatment for EGFR-mutant NSCLC Patients), patients treated with erlotinib who had a low or intermediate levels of expression of BIM mRNA had a worse median PFS than those with high levels of BIM mRNA (7.2 versus 12.9 months; p=0.0003), whereas BIM expression levels had no impact on PFS in chemotherapy-treated patients [28]. Moreover, Ng et al. [29] have reported a polymorphism of BIM, that has been exclusively described in Asian populations, with no cases in series of African–American or Caucasian patients, in which alternative splicing has resulted in BIM isoforms lacking the pro-apoptotic BH3 domain. Expression of these isoforms was associated with lack of sensitivity to EGFR TKIs in EGFR-mutant cell lines. Importantly, the authors found that patients with BIM polymorphism had a lower median PFS than those without polymorphism (6.6 versus 11.9 months; p=0.0027) [29].




Tumour-dependent factors


EGFR mutations associated with resistance to EGFR TKI

Not all EGFR mutations have the same consequences on sensitivity of EGFR to EGFR TKIs. Thus, although the two “hotspot” mutations of EGFR, L858R substitution and exon 19 deletions, confer sensitivity by increasing affinity for EGFR TKI, other rarer EGFR mutations confer resistance. Exon 20 insertions account for 5–10% of all EGFR mutations and are highly variable, ranging from 3 to 12 bp [30–32]. In vitro, exon 20 insertions have been found to activate EGFR by promoting the active conformation of the receptor [33]. Unlike EGFR L858R mutants, EGFR harbouring an exon 20 insertion does not show increased affinity for EGFR TKI, thus, resulting in intrinsic resistance. However, this may not be true for all exon 20 insertions, since one insertion (EGFR-A763_Y764insFQEA) was found to be highly sensitive to EGFR TKI in vitro [33]. In the French ERMETIC-IFCT study, Beau-Faller et al. [30] identified 102 (10%) rare EGFR mutations among 1047 EGFR-mutated NSCLC samples. Rare mutations were divided into exon 18 mutations, exon 20 mutations or complex mutations (a double mutation involving at least one mutation in exon 18 or exon 20). The authors found an objective response rate to EGFR TKIs in patients harbouring a mutation in exon 18 or exon 20 as low as 8%, whereas the response rate was 57% for patients with complex mutations (table 2) [30]. Overall survival for patients with exon 20 mutations ranges from 9.5 to 16 months [30, 31].
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Table 2. 
Frequency of rare EGFR mutations and efficacy of EGFR TKIs




T790M mutation is the main mechanism of acquired resistance to EGFR TKIs, found in up to 60% of post-TKI tumour samples (see later). However, it can be rarely found in TKI naïve NSCLC patients. Pre-treatment T790M mutations are usually associated in cis to another activating EGFR mutation (i.e. on the same allele) such as L858R substitution or a deletion in exon 19. Some germline T790M mutations have been observed at a low frequency, sometimes in a context of familial cancer syndrome [34, 35]. The rate of pre-treatment T790M mutation is highly dependent on the sensitivity of the method of detection and the true frequency associated with drug resistance remains unknown. Costa et al. [28] recently found a 65% T790M mutation rate using a technique based on laser microdissection and peptide–nucleic acid clamping PCR, Rosell et al. [36] found a 35% rate of T790M mutations using a TaqMan assay (Applied Biosystems, Carlsbad, CA, USA), and Yu et al. [37] found a 2% T790M mutation rate using a mass spectrometry-based assay. Among 107 EGFR-mutant NSCLC patients, Su et al. [38] detected a T790M mutation in 27 (25.2%) patients using the highly sensitive method of matrix-assisted laser desorption ionisation time-of-flight mass spectrometry, and in only three (2.8%) patients using direct sequencing. Impact of pre-treatment T790M mutation in a minority clone is controversial. The presence of a pre-treatment T790M mutation seems to be associated with a lower rate of objective response to EGFR TKI when it is detected by routine molecular genotyping [37]. It is also associated with shorter PFS compared with patients with activation EGFR mutations but without any detected T790M mutation. However, PFS is still significantly longer than for patients with wild-type EGFR [36, 37].



Molecular alterations associated with EGFR mutations

Alterations occurring in genes other than the EGFR gene may affect sensitivity to EGFR TKIs in EGFR-mutant NSCLC. As mentioned earlier, alterations in apoptotic pathways such as low expression of BIM may impact response to TKI. Mutations occurring within the EGFR pathway may also induce resistance to EGFR TKI by promoting activation of downstream pathways, independent of EGFR activation. Loss of expression of the phosphatase and tensin homolog, which is a tumour suppressor gene controlling the PI3K/Akt pathway, has been found to induce resistance to EGFR TKI in EGFR-mutant models in vitro [39–41]. Somatic mutations of PIK3CA, which encodes the catalytic domain of PI3K, have been detected in 1–3% of all NSCLC, sometimes in association with EGFR mutations [42]. These mutations are also thought to be involved in acquired resistance to EGFR TKIs [43]. In vitro, PIK3CA mutations are responsible for continued activation of PI3K and abrogate gefitinib-induced apoptosis in EGFR-mutant cell lines [44]. PIK3CA mutations have been found to be associated with poor prognosis in EGFR/KRAS wild-type NSCLC patients [45]. However, it remains to be determined whether PIK3CA mutations actually decrease sensitivity to EGFR TKI in EGFR-mutant NSCLC patients. Other pathways have been shown to play a role in resistance to EGFR TKI in pre-clinical EGFR-mutant models, such as insulin-like growth factor 1 receptor (IGF1R) or nuclear factor-κB pathways, although translational validation of these alterations is still awaited [46, 47].





Acquired resistance to EGFR TKI

Patients whose tumours harbour sensitising mutations in the EGFR kinase domain typically initially respond to EGFR TKIs such as gefitinib, erlotinib or afatinib, but invariably develop progressive disease after a progression-free period of approximately 9–13 months. Recent studies have allowed a better understanding of the molecular mechanisms that are responsible for acquired resistance.


Tools to study acquired resistance

The study of mechanisms of acquired resistance is usually based on two strategies [48, 49]. The first strategy is to compare the molecular alterations between samples obtained before and after the patient has relapsed following TKI treatment. This strategy is limited by the difficulty of obtaining post-relapse samples, which sometimes requires invasive investigations, and if so, by the quality and amount of cancer cells. However, recent studies have demonstrated the feasibility of such rebiopsies, and it is expected that the prospect of a biology-driven treatment will facilitate patients’ adherence [43, 50]. The second strategy is based on in vitro experiments, which involve making TKI-sensitive cell lines resistant by progressively increasing the concentration of the drug. This approach offers a useful tool that has allowed, for example, modelling of various mechanisms of resistance to gefitinib or erlotinib in EGFR TKI-sensitive cell lines such as the T790M mutation or the MET amplification [51, 52]. The study of mechanisms of resistance to kinase inhibitors also requires the most sensitive and accurate methods for detection of mutations. Indeed, detection of resistance mutations can be challenging when only a small subset of cells is implicated [44]. These technical limitations may explain in part the variations observed in the incidence of resistance mutations among various studies.

Sequist et al. [43] reported a series of EGFR-mutant NSCLC patients who had undergone a rebiopsy following progression on EGFR TKI. Among 37 patients, repeat tissue biopsies were obtained by percutaneous biopsy in most cases (68%) or by bronchoscopy, mediastinoscopy or surgery [43]. Arcila et al. [53] obtained 153 tumour samples from 121 patients, of which 82% could be analysed. Biopsies, fine-needle aspirations and pleural fluids had the highest success rates [53]. More recently, Yu et al. [50] reported the results of rebiopsy in 155 patients after the development of acquired resistance to gefitinib or erlotinib. Post-treatment tumour samples were mainly lung biopsies (core biopsies or fine-needle aspiration), pleural effusions, liver biopsies (core biopsies or fine-needle aspiration) and brain metastases resections. Only one serious adverse event occurred (pneumothorax requiring chest tube placement) [50]. In these three large series, the initial EGFR mutation was found in nearly all samples. The main mechanisms of acquired resistance to EGFR TKI that were identified could be classified as follows: 1) the T790M mutation; 2) alternative pathway activation; and 3) phenotypic transformation (fig. 1).
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Figure 1. 
Main mechanisms of acquired resistance to epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors in EGFR-mutant nonsmall cell lung cancer. SCLC: small cell lung cancer; EMT: epithelial–mesenchymal transition.






The T790M mutation

In analogy with the T315I gatekeeper mutation of Bcr-Abl in chronic myeloid leukaemia, researchers investigated whether the same C to T single nucleotide change, resulting in a T790M substitution at the gatekeeper residue of EGFR, could confer resistance to an EGFR TKI, namely gefitinib, and showed that this was the case [54]. Two groups of investigators further confirmed that the T790M mutation is detected in patients who develop acquired resistance to EGFR TKI treatment [55, 56]. As already mentioned, the EGFR T790M mutation occurs in cis with the primary activating mutation, and is found in 50–63% of patients with acquired resistance to EGFR TKI treatment [43, 50]. Introduction of a T790M mutation in a gefitinib-sensitive cell line confers resistance to gefitinib, which is mediated by maintenance of PI3K/Akt activation in the presence of gefitinib [57]. The T790M mutation accounts for >90% of secondary EGFR mutations. So far, three other resistance mutations have been described, D761Y, L747S and T854A, all of which have a very low prevalence and their clinical relevance remains to be determined [25, 58, 59].

The substitution of a bulky methionine residue for threonine at the gatekeeper residue in position 790 in the kinase domain of EGFR was initially thought to cause resistance by steric interference with binding of TKIs, as seen with the T315I mutation in Bcr-Abl, since the gatekeeper residue plays a crucial role in controlling binding to the ATP pocket. However, contrary to the T315I mutant, the T790M mutant kinase remains sensitive to “irreversible” inhibitors, which does not support the hypothesis of steric hindrance as the mechanism of resistance, as if this were the case it should affect binding of both reversible and irreversible anilinoquinazoline inhibitors [60]. Indeed, Yun et al. [60] used a direct binding assay to show that the T790M mutation only modestly affects binding of gefitinib in the context of the L858R mutant, which cannot explain the clinically observed drug resistance. Subsequently, the T790M mutation was found to confer a marked decrease in the Michaelis–Menten constant (Km) for ATP (which is inversely proportional to ATP affinity) (fig. 2). The L858R mutant is known to activate EGFR, but it also reduces the apparent affinity for ATP. Strikingly, the T790M mutation restores the ATP affinity to near wild-type levels in the L858R/T790M double mutant (Km for ATP of 8.4 μM, as compared with 148 μM for the L858R mutant) (fig. 2). Thus, as highlighted by Yun et al. [60], the L858R mutation opens a therapeutic window by decreasing the affinity of the kinase for ATP, and the addition of the T790M mutation merely closes this therapeutic window by restoring ATP affinity to its baseline level.
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Figure 2. 
Gefitinib dissociation constants and Michaelis–Menten constants for the wild type and mutant epidermal growth factor receptor kinases. Data from [60].





Although it was initially reported that the kinase activity of the EGFR T790M mutant was indistinguishable from wild-type EGFR, Vikis et al. [61] further showed that the T790M mutation alone is responsible for increased phosphorylation levels of EGFR and a growth advantage with respect to wild-type EGFR. However, TKI-resistant cells, harbouring a double mutation including T790M, show slower growth than TKI-sensitive cells that don’t have a T790M mutation [62]. Moreover, Oxnard et al. [31] showed that among patients with acquired resistance to EGFR TKI, the presence of T790M mutation has been found to be associated with a more favourable prognosis, with a median post-progression survival of 19 months and 12 months for patients with and without T790M, respectively (p=0.036). These findings were further confirmed in several independent series [63, 64].



Activation of alternative pathways

Another frequent mechanism of resistance to EGFR TKI is activation of growth and survival pathways. The most studied example of this kind of resistance is c-Met amplification. c-Met is a transmembrane tyrosine kinase receptor, as is EGFR, which induces activation of PI3K/Akt and MAPK pathways following binding of its ligand, hepatocyte growth factor (HGF). In vitro, c-Met amplification confers resistance to EGFR TKIs in EGFR-mutant NSCLC cell lines through phosphorylation of ErbB3, resulting in activation of the PI3K/Akt pathway even in the presence of EGFR TKIs [51]. Inhibition of proliferation cannot be achieved with Met inhibitors alone, but requires inhibition of both EGFR and Met. Whether c-Met amplification induces other properties in these cells, aside from maintaining proliferation in the presence of EGFR TKI, remains undetermined. c-Met amplification was detected in 5–22% of tumour samples from patients who had progressive disease following EGFR TKI [43, 50, 51]. Variations in the frequency of c-Met amplification may be due to different definitions and assays used for the detection of c-Met amplification. The bona fide method for detection of true c-Met amplification is fluorescence in situ hybridisation (FISH), with a c-Met/CEP7 fluorescent signal ratio of five or more, rather than only the gene copy number. HGF has also been found to promote resistance to various targeted therapies in oncogene-addicted cell lines, especially EGFR TKIs [65]. In vitro, HGF induces resistance through Gab-1 mediated activation of the PI3K/Akt pathway without recruitment of ErbB3 [66, 67]. HGF can also favour c-Met amplification [67]. High levels of HGF in the tumour have been detected in 61% of EGFR-mutant Japanese patients with progressive disease following EGFR TKI [68]. The concentrations of HGF were found to be higher in the serum of patients with progressive disease following EGFR TKI, than among those without progressive disease, and high HGF levels were significantly associated with poor PFS and overall survival in patients treated with EGFR TKI [69].

Activation of other tyrosine kinase receptors can mediate resistance to EGFR TKIs. HER2 seems to play a key role in EGFR-mutant cells. Takezawa et al. [70] recently showed that overexpression of HER2 could confer resistance to afatinib, an EGFR TKI that inhibits both EGFR and HER2 kinases, in all EGFR-mutant cell lines tested. Conversely, knockdown of HER2 enhanced sensitivity to afatinib [70]. HER2 was shown to heterodimerise with mutant EGFR harbouring both L858R and T790M mutations. The authors further observed that HER2 amplification, assessed by FISH analysis, was detected in three (12%) out of 26 tumour samples from patients with EGFR-mutant NSCLC and acquired resistance to gefitinib or erlotinib. None of these samples had a concurrent T790M mutation. Moreover, HER2 amplification was found in only 1% of pre-treatment tumour samples, suggesting that this molecular alteration plays a role in acquisition of resistance to TKIs in a subset of patients [70]. Yu et al. [50] found a similar HER2 amplification frequency of 13% in patients with progressive disease following EGFR TKI treatment, with a case of HER2 amplification and T790M mutation found in the same patient. Interestingly, it has been shown that a combination of afatinib and cetuximab, a monoclonal antibody against EGFR, can overcome acquired resistance to EGFR TKI in murine models and human patients, independent of the presence of a T790M mutation [71].

Rare mutations occurring in signalling pathways downstream of EGFR have also been reported at a very low frequency, including PIK3CA and BRAF mutations [43, 72].



Phenotypic transformation

Phenotypic transformation encompasses two mechanisms of resistance to EGFR TKI: transformation to small cell lung cancer (SCLC) and epithelial–mesenchymal transition (EMT).

Transformation of EGFR-mutant NSCLC, mostly adenocarcinoma, to SCLC has been reported in 2–14% of patients following acquired resistance to EGFR TKI [43, 50, 53]. In the reported cases, no evidence for pre-existing SCLC contingent in the pre-treatment tumour was found, although all pre-treatment samples were core biopsy which cannot give a complete view of tumour heterogeneity and, therefore, could not exclude the clonal selection of the SCLC component of a composite tumour, rather than a phenotypic “transformation” at the individual cell level. Interestingly, these new SCLC still harboured the initial EGFR mutation and treatment with SCLC chemotherapy was effective. The mechanisms leading to SCLC transformation are unknown.

EMT is a process in which cells undergo a switch from an epithelial phenotype to a mesenchymal phenotype, characterised by loss of tight junctions leading to high motility and increased invasion capacity. Detection of EMT usually relies on immunohistochemistry staining, with the typical phenotype showing loss of E-cadherin and β-catenin, and gain of vimentin and N-cadherin. EMT induction can be triggered by various signals, including release of cytokines such as transforming growth factor (TGF)-β or activation of growth factor receptors. The mechanisms leading to EMT in TKI treated patients are not fully understood and may involve NOTCH-1 upregulation, TGF-β overexpression and/or Met activation [73–75]. Activation of the tyrosine kinase receptor AXL, through its overexpression or upregulation of its ligand GAS6, has also been proposed as a mechanism leading to EMT. In pre-clinical models, inhibition of AXL restored sensitivity to EGFR TKI. Interestingly, AXL overexpression has been detected in 20% of tumour samples from patients with progressive disease upon treatment with EGFR TKI [76].



Origins of acquired resistance

Resistance mutations may arise via two different mechanisms: either the mutation is acquired through selective pressure during treatment, or it exists before treatment and grows in prevalence owing to the selective pressure of treatment.

In NSCLC, it remains unclear how tumour cells harbouring the T790M mutation arise in patients receiving EGFR TKI. As mentioned previously, the T790M mutation can be found in pre-treatment samples with highly variable frequencies, ranging from <1–65%, depending on the techniques used to detect the resistance mutation. Using the SARMS (scorpion amplification refractory mutation system) technology (DxS, Manchester, UK), Maheswaran et al. [77] were among the first to detect low levels of T790M in pre-treatment samples from 10 (38%) out of 26 patients, in addition to the known activating EGFR mutation. The high number of amplification cycles needed to detect T790M suggests that the mutation was present in a small subset of cells. Interestingly, although the presence of the T790M mutation didn’t affect the response rate, PFS was significantly shorter in these patients compared with those without the T790M mutation (7.7 versus 16.5 months, hazard ratio for progression for the T790M allele 11.5, 95% CI 2.94–45.1; p<0.001) [77]. Thus, T790M may initially arise by virtue of its oncogenicity and may rapidly emerge as a dominant allele after treatment. c-Met amplification has also been observed in pre-TKI treatment samples from EGFR-mutant NSCLC patients. Turke et al. [67] found that resistance through c-Met amplification could be triggered by transient exposure of cells to HGF.




Heterogeneity of mechanisms of resistance

Whereas EGFR mutations are homogeneous among tumour sites and over time, mechanisms of resistance are more heterogeneous. Multiple mechanisms of resistance can be detected in a single tumour sample, and multiple mechanisms of resistance can arise from different tumour sites within the same patient, suggesting the polyclonal nature of resistance. As an example, analysis of various progressive lesions in an autopsy case from an individual with acquired resistance to EGFR TKI revealed that the seven different sites all harboured the exon 19 deletion, whereas the T790M mutation was found in six out of the seven sites, but was not detected in the brain metastasis, despite the use of highly sensitive methods [58]. As mentioned previously, Yu et al. [50] reported the case of a patient with a T790M mutation in one site and a HER2 amplification in another site. Moreover, c-Met amplification has been found to occur frequently with T790M mutations [59]. These results suggest that the selection pressure for resistant tumour cells that grow in the presence of EGFR TKI may be different among the different tumour sites. Furthermore, this may explain the cause of the “flare-up” effect observed when EGFR TKIs are withdrawn. Mechanisms of resistance can also vary over time: following chemotherapy, the T790M mutation has become undetectable in some patients [43]. Whether the same phenomenon will be observed with T790M-specific inhibitors will be of particular interest for monitoring efficacy of these drugs.



Resistance to new generation EGFR inhibitors

Second-generation EGFR TKIs have been developed in order to overcome acquired resistance to first-generation TKIs, such as gefitinib and erlotinib. Irreversible EGFR TKIs such as neratinib, afatinib and dacomitinib bind covalently to EGFR. In vitro, irreversible TKIs are able to decrease EGFR and PI3K/Akt activation, as well as cell proliferation in EGFR-mutant cell lines harbouring a T790M mutation [78, 79]. However, clinical efficacy of these irreversible TKIs has been disappointing, with an objective response rate of <10% in patients who had progressive disease following gefitinib or erlotinib treatment [80]. This may be due to a narrow therapeutic index, resulting in low TKI concentrations in patients’ blood. At lower concentrations, i.e. those achievable in patients, irreversible TKIs are not able to inhibit EGFR-T790M anymore, which subsequently mediates resistance [81]. At higher concentrations, T790M is still implicated in resistance through an amplification of the T790M allele [82]. Indeed, patients treated with irreversible TKIs develop resistance through acquisition of a T790M mutation [71]. Resistance to the combination of afatinib and cetuximab involves activation of mTORC1, which can be reversed using mTOR inhibitors such as rapamycin [83].

A new third-generation of EGFR inhibitors effective against T790M has recently emerged. These inhibitors, for example WZ4002, AZD9291 or CO-1686, have been specifically designed to inhibit EGFR-T790M and are different to all previous inhibitors from the biochemical point of view. In vitro, they are able to inhibit EGFR harbouring an activating mutation with or without T790M [84, 85]. Interestingly, they don’t inhibit wild-type EGFR, which should result into decreased toxicity compared with previous TKIs. AZD9291 and CO-1686 are currently in clinical development. It is remarkable that pre-clinical models have shown that first-line use of such third-generation TKIs, in contrast with first-generation TKIs, totally avoids the occurrence of T790M resistant clones, warranting studies in the first-line setting for confirmation [86]. Despite these promising preliminary results, it is anticipated that most, if not all, patients would ultimately develop progressive disease even with these drugs. The molecular mechanisms that may arise in tumours exposed to T790M-effective TKIs have only been studied in pre-clinical models so far. The mechanisms include bypass signalling, especially through activation of the IGF1R pathway, activation of the MAPK pathway and may also involve EMT [85–87]. Whether these mechanisms of resistance will be identified in tumour samples from patients treated with these new generation TKIs remains to be studied.



Conclusion

Kinase inhibitors are effective clinical therapies for several human malignancies and represent a new paradigm of treatment for EGFR-mutated NSCLC. However, their clinical efficacy is ultimately limited by the development of drug resistance. Recent studies have identified resistance mechanisms to kinase inhibitors and used these findings to develop more effective therapeutic approaches. By inhibiting a specific kinase that plays a crucial role in the cancer cell, kinase inhibitors induce a strong selective pressure on their target for emergence of resistance mechanisms. Recent studies have offered new insights into the precise mechanisms implicated in resistance, such as the finding that the T790M mutation in EGFR confers resistance through a change in ATP affinity rather than because of steric hindrance. Such findings allow development of a new generation of inhibitors. However, it is expected that resistance will also occur with these inhibitors. As new kinase inhibitors enter the clinical area, it will be necessary to prospectively study drug resistance to these agents. The continued interaction between drug development, basic biology and translational studies will make new therapeutic approaches emerge, such as first-line combinations of specific inhibitors targeting both EGFR activation mutations and oncoproteins involved in cell resistance (c-Met, IGF1R, HER2, etc.), defining “highly active antitumour therapy” [88] that will further improve clinical outcomes for these patients.
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