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Abstract
[bookmark: OLE_LINK3259][bookmark: OLE_LINK3260][bookmark: OLE_LINK3257][bookmark: OLE_LINK3258][bookmark: OLE_LINK3253][bookmark: OLE_LINK3254]The prognosis of patients with metastatic colorectal cancer (mCRC) remain poor despite the impressive improvement of treatments observed over the last 20 years that led to an increase in median overall survival from 6 mo, with the only best supportive care, to approximately 30 mo with the introduction of active chemotherapy drugs and targeted agents. The monoclonal antibodies (moAbs) cetuximab and panitumumab, directed against the epidermal growth factor receptor (EGFR), undoubtedly represent a major step forward in the treatment of mCRC, given the relevant efficacy in terms of progression-free survival, overall survival, response rate, and quality of life observed in several phase III clinical trials among different lines of treatment. However, the anti-EGFR moAbs were shown only to be effective in a subset of patients. For instance, KRAS and NRAS mutations have been identified as biomarkers of resistance to these drugs, improving the selection of patients who might derive a benefit from these treatments. Nevertheless, several other alterations might affect the response to these drugs, and unfortunately, even the responders eventually become resistant by developing secondary (or acquired) resistance in approximately 13-18 mo. Several studies highlighted that the landscape of responsible alterations of both primary and acquired resistance to anti-EGFR drugs biochemically converge into MEK-ERK and PIK3CA-AKT pathways. In this review, we describe the currently known mechanisms of primary and acquired resistance to anti-EGFR moAbs together with the various strategies evaluated to prevent, overcame or revert them. 
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Core tip: The treatment with anti-epidermal growth factor receptor (EGFR) monoclonal antibodies cetuximab and panitumumab in mCRC is unfortunately burdened by the lack of clinical and molecular biomarkers that correlate with treatment response. Primary and acquired resistance have been shown to be the major culprits of the failure of anti-EGFR treatments. However, a deeper understanding of the molecular basis underlying both types of resistance has led to the proposal of several approaches designed to prevent, overcome or revert the drug resistance. Nevertheless, these approaches deserve further clinical investigation to allow us to use EGFR-targeted therapies more effectively in the correct population.
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INTRODUCTION
Colorectal cancer (CRC) is considered the third most commonly diagnosed cancer in males and the second in females worldwide, with an estimated 1.4 million new cases in 2012. In the same year, CRC was responsible for 693900 deaths, making it the fourth leading cause of cancer-related death in men and the third in women[1]. Although the advances in screening and medical treatments have led a trend in reduction of both incidence and mortality, almost 20% of patients present metastases at the time of diagnosis, and approximately 35% of patients will subsequently develop a metastatic disease[2]. The prognosis of patients with metastatic colorectal cancer (mCRC) remains poor despite the impressive improvement observed over the last 20 years that led to an increase in median overall survival (OS) from 6 mo, with the only best supportive care, to approximately 30 mo with the introduction of active chemotherapy drugs, such as fluropyrimidines, oxaliplatin, irinotecan, TAS-102, and of targeted drugs, such as bevacizumab, cetuximab, panitumumab, aflibercept, and regorafenib[3,4]. However, despite these great advances, the efficacy of these treatments remains limited and substantially unpredictable. The reasons for this restricted success are firstly the development of various mechanisms of resistance to treatments and secondly the lack of clinical and molecular biomarkers that correlate with treatment response. This drug resistance is particularly relevant for drugs that target the epidermal growth factor receptor (EGFR). 
EGFR is a tyrosine kinases receptor (RTK) and a member of the ErbB family to which HER2/neu (ERBB2), HER3 (ErbB3), and HER4 (ErbB4) also belong. EGFR is expressed in various cancers and in 60% to 80% of colorectal cancer, where it plays a key role in tumour development and progression. Various ligands (EGF, TGFα, amphiregulin, and epiregulin) bind specific extracellular domains of EGFR, inducing homo- and hetero-dimerization with other ErbB members and the subsequent activation of several pathways, including RAS-RAF-MEK-ERK and PIK3CA-AKT cascades, the SRC family kinases, PLCγ-PKC, and STATs. These pathways are involved in several cellular processes including tumour growth, inhibition of apoptosis, angiogenesis, invasion, and metastasis[5,6] (Figure 1).
   For this reason, EGFR has been proposed as a target for anticancer therapies, and to date, two monoclonal antibodies (moAbs) against the EGFR, cetuximab and panitumumab, have been registered for the treatment of mCRC patients. Cetuximab, is a human–mouse chimeric monoclonal antibody (IgG1 subtype), whereas panitumumab is a fully human anti-EGFR monoclonal antibody (IgG2κ subtype). These antibodies bind the extracellular domain of EGFR, blocking ligand-induced EGFR tyrosine kinase activation and causing EGFR cellular internalization and degradation[7,8]. Furthermore, cetuximab activates antibody-dependent cellular cytotoxicity (ADCC). Cetuximab and panitumumab provided similar overall survival (OS) benefits in KRAS exon 2 wild-type (WT), chemotherapy-refractory mCRC in the ASPECCT trial[9].
   EGFR-targeted therapies, both as single agents or in combination with chemotherapy, undoubtedly represent a major step forward in the treatment of mCRC, given the relevant efficacy in terms of progression-free survival (PFS), OS, response rate (RR), as well as quality of life, observed in several phase III clinical trials among different lines of treatment[3]. However, not all patients will benefit from these treatments. Indeed, cetuximab and panitumumab when used as single agents in unselected patients with chemotherapy-refractory mCRC, achieved a RR of only 10%[10,11]. This low RR suggests that the majority of tumours harbour genetic alterations in proteins involved in EGFR pathway that impair the response to the anti-EGFR moAbs (intrinsic or primary resistance). Moreover, even the subset of patients who initially respond to these treatments will ultimately become refractory in approximately 3-18 mo by developing secondary (or acquired) resistance to anti-EGFR drugs[12]. These phenomenon might be explained if we consider that CRC, and in particular metastatic disease, is highly heterogeneous[13]. This heterogeneity implies that tumours from the same organ might have a completely different molecular landscape (inter-tumour heterogeneity) as well as different sensitivity to targeted agents, depending on which pathway is driving their growth. Furthermore, even in the same lesion, we might find clones with different sensitivity to drugs (intra-tumour heterogeneity) depending on the different molecular alterations harboured[14]. Unfortunately, to date, the molecular characteristics that allow the response to anti-EGFR moAbs are not yet completely understood, and the lack of predictive biomarkers do not permit the selection of patients who will potentially respond to these drugs. For instance, differently from other cancers, mutations in the EGFR or in downstream effectors of its signalling cascades (e.g., KRAS, NRAS, BRAF, PIK3CA and PTEN loss) are not predictive of the efficacy of targeted agents[15,16].
   In the era of targeted medicine, translational and clinical research efforts are being spent to better understand the complex molecular landscape of tumours to increasingly tailor the treatments to the molecular characteristics of the specific patient. The aim of this review is to provide an overview of the molecular mechanisms that underlie both primary and acquired resistance to anti-EGFR drugs in metastatic colorectal cancer and to discuss possible future ways to circumvent them.

PRIMARY AND ACQUIRED RESISTANCE
Two sides of the same coin
The mechanisms of resistance to anti-EGFR moAbs can be categorized as primary or acquired according to the time of onset in respect to the treatment with these drugs, and also, although without a strict boundary, by the molecular alterations underlying them (Figure 2). Generally, the most frequent mechanisms of resistance are a result of genomic alterations in downstream effectors (e.g., KRAS, NRAS, BRAF, and PIK3CA) of the EGFR signalling pathway, while the activation of other RTKs, such as MET or ERBB2 and their pathways, are more rare mechanisms[17-19]. In both cases, unless the EGFR continues to be pharmacologically blocked, an alternative signal transducer becomes activated, escaping the receptor inhibition. Notably, these genetic alterations have been identified as both mechanisms of primary and acquired resistance, and almost all of them biochemically converge on the activation of the MEK–ERK pathway[12]. The only exceptions are represented by rare mutations either in the extracellular domain (ECD) or in the tyrosine kinase domain of EGFR that have only been described as acquired mechanisms of resistance in patients treated with anti-EGFR moAbs[20-22]. Furthermore, different from primary resistance, acquired resistance is generally sustained by several genetic alterations that concomitantly emerge at treatment failure[22]. These aberrations may arise either as new genetic alterations, due to treatment-induced mutagenesis and tumour-intrinsic genomic instability (e.g., mutations in ECD or tyrosine kinase domain of EGFR), or through the positive selection pressure of anti-EGFR therapies on a resistant subpopulation of cells already present in the original tumour[13]. Because of the overlapping of resistance mechanisms, the next chapters are focused on the description of single molecular alterations and whether the resulting mechanisms of resistance can be categorized as primary, secondary or both. 


RAS
RAS is a family of three small GTPases (KRAS, NRAS, and HRAS) that work as downstream effectors within the mitogen-activated protein kinase (MAPK) pathway, coupling EGFR with intracellular signalling cascades[23]. The KRAS gene has been found mutated in approximately 40% of CRCs, mostly in exon 2 codons 12 (70%-80%) and 13 (15%-20%), whereas only a small percentage has been found in codons 61 (5%) and 146 (5%). These point mutations impair the intrinsic ATPase activity of RAS and cause the accumulation of mutant proteins in the active conformation (GTP-bound). The latter leads to constitutive MAPK pathway activation, regardless of the EGFR inhibition, that results in mitogenic and antiapoptotic signalling[17]. The mutational status of KRAS is highly concordant between the primary tumour and the metastasis, suggesting it has a role in the early processes of carcinogenesis[24].
  In the early clinical trials in which cetuximab and panitumumab were used as monotherapies to treat patients with chemorefractory mCRC, an objective response rate (ORR) of only 10% was achieved[10,11]; these findings motivated researchers to elucidate the factors that were negatively impacting the efficacy of these drugs. In particular, retrospective analysis of KRAS mutational status from tumour samples of several randomized trials were able to strongly support the hypothesis that the KRAS mutations in codons 12 and 13 (exon 2) were associated with the lack of patient response to EGFR moAbs[17,25-27]. All together, the evidence led the American and European health authorities in 2009 to restrict the use of panitumumab and cetuximab only to the approximately 60% of patients with KRAS exon 2 WT tumours[26,28-31].
  Nevertheless, because not all KRAS WT patients benefit from treatment with EGFR-directed therapy, researchers have tried to identify additional biomarkers of resistance that could explain this heterogeneity in clinical response. In particular, the retrospective analysis of the PRIME trial assessed the efficacy and safety of panitumumab plus oxaliplatin, fluorouracil, and leucovorin (FOLFOX4) compared with chemotherapy alone in first-line mCRC patients, according to RAS (KRAS or NRAS) mutation status. The results suggested that even mutations occurring in exon 3 (comprising codons 59 and 61), and exon 4 (which includes codons 117 and 146) of KRAS as well as mutations in exons 2, 3 and 4 of NRAS (all together called “expanded RAS mutations”) can also be predictive of resistance to anti-EGFR treatments. These data were subsequently confirmed by the analyses of other phase II and III clinical studies[32-36]. In these trials, the prevalence of the expanded RAS mutations in patients defined as WT at exon 2 of KRAS ranged from 15% to 27%. Thus, considering all KRAS and NRAS mutations, approximately 53% of patients with mCRC are considered to have mutations in RAS and, therefore, to be refractory to EGFR blockade[32-36]. In line with these findings, our group published the results from the phase II CAPRI trial, in which patients with KRAS exon 2 wild-type mCRC were treated with FOLFIRI plus cetuximab in first-line treatment and were then randomized at progression to receive FOLFOX alone or FOLFOX plus cetuximab. Our results confirmed the lack of benefit of cetuximab among the subset of patients harbouring KRAS or NRAS mutations[37]. Furthermore, in 2014, Sorich and colleagues published a meta-analysis of nine randomized controlled trials evaluating the role of EGFR antibodies in all lines of mCRC therapy[16]. The meta-analysis revealed that treatment with anti-EGFR antibodies had superior efficacy in terms of PFS and OS for all RAS WT tumours compared with the expanded RAS mutant subgroup, and the efficacy was not significantly different between the expanded RAS mutant and KRAS exon 2 mutant subgroups. These results suggest that tumours with one of the new RAS mutations are more appropriately grouped with the tumours with a KRAS exon 2 mutation (forming the any RAS mutant group), rather than with tumours that do not have any RAS mutations[16]. These results demonstrated the prominent role of RAS mutations as biomarkers of primary resistance to anti-EGFR therapies. In response to the meta-analysis, the EMA and FDA have updated the prescribing indications for panitumumab and cetuximab, restricting their use to patients with RAS WT mCRC[38,39].
  As said before, genetic alterations in RAS are even the most common molecular mechanisms that drive secondary resistance to anti-EGFR therapy in 50% to 80% of patients. These mutations may be present in a small fraction of cells within the tumour before treatment initiation and then may be selected by pressure from the anti-EGFR treatments or arise as a result of continued mutagenesis during the treatment[40,41]. Different from primary resistance, secondary resistance generally arises from more than one driver and arises at different frequencies. This pattern has been observed in both cell lines made resistant to cetuximab or panitumumab as well as in samples obtained from patients[42,43]. It is worth noting that the frequency of mutations at codon 61 of exon 3, in either KRAS or NRAS genes, is more prevalent in the acquired setting[22,42]. However, the KRAS gene has been found not only mutated but also amplified, although in a very small percentage of patients (0.7%), and this amplification has been observed as a mechanism in both primary and acquired resistance[43].
  However, preclinical data and retrospective analysis from phase III trials highlighted that not all KRAS mutations have the same role in mediating EGFR-resistance, and some patients with KRAS mutated tumours occasionally respond to anti-EGFR treatments. In particular, patients harbouring the KRAS G13D mutation have been found to achieve a benefit from cetuximab in both first-line and advanced lines of treatment[44,45]. A recently published meta-analysis of eight randomized controlled trials (RCTs) have assessed whether the efficacy of anti-EGFR mAbs for mCRC differs between tumours harbouring the KRAS G13D mutation and KRAS mutations other than the KRAS G13D mutation. The authors did not find any significant difference in terms of PFS or in OS between KRAS G13D and other KRAS mutations[46]. Schirripa et al[47] conducted a phase II single-arm trial to provide prospective proof of the clinical benefit of cetuximab in KRAS G13D mutant mCRC patients. However, among 12 treated patients, no responses have been observed. Along the same lines, the Australasian Gastro-Intestinal Trials Group recently published the results of the phase II ICE CREAM study (Irinotecan Cetuximab Evaluation and Cetuximab Response Evaluation Among Patients with a G13D Mutation), in which patients with G13D-mutated chemotherapy-refractory mCRC, who had progressed within 6 months of irinotecan therapy, were randomly assigned to receive cetuximab with or without irinotecan. Among the 51 patients recruited, there was no statistically significant improvement in disease control at 6 mo with either cetuximab monotherapy or cetuximab plus irinotecan. Furthermore, no responses were observed with single-agent cetuximab[48].
  The intra-tumour heterogeneity noted that CRC is often formed of clones with different mutational profiles and that in many tumours only a fraction of neoplastic cells carries the mutant allele. Given these considerations, Normanno and colleagues have proposed a quantitative assessment of KRAS mutation load as a tool to discriminate whether a low content of KRAS mutant alleles in mCRC cells may affect the response anti-EGFR moAbs. Although they found that patients with low KRAS mutation content responded to EGFR-based therapy, this benefit did not translate in a PFS advantage; indeed, PFS was similar to patients with high KRAS tumours. The authors have suggested that it might be explained by either the expansion of a small fraction of cells carrying a resistance mutation or by the coexistence, in several low KRAS mutated tumours, of other mutations such as BRAF and PIK3CA. A quantitative assessment of mutational load might be useful to identify the priority target for therapeutic intervention; however, the complexity of tumour mutational profiles suggests that for many tumours combinations of target-based agents will likely to be necessary to control tumour growth[49].
  Considering the key role of RAS mutations as mechanisms of resistance to anti-EGFR moAbs, many approaches have been investigated to target these mutations. One of the earlier approaches was the inhibition of RAS farnesylation that showed a potent antitumour activity in preclinical studies; however, this result was not confirmed in clinical experience. Several other approaches have been used to target RAS: blocking downstream effectors such as MEK and PIK3CA, identification of synthetic lethal (SL) interactions with mutant KRAS, or the use of small molecule inhibitors of KRAS[42,50-54]. Recently, a combination therapy co-targeting MEK and CDK4/6 with trametinib and palbociclib, respectively, was well tolerated and highly efficacious in KRAS-mutant colorectal cancer patient tumour-derived PDX[55,56]. However, a clinical evaluation of these agents is currently lacking. A biological strategy with Reovirus Serotype 3 – Dearing Strain (Reolysin®), a naturally occurring ubiquitous, non-enveloped human Reovirus, has been explored in KRAS-mutated mCRC because reovirus has been shown to replicate selectively in RAS mutant cells, causing cell lysis. A multicentre phase I study of Reolysin® in combination with FOLFIRI and bevacizumab in naïve patients with KRAS-mutated mCRC is ongoing[57]. To date, RAS remains the most elusive gene to target; thus, patients with RAS mutations are currently treated with chemotherapy with or without antiangiogenic drugs[3].

BRAF mutations
Mutation in other downstream effectors of the MAPK pathway beyond RAS may invalidate the effects of anti-EGFR moAbs, cetuximab and panitumumab. One example is BRAF, a serine/threonine protein kinase that is found mutated in approximately 10%-15% of colorectal cancers[58]. The most common BRAF alteration is the point mutation V600E in the kinase domain, accounting for 80% of all BRAF mutations[59]. The BRAF V600E mutation is generally mutually exclusive with RAS mutations. However, recent data from the CAPRI trial demonstrated, in 12 out of 15 BRAF mutated tumour samples, the coexistence of BRAF mutations with other mutations, including TP53, KRAS, and PIK3CA exon 9 and exon 20[60,37].
  The BRAF V600E mutation represents a biomarker of poor prognosis in the CRC population. This finding emerged from analyses of a large cohort of patients enrolled in several clinical trials that have consistently demonstrated the association of the BRAF V600E mutation with an increased colon cancer-specific mortality[61,62]. 
  Although the prognostic role of BRAF mutation is well established, its role as a predictive biomarker to anti-EGFR treatments is not clearly understood because of both its low prevalence and the prominent negative prognostic role. Several studies have showed that patients harbouring a BRAF mutation do not achieve any benefit from anti-EGFR treatments in second-line or in later lines of therapy[62-64]. However, data from the first-line setting are less clear. For instance, in both CRYSTAL and OPUS studies, the addition of cetuximab to FOLFIRI and FOLFOX, respectively, slightly improved PFS and OS compared to chemotherapy alone[31,65]. On the contrary, recent studies in patients receiving first-line anti-EGFR moAbs in combination with chemotherapy did not show a statistically significant correlation between BRAF V600E mutation and response[32,34]. Also a recent meta-analysis of nine phase III trials revealed that the addition of an anti-EGFR moAbs to first-line doublet chemotherapy for patients with BRAF-mutant disease was not associated with improved OS, PFS or ORR[66]. In conclusion, the small percentage of BRAF mutated patients, together with a lack of prospective studies, do not allow one to establish with certainty the predictive role of BRAF mutation for treatment with cetuximab and panitumumab.
  BRAF mutation has been recognized, by circulating tumour DNA (ctDNA) analysis, also as a mechanism of acquired resistance in patients who first responded to anti-EGFR therapy[22].
In a phase II trial, the BRAF inhibitor vemurafenib has been tested in previously treated patients with BRAF-mutated mCRC showing only a modest clinical activity (5% of RR) with respect to the impressive results (RR of 48 to 67%) obtained in BRAF-mutated melanoma[67]. In cell line models, it has been found that resistance to the BRAF-targeted approach seems to be caused by either persistent activation of the EGFR signalling pathway or the activation of other pathways such as PIK3CA/AKT[68,69]. These findings showed that the biology of BRAF activation is more heterogeneous in CRC than in other tumours and suggested a potential role for a combination approach. Indeed, the combination of dabrafenib and trametinib (BRAF/MEK inhibitor therapy) obtained better results than vemurafenib monotherapy in 43 patients with BRAF V600-mutant mCRC[70]. Furthermore, the first trials testing the double blockade with the BRAF inhibitor vemurafenib and either the EGFR inhibitor panitumumab or a PI3KCA/mTOR inhibitor demonstrated modest activity[71,72]. To date, several clinical trials are assessing the effects of BRAF inhibitors in combination with MEK, EGFR and PI3K inhibitors[73]. 
  The use of ERK inhibitors to suppress MAPK activity is another potential strategy because it has been observed that MAPK is usually upregulated in patients resistant to RAF inhibitors[74]. 
It is worth noting that the TRIBE study, comparing FOLFOXIRI plus bevacizumab vs FOLFOXIRI in first-line mCRC patients, showed a relevant hazard ratio for progression of 0.55 in favour of the combination with bevacizumab (interaction test P = 0.320), in the subgroup of 28 patients with tumours harbouring BRAF mutations[75].

PIK3CA mutations and loss of PTEN
The PIK3CA/AKT/mTOR signalling pathway is associated with several RTKs, including EGFR[76]. Alterations in genes that encode for these proteins play an important role in the development of malignant tumours and could impair the response to EGFR-targeted moAbs. In particular, activating mutations of PIK3CA, mostly occurring in exons 9 and 20, have been found in 10%–20% of CRCs, and in preclinical models, they were found to be predictive of a lack of benefit from cetuximab treatment[77-79]. In a retrospective analysis of 110 mCRC patients treated with anti-EGFR moAbs, a statistically significant association between PIK3CA mutations and primary resistance to treatment with cetuximab or panitumumab was reported in the population of patients with KRAS WT tumours[80]. A large retrospective analysis of 1022 tumour samples of patients treated with cetuximab described two important findings: (1) only PIK3CA exon 20 mutations was predictive of a lack of response to cetuximab in the KRAS WT subpopulation; and (2) PIK3CA exon 9 mutations and KRAS mutations were associated, suggesting a secondary role of PIK3CA exon 9 mutations on cetuximab efficacy[17]. Thereafter, two meta-analyses also described a negative predictive role of only PIK3CA mutations in exon 20 in terms of objective RR, PFS, and OS in WT KRAS mCRC patients treated with anti-EGFR therapies[81,82]. Nevertheless, is difficult to evaluate the precise role of PIK3CA mutations with respect to anti-EGFR resistance because they are mostly found concurrently with KRAS or BRAF mutations and because of their low incidence, especially the exon 20 mutations. PIK3CA mutations have also been identified as mechanisms of secondary resistance in samples from patients who experienced relapse after treatment with EGFR-targeted moAbs[21].  
  Several data have also suggested a role of PIK3CA mutations as a prognostic biomarker. Indeed, an increased colon cancer-specific mortality has been found in patients with PIK3CA-mutated tumours, compared with wild-type ones. However, only the coexistence of PIK3CA exon 9 and 20 mutations has been reported to be associated with a worse prognosis than wild-type tumours[83]. Furthermore, PIK3CA mutations seem to predict a worse prognosis only in KRAS wild-type patients compared with KRAS-mutated[84]. 
  PIK3CA signalling pathway may also be pathologically activated by the loss of PTEN, found in 30% of CRCs[85]. Firstly, Frattini and colleagues found in a cohort of patients treated with cetuximab and irinotecan that of 11 patients with lower PTEN expression in tumour samples at immunohistochemistry (IHC), none of the patients responded to treatment when compared with patients with normal PTEN expression who achieved a partial response[86]. PTEN loss was also associated with shorter OS in patients with KRAS WT tumours treated with a cetuximab-based regimen[64]. In a retrospective analysis of a cohort of patients treated with cetuximab plus irinotecan, Loupakis et al[87] showed that PTEN IHC results were not completely concordant between primary tumours and metastases and that the PTEN status of primary tumours was not significantly predictive of cetuximab activity. Conversely, when PTEN IHC was performed on metastases, 36% of the patients with PTEN-positive samples responded to therapy compared with patients who harboured a PTEN-negative status. They also showed that patients who harboured both a KRAS WT tumour and PTEN-positive metastasis were much more likely to benefit from treatment in terms of RR, PFS, and OS. However, in the NCIC CTG/AGITG CO.17 trial, where 572 patients with pretreated mCRC were randomly assigned to receive cetuximab or best supportive care (BSC), no statistical significance was found with respect of the loss of PTEN and the clinical outcome of patients treated with cetuximab[88].
PTEN loss has been identified only as a primary mechanism of resistance to cetuximab and panitumumab. However, to date, PIK3CA mutations and PTEN expression have not been validated as predictive markers for EGFR moAbs therapy in mCRC for several key reasons. Firstly, PIK3CA and PTEN alterations mostly co-occur with RAS and/or BRAF mutations; secondly, the expression of PTEN protein by IHC is burdened by conflicting interpretations; and lastly, only PTEN expression in metastases, but not in primary tumours, has been associated with outcome[89].
Targeted treatments against PIK3CA or its downstream effectors such as mTOR or AKT in patients harbouring PIK3CA mutations or PTEN loss, although interesting, did not show a meaningful clinical activity[90,91]. A greater therapeutic effect has been observed when these drugs have been combined with RTK inhibitors in preclinical models; however, this benefit has not been confirmed in phase I trials[92]. Clinical trials evaluating the combination of the mTOR inhibitor everolimus with panitumumab and irinotecan in first-line mCRC patients are ongoing[93]. The combination of a PIK3CA inhibitor and a MEK inhibitor in preclinical models was more effective than MEK and PI3K/mTOR inhibition, and several clinical trials are exploiting this combination[94-96]. Furthermore, low-dose aspirin seems to improve survival in patients with PIK3CA-mutant tumours by aspirin-mediated COX2 inhibition, but this observation requires further prospective evaluation[97].

HER2/HER3
HER2 is a member of the ErbB family and is a recognized target in breast cancer[6]. This receptor does not have any known ligand, and its activation is provided by the hetero-dimerization with other ligand-bound receptors of the same family. The preferred partner is HER3, and the heterodimer HER2-HER3 represents a powerful activator of intracellular signalling[98]. HER2 amplification allows the activation of MEK–ERK cascade regardless of the signalling of EGFR.
  In two different studies, HER2 amplification has been highlighted as a predictor of lack of response to anti-EGFR antibodies[99,100]. In 2011, Bertotti and colleagues recognized HER2 amplification as a potential mechanism of primary resistance to cetuximab within a quadruple WT population (KRAS, NRAS, BRAF, and PIK3CA wild type) of immune-compromised mice (xenopatients) transplanted with fragments of CRC samples from patients. Firstly, the authors observed that HER2 was amplified only in a small percentage (2%–3%) of genetically unselected CRC patients. However, a greater frequency of HER2 amplification was observed in KRAS WT patients resistant to cetuximab (13.6%) and in up to 36% of xenopatients in the subset of quadruple wild-type, in which treatment with cetuximab was ineffective. The authors also envisioned a possible role of HER2 as a positive predictor of response to HER2-targeting agents in CRC. Hence, they performed a multiarm xenotrial demonstrating that the association of a dual EGFR/HER2 small molecule inhibitor (lapatinib) and cetuximab or pertuzumab, a monoclonal antibody directed against EGFR/HER2 heterodimer, was active in the subset of cetuximab-resistant, quadruple-negative, HER2-amplified metastatic CRC xenopatients and was a feasible combination for clinical trials[19]. Based on these findings, Siena and colleagues designed the HERACLES trial, a multicentre open-label phase II trial, assessing the response rate of trastuzumab combined with either lapatinib (cohort A) or pertuzumab (cohort B), in K-RAS exon 2 (codons 12 and 13) WT and HER2 amplified mCRC patients who were resistant to standard therapies, including anti-EGFRs. To date, the results from cohort A have been recently published. The authors reported a frequency of 5% (48 patients) of HER2-positive tumours among 914 patients screened for the trial. Of the 27 patients enrolled, eight (30%, 95%CI: 14–50) achieved an overall objective response, and the median duration of the responses was 38 weeks. Median progression-free survival was 21 wk (95%CI: 16–32), while median overall survival calculated post hoc was 46 wk (95%CI: 33–68). The authors reported that responses were significantly more common in tumours with high HER2 gene copy number. Additionally, the PFS was longer in this population. Finally, the combination was well tolerated, with most toxic effects being grade 1 or 2. To date, HER2 is the first druggable target in mCRC that has been shown to be a good predictor of response to targeted treatments[99].
  Data published by Yonesaka and colleagues demonstrated the role of HER2 signalling in the context of acquired resistance to anti-EGFR moAbs. Moreover, they reported that hyper-activation of HER2 signalling was not only led by HER2 amplification but also through the overproduction of heregulin, an HER3 ligand. Using resistant clones from cetuximab-sensitive cell lines, as well as plasma and tissue samples from cetuximab-treated mCRC patients, the authors found that patients with acquired resistance to cetuximab had an increased percentage of HER2 amplification in post-treatment samples (71%) compared to the proportion present in pretreatment tumour cells (14%). In the same way, heregulin levels in plasma and tumour samples were significantly higher in patients who experienced a disease progression on anti-EGFR therapy. This indicates that enhanced HER2 signalling confers not only primary but also acquired resistance to anti-EGFR moAbs by leading to persistent activation of ERK signalling[99].
  Additionally, HER3 has been described to have a role as a potential biomarker of resistance to anti-EGFR treatments. In a cohort of metastatic CRC patients treated in second- or third-line therapy with irinotecan and cetuximab, HER3 overexpression was associated with shorter PFS and OS[101]. Moreover, HER3 has been found mutated in approximately 11% of CRC patients, and these mutations, even if HER2 is not amplified, may limit the responsiveness to EGFR inhibitors[102].
  MEHD7945A is a humanized IgG1 mAb with dual anti HER3/EGFR activity. In multiple xenograft models, MEHD7945A was demonstrated to be significantly superior with respect to the monospecific EGFR targeting agents[103]. In a phase I study, promising results have been achieved among patients with pretreated mCRC; however, no benefit for MEHD7945A + FOLFIRI vs cetuximab + FOLFIRI has been observed in a phase II randomized trial in KRAS WT mCRC patients refractory to oxaliplatin[104,105].

EGFR mutations
EGFR mutations in colorectal cancer represent a mechanism of resistance described only in the acquired setting and might occur in approximately 20% of patients treated with cetuximab and in only 1% of patients treated with panitumumab[106]. In particular, Montagut and colleagues discovered a point mutation in the extracellular domain of EGFR (S492R) in a CRC cell line made resistant to cetuximab and also confirmed these data in a small percentage of patients who relapsed after cetuximab treatment. This mutation does not allow the binding of cetuximab to the receptor, but it still allows the binding of panitumumab; indeed, the authors reported the experience of a patient with this mutation who was treated with panitumumab and who achieved a response from treatment[20]. Recently, Arena and colleagues discovered several other mutations in the EGFR ECD. They analysed tumour samples (pre- and post-treatment with cetuximab) obtained from 37 mCRC patients with acquired resistance to cetuximab and found two novel mutations, R451C and K467T, in two patients. The authors also discovered several other novel EGFR variants (S464L, G465R and I491M) in colorectal cancer cell lines made resistant to cetuximab. These mutations are located in the cetuximab-binding region, with the exception of the R451C mutation. Functionally, all of these mutations prevent binding of cetuximab, and only R451C and K467T mutations are permissive for interaction with panitumumab[21].
  Furthermore, Bettegowda and colleagues also described mutations in the EGFR kinase domain at codons 714 and 794 that were identified as circulating mutations by cell-free DNA analysis only in the setting of acquired resistance[22].
  One possible strategy to overcome the resistance to anti-EGFR moAbs mediated by mutations in ECD of EGFR would be to create moAbs that bind to different epitopes located in this region. For instance, Sym004 is a mixture of two different mAbs directed against non-overlapping epitopes of domain III of the EGFR. The antibodies bind simultaneously to the extracellular domain of EGFR, inducing internalization and degradation of the receptor. In preclinical studies, Sym004 demonstrated a stronger tumour suppression compared to cetuximab and panitumumab[22].
  Dienstmann and colleagues reported the results from the phase I trial in which 42 patients with metastatic colorectal cancer and acquired resistance to anti-EGFR inhibitors were enrolled to receive different doses (9 or 12 mg/kg weekly) of Sym004. All patients had a documented response to previous anti-EGFR mAb treatment followed by disease progression. Of the 39 patients evaluable for response, 17 (44%) had a different degree of tumour shrinkage, with an overall disease control rate (partial response and stable disease) of 67%; median progression-free survival (PFS) was 3.3 mo (95%CI: 2.6–4.9). Regarding toxicities, the most common drug-related adverse events of any grade were skin rash, dry skin, hypomagnesemia and pruritus[107,108]. Currently, Sym004 is under investigation in a phase II clinical trial as a monotherapy in selected patients with KRAS WT CRC progressing to previous cetuximab or panitumumab-based therapy within 6 mo from trial enrolment.
  Another drug, MM-151, is a third-generation EGFR inhibitor consisting of a mixture of three fully human IgG1 antibodies that bind distinct, non-overlapping epitopes on EGFR. In preclinical models, MM-151 showed an enhanced anticancer effect by improving the EGFR pathway inhibition, as well as inducing a more profound downregulation of the receptor and stimulating the innate immune responses[109]. The results of the phase I trial with MM-151 alone vs combination with irinotecan demonstrated the safety of the drug, and in particular, demonstrated an unusually long-lasting disease control in the combination arm.
MET
MET is a tyrosine kinase receptor involved in several cell processes, such as proliferation, apoptosis, invasion and angiogenesis. It is activated by its ligand, the hepatocyte growth factor (HGF). Several mechanisms may lead to an abnormal activation of MET, including MET amplification and/or increased expression of HGF[110].
 In mCRC cancer, MET has been found amplified in approximately 2% of samples, where it has been associated with the development of distant metastases, and it has been significantly correlated with poor outcomes[111,112]. Furthermore, Bardelli and colleagues highlighted the role of MET amplification as a mechanism of both primary and acquired resistance to anti-EGFR moAbs in WT KRAS mCRC patients. They also showed an increased rate of amplification (12.5%) in a cetuximab-resistant xenopatients WT for RAS, BRAF, PIK3CA, and HER2[18]. However, only focal, high-grade amplification of the MET locus is associated with lack of response instead of modest gene copy number gains or polysomy of chromosome 7[113].
  In preclinical models, Troiani and colleagues found that overexpression of TGF-alpha might contribute to cetuximab resistance in colorectal cancer cells through the induction of a EGFR–MET interaction; the treatment of these cells with a selective MET inhibitor restores cetuximab sensitivity, suggesting that the combined inhibition of both EGFR and MET pathways could represent a rational therapeutic strategy for preventing and/or overcoming cetuximab resistance in patients with mCRC[114].
  In a randomized phase II clinical trial of chemo-refractory, KRAS WT, anti-EGFR–naive mCRC, the combination of an anti-HGF moAb and panitumumab led to higher RR and a trend for a better outcome in the population with MET-overexpressed[115]. A phase I trial assessing the role of cabozantinib, a small molecule inhibitor of the tyrosine kinases c-Met and VEGFR2, plus panitumumab in chemo-refractory, KRAS WT patients is currently ongoing[116].

FUTURE DIRECTIONS
Treatment with anti-EGFR moAbs cetuximab and panitumumab might be limited by the presence of primary resistance or the emergence of multiple acquired mechanisms to escape from the EGFR blockade. To overcome these phenomena, several approaches have been proposed, and some of them have been anticipated above (Table 1).
  To increase the efficacy of anti-EGFR mAbs, combinations of these drugs and vascular endothelial growth factor receptor (VEGFR) inhibitors were evaluated. However, the addition of cetuximab or panitumumab to bevacizumab and oxaliplatin-based chemotherapy in first-line KRAS WT mCRC patients, did not improve the outcomes[117,118].
Furthermore, although there were positive effects on both PFS and RR, the combination of cetuximab plus brivanib (a VEGFR multikinase inhibitor) increased toxicity and did not improve OS in patients with chemotherapy-refractory, KRAS WT mCRC[119].
  One of the most promising approaches to circumvent or reverse resistance to anti-EGFR moAbs is to target more than one downstream effector of the EGFR pathway. As reported above, their use as single agents did not prove clinical efficacy because of the activation of alternative pathways as a mechanism to escape the blockade. Because the alterations that confer resistance to the anti-EGFR moAbs biochemically converge to activate the MEK-ERK and AKT pathways, selective inhibitors of MEK kinases seemed an attractive target. In preclinical models, MEK inhibitors suppressed KRAS mutated cells resistant to cetuximab[120]. Several studies showed that activation of the PIK3CA pathway is a major mechanism of resistance that impairs the efficacy of MEK inhibitors in KRAS mutated cancers. Hence, dual inhibition with MEK and PIK3CA inhibitors resulted in a strong inhibition of tumour cell growth[121,122]. Troiani and colleagues demonstrated that combined inhibition of both EGFR and MEK had a synergistic antiproliferative and apoptotic effect in cells and xenografts with either primary or acquired resistance to cetuximab, representing a rational therapeutic strategy for preventing and/or overcoming cetuximab resistance in patients with mCRC[123]. The same group also suggested that combining classical EGFR inhibitors with multitarget agents may circumvent primary and acquired resistance to EGFR inhibitors. For example, the combination of cetuximab and regorafenib, an oral multi-kinase inhibitor, could be an active combination and deserves further testing in a clinical setting[124].
   Rechallenging patients with an alternative anti-EGFR moAb after failure with a drug of the same family has been tested. However, panitumumab has been demonstrated to provide minimal benefit in patients with KRAS WT mCRC who have experienced progression to cetuximab as prior therapy[125,126]. The hypotheses that pre-existing sensitive subclones may emerge after treatment breaks with anti-EGFR moAb has led the design of several clinical trials prospectively evaluating the rechallenge with anti-EGFR moAbs in the third-line setting after a response to the first-line therapy. Only patients who are quadruple WT are being enrolled[127].
  Interestingly, Ciardiello and colleagues recently presented the results from the second line of the CAPRI study and demonstrated that quadruple WT mCRC patients showed a significantly prolonged PFS as well as OS and RR from continuing cetuximab with a different chemotherapeutic agent beyond cancer progression after first-line chemotherapy plus the same anti-EGFR. These findings highlighted that molecularly selected mCRC patients have tumours that are highly dependent on EGFR signalling for their growth, despite the progression to the anti-EGFR drug[128]. These data are interesting and deserve further investigations.
  Furthermore, as described above, new anti-EGFR such as Sym004 and MM-151 seem to be active but deserve further investigations[108,109]. Another new drug that has been proposed is GA201 (also known as RG7160, imgatuzumab), a humanized anti-EGFR IgG1 moAb that has showed an increased binding affinity for all FcgRIIIa variants expressed on immune effector cells, such as natural killer cells, leading to a significant improvement in terms of antibody-dependent cell mediated cytotoxicity-based cell killing. Encouraging results have been emerged from the phase I trial; however, a randomized phase II trial assessing the role of GA201 in combination with FOLFIRI vs cetuximab plus FOLFIRI in second-line mCRC patients showed no PFS benefit for the experimental arm in both KRAS WT and KRAS mutant patients[129,130].
  A promising approach is represented by the immune check point blockade with the antibodies against CTLA-4 (ipilimumab) or PD-1 (pembrolizumab, nivolumab) designed to interrupt the immune evasion strategies adopted by cancer cells. Mismatch-repair status has been found to be a useful biomarker in predicting the clinical benefit of immune checkpoint blockade with pembrolizumab. Indeed, a higher response has been achieved by patients with Microsatellite Instability High (MSI-High) tumours[131]. Several trials mainly targeting the PD-1/PDL-1 immune checkpoint pathway are ongoing[132].. Furthermore, preclinical and clinical evidence has suggested that the immune system contributes substantially to the therapeutic effects of mAbs in vivo[133]. The combination of immune modulators or checkpoint inhibitors with cetuximab is under evaluation as a first-line therapy of KRAS wild-type mCRC[134].
  Early detection of resistance cell clones to anti-EGFR moAbs is another possible approach. However, the classical tumour biopsy might not be representative of tumour heterogeneity and is also an invasive procedure that is often not feasible due to the inaccessibility of metastatic lesions or due to the refusal of patients to be re-biopsied. However, liquid biopsies, i.e., analysing ctDNA in blood samples, have been demonstrated to be useful tools for monitoring the emergence of drug resistance during the course of treatment. Indeed, different groups have demonstrated that analysis of ctDNA in plasma samples allowed detection of mutations predictive of EGFR moAbs resistance, approximately 10 months before progression was assessed by radiological methods[22,41,135]. Nevertheless, larger and prospective trials are needed before this technique can enter in clinical routine.

CONCLUSION
Colorectal cancer is still a leading cause of cancer-related mortality in the developed world. In recent years, remarkable advances in the genetic and biological understanding of cancer have led to the development of different targeted cancer therapies, such as the anti-EGFR moAbs cetuximab and panitumumab. However, the overall progress achieved with these drugs has been modest because they have been shown to be effective only in a subset of patients. Primary and acquired resistance have been shown to be the major culprits of the failure of anti-EGFR treatments. However, a deeper understanding of the molecular basis underlying both types of resistance has contributed to the proposal of several approaches to prevent, overcome or reverse drug resistance. Nevertheless, these approaches deserve further clinical investigation to allow us to use the EGFR-targeted therapies more effectively in the correct population.
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Figure 1 Epidermal growth factor receptor and its downstream signaling pathway. Binding of ligands such as epidermal growth factor (EGF) to Epidermal growth factor receptor (EGFR) activates downstream Ras/ERK and PI3K/Akt pathways and regulates various physiological processes. The anti-EGFR monoclonal antibodies (mAbs) cetuximab and panitumumab block the activation of these pathways.





Figure 2 Mechanisms of resistance to anti-EGFR monoclonal antibodies in metastatic colorectal cancer. A: Activating mutations of EGFR effectors, such as RAS, BRAF and PI3KCA, or PTEN loss of function, cause persistent activation of downstream signaling regardless of EGFR inhibition; B: Mutations in extracellular domain of EGFR inhibit cetuximab binding, but not panitumumab, mediating acquired resistance. Mutations in kinase domain of EGFR led pathways activation in the context of acquired resistance; C: Amplification/activation of alternative receptors such as HER2 or MET, can bypass the EGFR blockade and mediate pathways activation. EGFR: Epidermal growth factor receptor.


Table 1 On-going clinical trials to overcome resistance to anti-EGFR
	Target

	Drug
	Study
	ClinicalTrials.gov
Identifier

	Phase

	EGFR
	afatinib
cetuximab

	afatinib and cetuximab combo vs cetuximab alone in treatment of patients with refractory KRAS WT mCRC.

	NCT01919879

	Phase II

	EGFR
	Sym004
	Sym004 vs investigator`s choice (best supportive care, capecitabine, 5-FU) in subjects with mCRC and acquired resistance to anti-EGFR moAbs.

	NCT02083653
	Phase II

	EGFR, HER2, HER4
	neratinib
cetuximab
	neratinib and cetuximab in KRAS/NRAS/BRAF/PIK3CA WT mCRC patients resistant to cetuximab.

	NCT01960023
	Phase I/II

	EGFR
	cetuximab
irinotecan
	cetuximab plus irinotecan as rechallenge 3rd-line treatment of KRAS, NRAS and BRAF WT irinotecan-pretreated mCRC patients progressing after an initial response to a 1st-line cetuximab-containing therapy and a standard 2nd-line.

	NCT02296203

	Phase II

	EGFR
	panitumumab
FOLFIRI
	FOLFIRI plus panitumumab in extended RAS WT and BRAF WT mCRC with acquired resistance to prior cetuximab (or Panitumumab) plus irinotecan-based therapy and who failed at least one subsequent non-anti-EGFR containing regimen.

	NCT02508077
	Phase II

	ERBB2 
	pertuzumab
trastuzumab

	pertuzumab and lapatinib in KRAS exon 2 WT and HER2-positive mCRC refractory to standard of care (including cetuximab or panitumumab).

	-
	Phase II

	MET
	cetuximab INC280
	INC280 in combination with cetuximab in c-MET positive mCRC and HNSCC Patients who have progressed after anti-EGFR moAbs therapy.

	NCT02205398
	Phase
Ib

	MET
	cabozantinib
panitumumab

	cabozantinib with panitumumab in subjects with KRAS WT refractory mCRC
	
	Phase II

	BRAF/EGFR
	vemurafenib
cetuximab
irinotecan
	irinotecan and cetuximab with or without vemurafenib in BRAF mutant mCRC patients

	NCT02164916
	Phase II

	BRAF/PI3K/EGFR
	LGX818 BYL719
cetuximab
	LGX818 and cetuximab or LGX818, BYL719, and cetuximab in
BRAF mutant mCRC patients

	NCT01719380
	Phase I/II

	BRAF/MEK/EGFR
	trametinib
dabrafenib
panitumumab
	trametinib and dabrafenib administered in combination with panitumumab in BRAF- V600E positive mCRC patients with secondary resistance to prior anti-EGFR therapy.

	NCT01750918
	Phase I/II

	PI3K-mTOR
	panitumumab
everolimus
irinotecan
	second line therapy with panitumumab, irinotecan and everolimus in KRAS WT mCRC patients.
	NCT01139138
	Phase
Ib/II

	PI3K/MEK
	BKM120
MEK162
	BKM120 plus MEK162 in adult patients with selected advanced solid tumors
	NCT01363232
	Phase
Ib

	Immune Evasion
	pembrolizumab
cetuximab

	pembrolizumab plus cetuximab for KRAS-NRAS-BRAF WT mCRC patients.

	NCT02318901
	Phase I/II


[bookmark: OLE_LINK3261][bookmark: OLE_LINK3262]EGFR: Epidermal growth factor receptor; mCRC: Metastatic colorectal cancer; WT: Wild type; mAb: monoclonal antibody; FOLFIRI: Fluorouracil, leucovorin, and irinotecan; PI3K: Phosphoinositide kinase-3; mTOR: Mammalian.
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