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    The third volume of Frontiers in Clinical Drug Research - Anti-Cancer Agents presents seven cutting edge reviews on recent developments in various therapeutic approaches against different types of cancer.




    Studies have revealed that the Epidermal Growth Factor Receptor (EGFR) is involved in the pathogenesis and progression of different types of carcinoma. Tumor resistance to agents targeting the Epidermal Growth Factor Receptor (EGFR) is common, and is well recognized as a major challenge. In first two consecutive chapters, Rodney B. Luwor provides an overview of the progress in targeting the EGFR that will lead to overall refractory outcomes to anti-EGFR therapies. In Chapter 1 he discusses on the resistance mechanisms driven by alterations in ligand and receptors of the EGFR family as well as on the cross-talk between EGFR receptors and non-EGFR family members. In Chapter 2 the same author describes the current understanding regarding the resistance mechanisms mediated by alterations in substrates downstream of the EGFR. Luwor has also reviewed the other intracellular mechanisms that mediate both sensitivity and resistance outcomes to anti-EGFR agents in this chapter.




    Melanoma is the most dangerous form of skin cancer that develops when unrepaired DNA damage to skin cells triggers mutations, which lead to the formation malignant tumors. In Chapter 3 Shukla et al., present a comprehensive review on the chemotherapeutic, immunologic, and molecularly targeted therapy approaches to the treatment of advanced melanoma.




    In various tumor cells, there is increased aerobic glycolysis that represents a major biochemical alteration associated with malignant transformation. This phenomenon is known as the Warburg effect. 18F-deoxyglucose positron emission tomography (18FDG–PET), a metabolic imaging technique, is based on the avidity of cancer cells for glucose; currently, it represents the only successful exploitation of the Warburg effect for medical purposes. In Chapter 4, Abreu and Urbano focus on past and current efforts to target the Warburg effect for selective anti-cancer therapeutics.




    Follicular lymphoma (FL) is a B-cell lymphoma and the most common slow-growing form of non-Hodgkin lymphoma (NHL). Studies suggest that immunotherapy, radioimmunotherapy and vaccines result in high response rates and survival in FL patients. Chapter 5 by Panizo et al., briefly describes the biology and conventional treatment of follicular lymphoma with immunochemotherapy. They also discuss novel immunotherapy strategies (active and passive) for the treatment of follicular lymphoma.




    The progression of cancer involves epigenetic abnormalities along with genetic alterations. The manipulation of epigenetic alterations holds great promise for the prevention, detection, and therapy of cancer. Evidence indicates that the activities of key epigenetic regulators including DNA methyltransferases and histone modification enzymes are sensitive to cellular metabolism. Wong and Yu in Chapter 6 discuss that the cross-talk between epigenetics and cancer cell metabolism may reveal novel therapeutic opportunities. They also highlight their implications in oncogenesis, and potential therapeutic approaches to target these cancer specific abnormities.




    Apoptosis is a programmed cell death, which involves various biochemical events that lead to characteristic cell changes and death. Dysfunctions of apoptosis pathways promote oncogenesis as well as confer resistance of cancer cells to most conventional therapies. In Chapter 7 by Moorthy et al. focus their discussion small molecular anticancer drugs, especially target proteins, responsible for apoptosis.




    I hope that the current volume of this book series will provide fresh insights into development of new recent approaches to anti-cancer therapy for interested researchers and pharmaceutical scientists. I would like to thank the editorial staff, particularly Mr. Mahmood Alam (Director Publications) and Mr. Shehzad Naqvi (Senior Manager Publications) for their hard work and dedicated efforts.
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      Abstract




      Since its discovery several decades ago, the Epidermal Growth Factor Receptor (EGFR) has become one of the most extensively studies receptor tyrosine kinases. However, despite continued insight into the cancer promoting properties of the EGFR and its downstream signalling substrates, clinical use of agents targeting the EGFR continue to yield modest outcomes. Clinically, approved anti-EGFR therapeutics can successfully inhibit receptor activation. However major tumour regression is observed in only 10-30% of advanced unselected cancer patients, with most patients showing no therapeutic benefit. Furthermore, those who initially respond commonly relapse presenting with reoccurrence of tumours that are frequently resistant to the original therapy. In addition, the standard course of treatment of such agents is estimated to cost between “US $15,000-80,000/patient” for an improved overall survival of only 1-2 months. Therefore, it is both medically and financially critical to determine the true molecular mechanisms of tumour resistance, and how it can be overcome. In these 2 back-to-back chapters, we will provide an overview of the progress made in targeting the EGFR and discuss the challenges presented by the numerous molecular mechanisms currently identified, leading to overall refractory outcomes to anti-EGFR therapeutics. In this chapter (Part I) we will specifically focus on the resistance mechanisms driven by alterations in ligand and receptors of the EGFR family and cross-talk between EGFR receptors and non-EGFR family members.
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      1. INTRODUCTION




      Since the discovery of the Epidermal Growth Factor (EGF) in 1962 by Stanley Cohen and colleagues [1] tremendous advances in our understanding of the sophisticated interactions between growth factors and their accompanying cell surface receptors have been made. One of the most intensely studied classes of receptors is the HER or ErbB family [2]. This family consists of four members, the Epidermal Growth Factor Receptor (EGFR) (also referred to as ErbB1 or HER1) [3], HER2 (p185Neu or ErbB2) [4], HER3 (ErbB3) [5] and HER4 (ErbB4) [6]. All 4 family members share a similar overall structure consisting of an extracellular domain with 2 cysteine-rich regions, a single membrane-spanning region and a cytoplasmic domain containing multiple tyrosine residues that are phosphorylated upon receptor activation [7, 8].




      The EGFR gene is located on the short arm of chromosome 7 [9, 10], and encodes an 1186 amino acid long, 140 KDa polypeptide chain [3, 11], which contains approximately 30 – 40 KDa of N-linked oligosaccharides [12, 13]. A single 23 amino acid long hydrophobic sequence transverses the cell membrane. The extracellular N-terminal end (amino acids 1 - 621) can be divided into four domains (I-IV) [14, 15]. The intracellular C-terminal region (amino acids 645 - 1186) is responsible for tyrosine kinase activity and regulatory functions [16].




      Currently eight ligands have been identified to bind the EGFR with varying affinity and potentially differential downstream function. They include EGF [1], transforming growth factor alpha (TGF() [17], amphiregulin (AR) [18], heparin-binding EGF-like growth factor (HB-EGF) [19], betacellulin [20], epiregulin [21], neuregulin-2-beta (NRG2β) [22] and the most recently discovered Epigen [23]. These peptide ligands are produced as trans-membrane precursors that are then processed by metalloproteases and released in their soluble form [24] (Fig. 1).




      Ligand induced ATP binding to the EGFR lysine-721 residue is a critical step in tyrosine kinase activation and auto-phosphorylation in the intracellular region of the receptor [11, 25-28]. In turn, this auto-phosphorylation results in a more open conformation allowing access to several cellular substrates to the tyrosine kinase domain of the EGFR [25, 29] and subsequent triggering of downstream signaling cascades including the RAS-RAF-MAPK-Erk1/2 pathway, the PTEN regulated phosphatidylinositol 3-kinase (PI3-K)-Akt-mTOR pathway, Src-Signal transducer and activator of transcription (STAT) family members and the Phospholipase C gamma (PLCγ) signaling pathway [30]. These signaling networks and the evidence for alterations or hyper-activity of each of these downstream molecules in providing resistance mechanisms to anti-EGFR therapy will be covered thoroughly in Part II of our series of reviews.




      Due to the EGFR’s many associations at the cell membrane and the diverse network of signaling, its activation is intimately associated with many cellular activities in both development and in the adult organism including proliferation, survival, differentiation, adhesion, migration and invasion and tumor metastasis. The importance of the EGFR in development is provided from the analysis of genetically altered mice. EGFR knockout mice display impaired epithelial development resulting in either embryonic or perinatal lethality or in mice suffered from abnormalities in multiple organs including the brain, skin, lung and gastrointestinal tract, depending on the genetic background [31-34]. Among the functions attributed to the EGFR are the proliferation and development of specific epithelial regions in the embryo, including branch point morphogenesis, maturation of early embryonic lung tissue, skin development and promoting survival of early progenitor cells in the cleft palate [35, 36]. The EGFR is also expressed throughout the brain during development primarily in the early postnatal astrocytes and purkinje cells [37, 38]. The EGFR also plays an important role in the adult organism where it is essential for the differentiation of normal mammary glands and the induction of uterine and vaginal growth [39, 40]. It is also required in the adult neurones of the cerebral cortex where it acts to promote terminal differentiation [41].




      In summary these data clearly show the essential role of the EGFR during normal development and homeostasis. Not surprisingly, genetic alterations leading to EGFR over-expression or gain-of-function mutation are frequently observed in cancer [42-44]. These findings led to the vigorous pursuit that continues today to develop agents targeting the EGFR (and downstream substrates) in the hope that inhibition of EGFR-driven signal transduction will lead to improved cancer patient outcomes [45, 46]. However, despite the enormous effort and cost, only a very small percentage of tested agents have made it through clinical evaluation to be ultimately approved.




      In this review we will particularly highlight the current inhibitors to the EGFR both in clinical application and being examined in translational models. We will also specifically focus on how ligands and receptors of the HER family and alternative non-EGFR family ligand-receptor pairs assist in by-pass therapeutic intervention from anti-EGFR agents and discuss potential strategies to overcome this resistance.
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Fig. (1))


      Schematic of HER family of ligands and receptors. The HER family receptors are made up of 4 family members (EGFR, HER2, HER3 and HER4). These receptors bind a number of ligands. These include EGF, TGFα, AREG, EREG, HB-EGF, NRG2β and EPGN that bind the EGFR; NRG that binds both HER3 and HER4 and BTC that binds both the EGFR and HER4. No known ligand has been identified for HER2.

    




    

      2. LINKING THE EGFR WITH CANCER THERAPUTICS




      One of the major objectives of this 2-part review series is to discuss the most recent advances made in targeting the EGFR in cancer patient management and to thoroughly examine our current understanding of intrinsic and acquired resistance to these therapies. Thus a comprehensive synopsis chronicling all the discoveries made throughout the course of EGFR-based laboratory research is beyond the scope of this review. Nonetheless, it would be remiss of us to not discuss the original pivotal discoveries relating to the EGFR receptor tyrosine kinase system and the original rationale behind focusing on the EGFR as a potential anti-cancer target. Thus we will summarise some of the ground-breaking early findings of EGFR biology and therapeutics that set a strong framework for the body of research and clinical development currently being undertaken.




      During the 1970’s and 1980’s vast knowledge was generated about polypeptide growth factors and growth factor receptors. While Cohen and colleagues were characterizing the tyrosine kinase properties of the EGFR, other researchers were publishing reports showing that growth factors found in serum were essential for cell proliferation in in vitro culture experiments [47]. Sporn and Todaro published experiments indicating that cells could secrete ligands such as TGF (to activate their own proliferation by binding the EGFR [48]. Based on these findings, it was postulated that cell proliferation could be inhibited if a monoclonal antibody could block ligand binding to its receptor, thereby preventing receptor activation. In the early 1980’s several research groups set out to prove this hypothesis by immunizing mice with crude cellular extracts containing EGFR or partially purified EGFR and subsequently creating hybridomas, a fusion of mouse splenic B cells and immortalized mouse myeloma cells that secreted mature forms of antibodies into their culture supernatant [49-52]. Several of these monoclonal antibodies, including mAb 225 the mouse precursor to Cetuximab/Erbitux, could indeed bind the extracellular domain of the EGFR, block ligand binding, prevent receptor tyrosine kinase activation and inhibit cell proliferation [49-51, 53].




      The first indications that the EGFR could potentially contribute to tumorigenesis came soon after with the discovery that the v-erbB viral oncogene, which caused malignancies in chickens, was very closely related in structure to the EGFR [54, 55]. Thus it, was hypothesised that the over-expression and the subsequent high level of tyrosine kinase activity of the closely related EGFR could also potentially contribute to the development of human malignancies [56]. Investigations of several cultured cell lines supported the fact that the EGFR could cause cell transformation. Velu and colleagues transformed NIH3T3 mouse cells by retroviral transfection of the full-length human EGFR gene. The ability of these cells to grow in agar, or in low levels of serum was dependent on EGFR expression and EGF supplementation [57]. In similar experiments, full length or truncated EGFR transfection into the hematopoietic BaF/3, 32D and IC2 cell lines increased cell proliferation and survival [58-61]. Animal studies also support the in vitro evidence that expression levels of the EGFR may be correlated to cell transformation. The epidermoid carcinoma cell line, A431, which expresses 2-3 × 106 EGFR/cell was used to examine the relationship between EGFR number and growth in vivo. Various clones of the A431 cell line expressing a range of EGFR numbers (6 × 104 – 1.6 × 106) were subcutaneously injected into nude mice. Cell lines with higher EGFR levels had shorter latent periods preceding measurable tumor formation, and once established the rate of tumor growth was greater than those with fewer cell surface EGFR [62]. Likewise the in vivo tumorigenicity of the MDA-MD-468 breast cell line possessed a significantly greater growth rate in nude mice was compared to MDA-MD-468 cell variants with lower EGFR expression [63].




      Thus these studies provided the first lines of evidence that the EGFR was not only responsible for “normal” physiological mitogenic growth factor mediated signalling but also acted as an oncogene responsible for increased malignant phenotypes. As such, the original antibodies generated to study EGFR mitogenic function could also be utilised to target tumor cells expressing the pro-tumorigenic oncogene, EGFR as a therapeutic agent. Importantly, pivotal studies assessing clinical samples taken from patients with a variety of tumors were concurrently being performed. These studies showed conclusively that EGFR expression was significantly enhanced in tumor biopsies compared to normal adjacent tissue. Tumors known to over-express the EGFR include breast, bladder, ovarian, oesophageal, non-small cell and squamous cell lung carcinoma, colon, head and neck cancer and brain [56, 64-71]. More importantly EGFR expression was also correlated with OS outcomes in many cancers [64, 69-73], although several studies refute this claim that EGFR is of prognostic value for all cancers [74-76]. Thus, many lines of evidence were being pieced together to indicate that the EGFR was an important molecule in tumorigenesis in most cancer types and that its activation was indeed critical for tumor development and progression.
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Fig. (2))


      Schematic of current approved anti-EGFR inhibitors. Current anti-EGFR inhibitors approved for clinical use include mAbs and TKI’s. Cetuximab and panitumumab are two mAbs that bind the extracellular region of the EGFR and block ligand binding. Gefitinib and erlotinib are 2 reversible TKI’s of the EGFR competing with ATP coupling to the ATP binding region of the EGFR. Lapatinib inhibits both EGFR and HER2, while afatinib can inhibit the EGFR, HER2 and HER4.



      These findings in the late 1980 and throughout the 1990’s stimulated the ever-growing research effort to isolate anti-EGFR therapeutics. Critical experiments showed that monoclonal antibodies targeting the EGFR, and later another class of inhibitors, the small molecular weight tyrosine kinase inhibitors (TKI’s) significantly inhibited the growth of tumor cells in culture and in animal xenograft models [46, 77-82]. Pre-clinical evaluation of these anti-EGFR inhibitors in combination with chemotherapy and radiotherapy also produced encouraging tumor inhibition [45, 77, 79, 83-86]. These vital pre-clinical studies paved the way for clinical application of many of these inhibitors, ultimately leading to the approved use of a select few (Fig. 2). In the next section we will discuss the most clinically advanced anti-EGFR therapeutics reviewing the progress each has made from pre-clinical inception to clinical application and approval.


    




    

      3. THERAPEUTIC AGENTS TARGETING THE EGFR




      

        3.1. Cetuximab/Erbitux (Bristol-Myers Squibb and Eli Lilly and Company)




        As mentioned earlier, cetuximab was originally generated through traditional mouse immunization and hybridoma screening in the early 1980’s and was named m225 or mAb 225 [49, 50, 53]. Initial studies showed that mAb 225 produced significant inhibitory effects when evaluated against a series of cancer derived cell lines in culture and when grown as xenografts in nude mice [87-91]. Subsequent studies showed that mAb 225 inhibit proliferation of cultured cell lines and in vivo xenografts by several mechanisms include the blockade of receptor-ligand interactions [53, 87, 92] which often lead to the inhibition of cell-cycle progression [93, 94], the induction of apoptosis [84, 95-99], inhibition of pro-angiogenic factors [100-102], down-regulation of the EGFR [103, 104] and the recruitment of host immune effector function [105].




        A human/mouse chimeric version of mAb 225, (C225, Cetuximab), was produced to alleviate human host immune response, allowing for the continuous mAb delivery that may be required for sustained anti-tumor activity [106, 107]. On the basis of a series of Phase I clinical trials with cetuximab alone or in combination with chemotherapy and radiotherapy [108-110] a recommended optimal cetuximab dose was determined; 400 mg/m2 loading dose, followed by weekly doses of 250 mg/m2. In 2004, Cunningham and colleagues published the results of a multi-center open-label Phase II study comparing cetuximab plus irinotecan or cetuximab monotherapy in mCRC patients whose disease progressed following irinotecan-based treatment [111]. In this study, the RR of patients treated with both cetuximab and irinotecan was 22.9% (50 out of 218) compared to 10.8% (12 out of 111) of patients treated with cetuximab alone. The median TTP and the median survival time were also enhanced in the combination groups compared to the cetuximab monotherapy group. Based on this landmark trial and earlier trials where cetuximab and irinotecan (17% response rate) or cetuximab monotherapy (8.8% response rate) were assessed independently in mCRC patients who were refractory to fluorouracil and irinotecan [112, 113], cetuximab was approved for the used in EGFR-expressing mCRC patients who are refractory to irinotecan-based chemotherapy in 2004.




        Subsequent identification of K-RAS mutations as predictive molecular markers for cetuximab response (which will be comprehensively reviewed in Part II of this 2 part series) led to the modified FDA approved of the combination of cetuximab with FOLFIRI (5-fluorouracil, leucovorin and irinotecan) as a first-line treatment for patients with wild-type K-RAS and EGFR-expressing mCRC in 2012 [114]. The approved use of cetuximab for patients harbouring K-RAS wildtype only was based on the results of the CRYSTAL (Cetuximab Combined with Irinotecan in First-Line Therapy for Metastatic Colorectal Cancer) and OPUS (Oxaliplatin and Cetuximab in First-Line Treatment of mCRC) trials. In the Phase III multi-center CRYSTAL trial, retrospective stratification of patients found that cetuximab in combination with FOLFIRI significantly improved response rate, PFS and OS in the first-line treatment of patients with wild-type K-RAS mCRC compared with FOLFIRI alone [115, 116]. Similarly, the randomised phase II OPUS clinical trial confirmed that wild-type K-RAS expression was significantly more responsive to cetuximab combined with FOLFOX-4 (5-fluorouracil, leucovorin and oxaliplatin) as first-line treatment for mCRC [117, 118].




        In addition to mCRC, cetuximab has been approved for the treatment of SCCHN in several settings. In 2006, cetuximab in combination with radiotherapy was FDA approved for patients with locally or regionally advanced SCCHN in first-line therapy [119, 120]. This was based on initial data from a Phase III randomised trial evaluating cetuximab and radiotherapy versus radiotherapy alone in patients with loco-regionally advanced SCCHN. In this trial, cetuximab plus radiotherapy significantly increased PFS and OS compared with radiation therapy alone [121, 122]. Cetuximab monotherapy was also approved in 2006 for patients with recurrent or metastatic SCCHN who had previously failed platinum-based therapies [119, 120]. A phase II study by Vermorken and colleagues provided the evidence for the benefit of cetuximab monotherapy in recurrent or metastatic SCCHN patients [123]. In an open-labelled Phase II trial, they showed that single-agent cetuximab was active and well tolerated in the treatment of patients with recurrent and metastatic SCCHN who had disease progression following platinum-based chemotherapy [123]. Most recently, cetuximab (in combination with cisplatin or carboplatin and 5-fluorouracil) was also FDA approved in 2011 for the first-line treatment of patients with recurrent loco-regional or metastatic SCCHN [119]. In addition to several important phase II studies [124-126], a pivotal multi-center Phase III trial comparing cetuximab and cisplatin or carboplatin and 5-fluorouracil treatment versus chemotherapy alone in recurrent and metastatic SCCHN patients was reported [126-128]. The cetuximab and chemotherapy group displayed greater PFS (5.5 vs. 3.3 months) and OS (10.1 vs. 7.4 months) and higher ORR (36% vs. 20%) compared to the chemotherapy treated group.


      




      

        3.2. Panitumumab/Vectibix (Amgen Inc)




        Panitumumab (originally named ABX-EGF clone E7.6.3) was generated from a mouse strain genetically altered to carry human immunoglobulin genes [129]. Thus panitumumab possess the attractive feature of being totally human, reducing the likelihood of eliciting patient immunogenic response. Administration of panitumumab in vivo led to significant inhibition of established tumors of breast, ovarian, pancreatic, prostate and colon origin [130]. Panitumumab monotherapy was well tolerated and mediated some response in early trials of chemo-refractory mCRC patients [131, 132]. A pivotal open-labelled Phase III trial was published in 2007 by Van Custem and colleagues reporting the efficacy of Panitumumab and best supporting care versus best supportive care alone in 463 EGFR-expressing mCRC patients who failed chemotherapy [133]. Objective response rates of 9.5% (22 out of 231) were seen in the panitumumab treated patients compared to 0% (0 out of 232) in the best supportive care group. Panitumumab also significantly prolonged PFS, but did not enhance OS compared to best supportive care only [133]. Panitumumab was granted accelerated approval as monotherapy in the United States in 2006 and Europe in 2007 prior to the final publication of the Van Custem article [134]. Nonetheless, panitumumab approval remained for the use in EGFR expressing mCRC patients who had originally failed fluoropyrimidine, oxaliplatin and irinotecan based treatment.


      




      

        3.3. Lapatinib/Tykerb (GlaxoSmithKline)




        Lapatinib, originally named GW572016, is an orally-active small molecular inhibitor that competes for binding with ATP for the ATP-binding domain of both the EGFR and HER2 [80, 81]. Lapatinib displays in vitro and in vivo efficacy against cancer cells with low and high HER2 expression [135-137]. Importantly, lapatinib was not cross-resistant with trastuzumab (Herceptin, an anti-HER2 monoclonal antibody) demonstrating significant activity in trastuzumab-resistant breast cancer cell lines [135], and was effective in trastuzumab-refractory breast cancer patients [138, 139]. Lapatinib was also well tolerated when combined with capecitabine in early trials involving breast cancer patients [140]. In a Phase III multi-center trial, HER2-positive advanced or metastatic breast cancer patients progressed after treatment with regimens that included an anthracycline, a taxane, and trastuzumab were randomized to receive either lapatinib and capecitabine in combination or capecitabine monotherapy [141, 142]. Based on a delay in TTP (27.1 vs. 18.6 weeks) and improvement in overall RR (23.7% vs. 13.9%) comparing lapatinib and capecitabine in combination versus capecitabine monotherapy seen in this trial Lapatinib and capecitabine combinational treatment was approved by the FDA in 2007 in patients with advanced breast cancer who had been previously treated with anthracyclines and taxanes and had progressed on trastuzumab-based therapy [143, 144]. Lapatinib and capecitabine has also showed PR in HER2-positive metastatic breast cancer patients with brain metastases [145].


      




      

        3.4. Gefitinib/Iressa (AstraZeneca)




        Gefitinib, originally named ZD1839, is an orally available, first-generation reversible EGFR tyrosine kinase inhibitor that competes with ATP for the ATP-binding region of the EGFR [146]. Initial studies of gefitinib showed that it inhibited the tyrosine kinase activity of EGFR and EGF-dependent proliferation of cancer cells both in vitro and showed significant anti-tumor activity against colon, prostate and lung derived human cell lines in vivo animal xenograft models [85, 147, 148].




        Phase I trials of gefitinib in healthy volunteers and patients with varying tumors including NSCLC found that gefitinib was well tolerated and effective in blocking EGFR phosphorylation, with doses of 250-500mg chosen for larger scale trials [149-154]. Two pivotal Phase II trials (The Iressa Dose Evaluation in Advanced Lung Cancer: IDEAL1 and IDEAL 2) were conducted evaluating gefitinib monotherapy in NSCLC patients who had been treated with chemotherapy previously and formed the evidence for original accelerated FDA approval in 2003 [155, 156]. Response rates ranged from 9-19% and approximately 40% of patients showed objective improvement in symptoms. Two subsequent Phase III trials followed where gefitinib was assessed in combination with gemcitabine and cisplatin compared to chemotherapy alone (Iressa NSCLC Trial Assessing Combination Therapy; INTACT 1) [157] or gefitinib in combination with carboplatin and paclitaxel compared to chemotherapy alone (INTACT 2) [158] in chemo naïve NSCLC patients. Disappointingly, no significant difference was seen in RR, median TTP or survival rate between gefitinib plus chemotherapy versus chemotherapy alone in either of these trials which enrolled over 1000 patients each. Thus gefitinib in combination with chemotherapy in chemotherapy-naive patients with advanced NSCLC did not have improved efficacy over chemotherapy alone [157, 158]. Furthermore, another Phase III trial (Iressa Survival Evaluation in advanced Lung Cancer - ISEL) evaluating gefitinib and best supportive care versus placebo and best supportive care did not show any significant difference in OS between both arms. On the basis of these disappointing trials, gefitinib was restricted for the use in patients that were showing benefit from it prior to the release of the negative data of these trials.




        Following the landmark discovery of EGFR mutations in a subset of NSCLC that confer sensitivity to gefitinib [159, 160] (as discussed in detail in section 5.1.3.1) selecting patients that harboured these mutations became standard practice and response to gefitinib in this sub-population was significantly better than in overall unselected populations. This was evident in two randomised Phase III trials (West Japan Oncology Group (WJOG) and North-East Japan Study Group (NEJSG)) comparing gefitinib to chemotherapy in the first-line treatment of NSCLC patients containing these sensitizing EGFR mutations [161, 162]. These studies led to the approval of gefitinib for advanced NSCLC patients with activating or sensitizing EGFR mutations in the United States, Europe and many other countries worldwide, however this approval has been withdrawn in the United States due to its failure to demonstrate a survival benefit [163, 164].


      




      

        3.5. Erlotinib/Tarceva (Genentech)




        Erlotinib, earlier named CP-358,774 and OSI-774, is an orally available ATP competitive specific and reversible inhibitor of the EGFR, inhibiting auto-phosphorylation of the EGFR expressed on several tumor cell lines both in vitro and in animal xenograft models [165-169]. Many Phase I studies evaluating erlotinib as monotherapy or in combination with chemotherapy in patients with a variety of solid tumors showed that erlotinib was well tolerated and produced positive response rates in several patients [170-177], although erlotinib plus FOLFIRI (5-fluorouracil, irinotecan and leucovorin) produced increases in toxicities and was terminated early in one study [178]. An important Phase II study showing for the first time erlotinib efficacy as single agent therapy in advanced refractory NSCLC was published by Perez-Soler in 2004 [179]. In this trial, a RR of 12.3% (7 out of 57) was observed and median OS was 8.4 months following Erlotinib monotherapy (150mg/day) in patients with EGFR-expressing Stage IIIB/ IV NSCLC who had failed first-line chemotherapy [179]. Other Phase II studies have also been performed evaluated erlotinib as first-line therapy in advanced NSCLC, with one trial reporting a RR of 22.7% (12 out of 53), median TTP and OS were 84 and 391 days respectively [180]. A pivotal Phase III study (NCIC BR-21 trial) by Shepherd and colleagues randomised patients with stage IIIB or IV NSCLC, who had received one or two prior chemotherapy regimens 2:1 into erlotinib monotherapy or placebo groups [181]. The RR (8.9%; 38 out of 427 vs. 0.9%; 2 out of 211), PFS (2.2 vs. 1.8 months) and median OS (6.7 vs. 4.7 months) were all significantly greater in the erlotinib group versus the placebo group. Erlotinib also improved global quality of life [181]. As a result of this trial erlotinib monotherapy was approved and became standard of care in the second or third line setting for patients with NSCLC [182].




        As mentioned in section 3.4, the discovery of EGFR sensitizing mutations radically changed the approach to treating NSCLC patients with EGFR inhibitors, with patients selected for these mutations becoming routine practice prior to treatment with either gefitinib or erlotinib. Several pivotal erlotinib based trials aiding in this transition of clinical management have been summarised in Table 1 and discussed in section 5.1.3.1, including both retrospective and prospective analysis of these mutations in both Caucasian and Asian populations [183-188]. Currently, both erlotinib and gefitinib are approved in Europe for the treatment of patients with locally advanced and metastatic NSCLC that harbour sensitizing EGFR mutations. Erlotinib approval is for first-line, maintenance, second-line or third line treatment of NSCLC patients harbouring EGFR sensitizing mutations. However, erlotinib is the current EGFR tyrosine kinase Inhibitor of choice in the United States for patients with sensitizing EGFR mutations because of the restricted access of gefitinib [163].




        

          Table 1 EGFR Kinase Domain Mutations and response to EGFR TKI’s in NSCLC.




          

            

              

                	No of Patientsa




                	Patient Ethnicity/ Study location



                	Mutation status



                	Treatment



                	Responders (%)



                	Study

              


            



            

              

                	16



                	Taiwanese



                	8 w mutb


                8 w/oc




                	Gefitinib


                Gefitinib



                	7 (88)


                2 (25)



                	[650]

              




              

                	18


                


                


                17



                	USA


                


                


                USA



                	7 w mut


                11 w/o


                


                5 w mut


                12 w/o



                	Gefitinib


                Gefitinib


                


                Erlotinib


                Erlotinib



                	7 (100)


                3 (33)


                


                5 (100)


                2 (17)



                	[184]

              




              

                	12



                	Japan



                	4 w mut


                8 w/o



                	Gefitinib


                Gefitinib



                	4 (100)


                0 (0)



                	[651]

              




              

                	27



                	South Korea



                	6 w mut


                21 w/o



                	Gefitinib


                Gefitinib



                	6 (100)


                2 (10)



                	[652]

              




              

                	114



                	USA



                	15 w mut


                99 w/o



                	Erlotinib


                Erlotinib



                	8 (53)


                18 (18)



                	[183]

              




              

                	50



                	Japan



                	29 w mut


                21 w/o



                	Gefitinib


                Gefitinib



                	24 (83)


                2 (10)



                	[351]

              




              

                	21



                	Japan



                	9 w mut


                12 w/o



                	Gefitinib


                Gefitinib



                	8 (89)


                2 (17)



                	[653]

              




              

                	90



                	South Korea



                	17 w mut


                73 w/o



                	Gefitinib


                Gefitinib



                	11 (65)


                10 (14)



                	[654]

              




              

                	89



                	Italy



                	15 w mut


                74 w/o



                	Gefitinib


                Gefitinib



                	8 (54)


                4 (5)



                	[253]

              




              

                	74



                	USA



                	13 w mut


                61 w/o



                	Gefitinib


                Gefitinib



                	6 (43)


                6 (10)



                	[290]

              




              

                	83



                	Spain



                	10 w mut


                73 w/o



                	Gefitinib


                Gefitinib



                	6 (60)


                6 (8)



                	[655]

              




              

                	62



                	Taiwan



                	29 w mut


                33 w/o



                	Gefitinib


                Gefitinib



                	20 (69)


                3 (9)



                	[361]

              




              

                	20



                	Japan



                	11 w mut


                9 w/o



                	Gefitinib


                Gefitinib



                	11 (100)


                3 (33)



                	[656]

              




              

                	66



                	Japan



                	39 w mut


                27 w/o



                	Gefitinib


                Gefitinib



                	32 (82)


                3 (11)



                	[657]

              




              

                	34



                	Japan and Spain



                	8 w mut


                26 w/o



                	Gefitinib


                Gefitinib



                	7 (88)


                3 (12)



                	[658]

              




              

                	54



                	Taiwan



                	33 w mut


                21 w/o



                	Gefitinib


                Gefitinib



                	17 (52)


                4 (19)



                	[352]

              




              

                	30



                	China



                	12 w mut


                18 w/o



                	Gefitinib


                Gefitinib



                	8 (67)


                1 (6)



                	[659]

              




              

                	100



                	Canada



                	19 w mut


                81 w/o



                	Erlotinib


                Erlotinib



                	3 (16)


                6 (7)



                	[186]

              




              

                	68



                	Asian +


                Caucasian



                	17 w mut


                51 w/o



                	Gefitinib


                Gefitinib



                	16 (94)


                6 (12)



                	[660]

              




              

                	20



                	Japan



                	9 w mut


                11 w/o



                	Gefitinib


                Gefitinib



                	7 (78)


                0 (0)



                	[661]

              




              

                	98



                	Japan



                	38 w mut


                60 w/o



                	Gefitinib


                Gefitinib



                	22 (58)


                3 (5)



                	[292]

              




              

                	82



                	Taiwan



                	53 w mut


                29 w/o



                	Gefitinib


                Gefitinib



                	38 (72)


                7 (24)



                	[355]

              




              

                	46



                	Japan



                	29 w mut


                17 w/o



                	Gefitinib


                Gefitinib



                	23 (79)


                10 (59)



                	[207]

              




              

                	223



                	East Asia



                	132 w mut


                91 w/o



                	Gefitinib


                Gefitinib



                	94 (71)


                1 (1)



                	[350]

              




              

                	69



                	China



                	51 w mut


                18 w/o



                	Icotinib


                Icotinib



                	28 (55)


                2 (11)



                	[662]

              




              

                	1583d




                	-



                	618 w mut


                965 w/o



                	-



                	426 (69)


                109 (11)



                	-

              


            

          




          

            


          




        




        A randomised Phase III trial (NCIC PA.3 trial) has also been conducted evaluating first line treatment of gemcitabine and erlotinib in combination versus gemcitabine and placebo in patients with locally advanced, unresectable or metastatic pancreatic cancer [189]. Although it did not significantly increase overall response rates, patients treated with erlotinib and gemcitabine had a significantly enhanced PFS (3.8 vs. 3.6 months) and OS (6.2 vs. 5.9 months) compared to patients treated with gemcitabine alone [189]. Based on preliminary results of this trail the US FDA approved erlotinib in combination with gemcitabine for patients with locally advanced, unresectable or metastatic pancreatic carcinoma and who have not received previous chemotherapy [190] in 2005.


      




      

        3.6. Afatinib/Gilotrif (Boehringer Ingelheim Pharmaceuticals)




        Afatinib, previously named BIBW2992, is an orally available, selective irreversible inhibitor of EGFR, HER2 and HER4 tyrosine kinase activity. Preclinical studies in cell lines found that afatinib was more potent in blocking the activity of not only the wildtype EGFR, but also EGFR sensitizing mutations and more importantly a point mutation found to provide acquired resistance to gefitinib and erlotinib (EGFR T790M; [191, 192]; which will be discussed in greater detail in section 5.1.3.2 of this review) compared to gefitinib and erlotinib [193, 194]. A series of clinical trials (LUX-Lung) have evaluated afatinib as first-line and following acquired resistance to other EGFR tyrosine kinase inhibitors in patients with EGFR mutation positive NSCLC [195-201]. Overall, these trials showed that afatinib increased PFS rates compared to cisplatin and pemetrexed in first-line treatment of NSCLC patient harbouring EGFR mutations but had limited efficacy in EGFR mutation positive patients that had acquired resistance to either gefitinib or erlotinib. Based on these trials, afatinib was approved in the United States in 2013 for the first-line treatment of NSCLC patients whose tumors harbour EGFR mutations and is the only second-generation agents currently approved in the NSCLC setting. Afatinib is also approved in Europe and other countries including Japan, Chile, Mexico, Taiwan and Australia. Interestingly, a combination of afatinib and cetuximab induces tumor regression in a T790M transgenic mouse lung tumor model [202] and produced a 32.4% (23 out of 71 patients) RR in a Phase Ib trial of NSCLC patients who had developed acquired resistance to either gefitinib or erlotinib and were EGFR T790M positive [203]. An overall RR of 29.4% (37 out of 126 patients) was seen in all patients with acquired resistance to gefitinib or erlotinib irrespective of T790M mutation status [203] suggesting that dual inhibition of EGFR may overcome resistance to initial EGFR tyrosine kinase inhibitor monotherapy in some patients.




        It is clear that the discovery, pre-clinical and clinical design and production of targeted therapeutics are long and arduous. The 6 anti-EGFR agents reviewed above are the most currently advanced and are clinically prescribed for the treatment of cancer patients of varying origin. However, as highlighted above, the response rates and improvement in patient survival is only modest. The presence of pre-existing intrinsic resistance and the ability of tumors to develop or acquire resistance represents one of the greatest challenges to successful treatment outcome. Resistance to anti-EGFR agents is common and is the main reason for only 10-30% of advanced unselected cancer patients demonstrating major tumor regression [204]. The seemingly never-ending long-term goal to improving patient survival through a greater understanding of tumor resistance has led to a large number of research laboratories searching for the critical mediators of anti-EGFR therapy. Significant progress through both clinical and translational methods has been made, however these advances have not translated linearly into the clinic and thus continued efforts using technological advanced methodology are still required. The remainder of this review will examine the many extracellular (ligand and receptors) mechanisms used by tumor cells to resist anti-EGFR therapeutic intervention particularly discussing molecular markers that predict both increased sensitivity and resistance.


      


    




    

      4. BIOMARKERS PREDICTING SENSITIVITY AND RESISTANCE TO ANTI-EGFR THERAPIES - LIGANDS OF THE EGFR AS PREDICTORS OF RESPONSE TO ANTI-EGFR THERAPY




      It is not surprising that a common feature predicting response to anti-EGFR is the differential expression of both HER and non-HER ligands intratumorally and in the microenvironment. Discoveries from many research groups have identified a role for ligands of the EGFR as predictive biomarkers for response to EGFR therapy in studies using cell lines and clinical samples. We will examine each ligand in turn.




      

        4.1. Amphiregulin (AREG) and Epiregulin (EREG)




        One of the first studies to determine if ligands to the EGFR could act as potential biomarkers of response to anti-EGFR therapy came from Kakiuchi and colleagues in 2004 [205]. In their study they identified 51 differentially expressed genes (from a cDNA microarray set of 27,648 genes tested) in NSCLC tumors from patients that responded versus those that did not respond to second – seventh-line gefitinib monotherapy. Although using a small sample size (7 responders vs. 10 non-responders), this initial microarray data set was validated by successfully predicting gefitinib response in a subsequent cohort of 16 advanced NSCLC patients [205]. Amphiregulin (AREG) was the only EGFR ligand identified in this microarray screen and was one of the most significantly up-regulated genes that predicted resistance to gefitinib. In addition, validation by RT-PCR and immunohistochemistry confirmed the microarray data, that amphiregulin was up-regulated in non-responders compared to patients that responded to gefitinib. In accordance to these clinical findings, Kakiuchi et al. performed laboratory studies and demonstrated that stimulation of NSCLC cell lines with AREG resulted in a desensitisation of the anti-proliferative effects of gefitinib, further supporting the notion that amphiregulin expression provides resistance to gefitinib [205]. Further confirmation of this came from a subsequent report from the same group one year later where they assessed the serum levels of amphiregulin in 50 NSCLC patients who had failed previous chemotherapy and were treated with gefitinib [206]. AREG levels were detected by ELISA in 28% (14 out of 50) of patient serum samples. Of these 14 samples with greater than background levels, 12 were from patients that responded poorly to gefitinib further suggesting that amphiregulin expression correlated to gefitinib response in NSCLC patients [206]. Another report by Masago and colleagues also confirmed that circulating amphiregulin is predictive of an unfavourable response to gefitinib in NSCLC patients [207].




        However, others report contradictory findings indicating that AREG may act as a predictor of tumor cell sensitivity to anti-EGFR therapy. Indeed, a study by Yonesaka et al. analysed AREG protein expression in 24 NSCLC patients treated with either gefitinib or erlotinib monotherapy by immunohistochemistry [208]. The AREG staining was significantly greater in patients with SD (more likely responder to anti-EGFR treatment) than that of the tumors from patients who had disease progression. Furthermore, utilising human NSCLC and SCCHN cell lines, Yonesaka and colleagues discovered that cells that expressed and secreted higher levels of AREG were more likely to be inhibited by gefitinib and cetuximab than those that produced minimal or no AREG expression [208]. Another study showed that AREG (and TGFα) gene expression was significantly higher in a series of gefitinib sensitive versus refractory SCCHN cell lines [209]. Thus, these reports clearly indicate that AREG expression is a predictive biomarker for better response to EGFR targeted therapy.




        Supporting this notion was a report in 2007 from Khambata-Ford and colleagues utilising a much large patient cohort in the mCRC setting [210]. In their study, patients with mCRC were biopsied at the site of metastasis (liver and extrahepatic sites) prior to treatment with cetuximab monotherapy. Large-scale gene expression analysis of the metastatic tumor tissue revealed that AREG and epiregulin (EREG) were 2 of the most significantly differentially expressed genes in patients with disease control versus non-responders to cetuximab. Furthermore, patients with high AREG and EREG gene expression had significant longer PFS compared to those with low expression [210]. A series of subsequent articles supporting the findings of Khambata-Ford and colleagues have been more recently reported. However, unlike the study from Khambata-Ford et al. these studies further stratified mCRC patients into those with tumors that expressed wild-type K-RAS and those with tumors that harbour a K-RAS mutation (a validated negative predictor of anti-EGFR response in mCRC that is discussed in greater detail in Part II of our series of reviews). Similar to the findings in metastatic lesions by Khambata-Ford et al. Jacobs and colleagues described comparable results in primary tumor tissue from chemotherapy refractory mCRC patients treated with cetuximab and irinotecan [211]. AREG and EREG gene expression levels correlated with the likelihood of cetuximab response in a subset of wildtype K-RAS mCRC (but not in tumors harbouring K-RAS mutation). Another study evaluating the expression profiles of 110 genes in 226 primary colon tumors (144 wt K-RAS and 82 K-RAS mutated) from mCRC patients treated with cetuximab monotherapy also identified AREG and EREG as predictive markers of response [212]. Both AREG and EREG were 2 of only 9 genes tested that were associated with disease control, objective response to cetuximab and PFS [212]. Likewise, a subsequent study reporting a Phase I clinical trial of mCRC patients treated with first-line cetuximab followed by cetuximab plus fluorouracil, leucovorin and irinotecan disease also supports the above findings [213]. Once more, AREG and EREG gene expression was elevated in tumors from patients that responded to cetuximab compared to low level gene expression in tumors from patients that did not respond. This was evident in tumors in the whole cohort of analysed patients (wt and K-RAS mutated) and in the wt K-RAS subgroup. Other groups found that higher levels of EREG gene expression was significantly associated with an increased likelihood of objective response to first and third line cetuximab therapy [214], TTP and OS in second and third-line cetuximab therapy [215] in independent cohorts of mCRC patients. Another study assessed the predictive value of EREG gene expression and K-RAS status in a Phase III clinical trial of 193 mCRC patients treated with cetuximab and best supportive care versus 192 patients treated with best supportive care only [216]. In the wt K-RAS subgroup, 16.7% (11 out of 66) of patients with tumors that had high EREG expression responded to cetuximab compared to a RR of only 6.3% (3 out of 48) in patients with low tumor EREG expression. Lower expression was also associated with worse OS and PFS in the cetuximab treated patients [216]. In addition, Yoshida and colleagues expanded on the above finding to determine if protein expression of ligands to the EGFR family could predict response to not only cetuximab but also panitumumab (albeit using a small sample size) [217]. Immunohistochemical analysis revealed that protein expression of AREG and EREG (along with TGFα and HB-EGF) could act as biomarkers for response to both cetuximab and panitumumab in wt K-RAS mCRC. Likewise, positive staining also correlated to PFS. Finally, a laboratory based study further confirmed the notion of AREG and EREG as positive predictors of cetuximab efficacy [218]. Cetuximab’s ability to reduce the colony formation of A431 vulvar squamous carcinoma cells with stable AREG and EREG knockdown was significantly reduced compared to parental A431 cells. In addition, selection of A431 sub-clones that were refractory to cetuximab by long-term, continuous exposure of the overall population to cetuximab displayed significantly less AREG and EREG mRNA expression compared to parental A431 cells [218, 219]. Similar findings of reduced AREG expression have been shown by the same group when treating breast cancer cells with short term exposure of lapatinib [219]. Likewise, low EREG expression correlated with resistance to in vitro efficacy of cetuximab in a series of SCCHN cell lines [220], while high AREG expression levels correlated with cetuximab plus docetaxel treatment benefit in recurrent or initial metastatic SCCHN patients [221].




        Taken together, these findings demonstrate the potential of intratumoral AREG and EREG expression to predict anti-EGFR treatment response. However, it should be noted that AREG and EREG serum expression did not correlate to response indicating post-transcriptional modifications or retention of these ligands within the tumor [210]. Meanwhile, another study showed that K-RAS wildtype mCRC patients with high levels of EREG had shorter PFS (4.9 vs. 6.6 months) and OS (7.4 vs. 13.8 months) compared with those with low levels of EREG [222]. Nonetheless, this large body of evidence also supports the hypothesis that high ligand expression results in tumor cell addiction or dependence on EGFR signaling for tumor progression, and thus renders these sub-populations of tumors more sensitive to the shutting down of this pathway with anti-EGFR inhibitors.


      




      

        4.2. Transforming Growth Factor Alpha (TGFα)




        Studies evaluating expression of other EGFR ligands, most notably TGFα promote contradictory theories. Several studies have shown that the presence of TGFα in patient serum predicts a poor response. The study by Ishikawa and co-workers determined that TGFα levels were detectable in the serum of 86.7% (13 out of 15) of advanced NSCLC patients that responded poorly to gefitinib [206]. In contrast, TGFα was detected in only 51.4% (18 out of 35) patients that responded better to gefitinib [206]. Likewise another study examining a cohort of Japanese patients showed a similar trend despite a far less number of patients with detectable TGFα in their serum [207]. In this study, TGFα was detected in the serum of 32.4% (11 out of 34) of NSCLC patients treated with gefitinib who had progressive disease compared to only 8.5% (5 out of 59) in patients with PR and SD [207]. Similarly, high serum TGFα levels predicted reduced response to lapatinib and capecitabine in breast cancer patients with high HER2 expression [223]. High TGFα serum levels were observed in 84.4% (38 out of 45) of patients who showed poor response compared to 42.1% (8 out of 19) of patients who responded [223]. Finally, another report concluded that high plasma TGF-α levels predicted a lack of benefit from erlotinib treatment in NSCLC patients [224]. However, disparity in the number of patients with detectable serum TGFα, despite using similar methodology and the fact that some patients that responded still had detectable TGFα levels suggests that it may not be the most suitable predictive marker. Furthermore, others have shown that TGFα serum levels have no predictive value for response to combined cetuximab and celecoxib therapy in mCRC patients [225], while a more recent paper has shown the opposite findings to those above. Serum levels of TGFα were determined in un-resectable or metastatic gastric or esophagogastric junction adenocarcinoma treated with cisplatin, capecitabine and cetuximab. Patients with higher levels of TGFα, showed better response, longer PFS and improved OS compared to those with lower serum levels [226]. In addition, immunohistochemical staining for TGFα revealed the inverse correlative findings, where intratumoral TGFα expression associated with response to cetuximab or panitumumab in mCRC patients [217]. Gene expression analysis from 103 primary colon and rectum tumors was also recently performed for several potential predictive biomarkers including TGFα [227]. However, TGFα gene expression was not significantly associated with response to cetuximab, PFS nor OS in this study [227].


      




      

        4.3. Epidermal Growth Factor (EGF)




        Some reports have proposed that EGF may play a role in providing resistance in cell line based studies. Several tumor cell lines of SCCHN origin displayed increased cetuximab resistance upon the addition of EGF [228]. In addition, EGF silencing by specific siRNA was associated with an improved cetuximab response [228]. Similarly, cetuximab, erlotinib and gefitinib treated DU145 cells (a brain metastatic cell line from primary prostate cancer) also displayed significantly enhanced EGF expression [229]. Likewise, EGF expression was significantly up-regulated in the breast cancer cell line MDA-MB-468 following gefitinib treatment [230]. These findings led Ferrer-Soler and colleagues to propose that gefitinib-resistant breast cancer cells retain the ability to compensate for loss of EGFR function by significantly up-regulating EGF-related ligands. Similarly, EGF serum levels were increased compared to baseline levels (prior to cetuximab treatment), after the administration of cetuximab in wt K-RAS mCRC patients. Importantly, this increase in serum EGF levels correlated to poorer clinical outcome [231]. However, colon cancer cell line responsiveness to the mitogenic stimulus provided by EGF was seen to correlate with cetuximab efficacy in another study [232]. Jhawer and colleagues found that EGF mediated cell cycle progression in 3 cell lines that were sensitive to cetuximab while no EGF-induced increase in cell cycle progression was seen in 3 cetuximab-refractory cell lines [232]. Thus, whether increase secretion of EGF after anti-EGFR treatment results in enhanced EGFR signaling and a refractory phenotype or more sensitive phenotype is currently not definitively determined.




        The EGF 61A>G functional single nucleotide polymorphism is located in the 5’-untranslated region (UTR) of the EGF gene and has been associated with a greater risk of developing malignant melanoma [233], gastric cancer [234], hepatocellular carcinoma [235] and more aggressive disease in glioblastoma multiforme [236]. In addition, recent evidence suggests that this polymorphism may play a potential prognostic and predictive role mCRC. Garm-Spinder and colleagues determined the level of the genetic EGF 61 polymorphism variants in 71 mCRC patients who underwent cetuximab and irinotecan treatment (following failure to fluoropyrimidine, oxaliplatin and irinotecan regimes). Interestingly, patients with heterozygote EGF 61 A/G alleles were at a higher risk of early progression. Likewise these patients had significantly lower progression free survival and OS compared to patients with either homozygous alleles (EGF 61 A/A and EGF61 G/G) indicating differences in treatment response in these two sub-populations of patients [237]. Another sub-population of mCRC patients with the homozygous EGF 61 G/G were also shown to have favourable OS [238]. However, no correlation with the EGF 61 polymorphism variants was seen with RR in these patients who were treated with cetuximab and irinotecan salvage therapy after disease progression [238]. The EGF 61 G/G allele however, was found to associate with complete pathological response when analysing patients with rectal cancer who were enrolled in phase I/II clinical trials treated with cetuximab-based chemoradiation in 4 independent cancer centers [239]. From the 118 combined patients tested, 45.5% (5 out of 11) patients with the EGF 61 G/G genotype has a complete pathological response compared to 20.8% (11 out of 53) with the EGF 61 A/A genotype and 1.9% (1 out of 54) with EGF 61 A/G genotype [239]. Finally, despite finding a trend in association with OS, another study found no association between EGF 61 polymorphism and response to cetuximab monotherapy in 39 mCRC patients (who had failed either two regimens of chemotherapy or adjuvant therapy plus one chemotherapy regimen for metastatic disease) [240]. Importantly, the presence of the EGF 61 A/G and G/G alleles results in up-regulation of EGF levels thereby allowing for the possibility of evaluating EGF expression as a possible biomarker for response to treatment, PFS and OS in mCRC patients. However, in contrast to the above studies, EGF expression has been consistently shown to have no prognostic or predictive value clinically in assessing response to EGFR targeted therapy in several studies [212, 214, 217, 223, 227]. However, these studies did not distinguish patient EGF 61 polymorphism variants when determining whether overall EGF expression both in serum and/or intratumorally correlated to treatment response. Indeed, analysis of EGF 61 polymorphism variants, EGF serum levels and a correlation with response to cetuximab or any other anti-EGFR therapeutic in the same cohort of patients has not currently been published.


      




      

        4.4. Heparin-Binding EGF-LIKE Growth Factor (HB-EGF)




        Very little has been reported discuss a possible role in HB-EGF in mediating resistance to anti-EGFR agents in laboratory-based and clinical research. A small cohort of 26 mCRC patient samples were analysed for HB-EGF expression by immunohistochemistry [217]. In this study it was found that of the patient’s with tissue that had detectable HB-EGF immunostaining disease RR was 84.6% (11 out of 13) and RR to cetuximab or panitumumab-based treatment was 46.2% (6 out of 13). In contrast patients with negative staining tumor tissue had a significantly lower disease RR of 31% (4 out of 13) and response rate of 15.4% (2 out of 13), indicating that HB-EGF expression may correlate with a favourable RR and overall outcome [217]. HB-EGF gene expression intratumorally in mCRC did not however correlate to response to cetuximab or OS in another larger cohort of mCRC treated with chemotherapy only versus cetuximab and chemotherapy [227]. Another study showed that HB-EGF serum levels may also predict response in cetuximab and irinotecan treated chemo-refractory mCRC patients [231]. However, this study was contradictory to the above study where HB-EGF expression was a negative predictor of response. Serum was taken from 45 patients prior and during several rounds of cetuximab infusion and then assessed for HB-EGF expression by ELISA. Interestingly, HB-EGF levels at day 57 (before the 5th cetuximab infusion) were associated with response in patients with tumors harbouring wt K-RAS, where non-responders had significantly higher levels compared to responders. Serum levels of HB-EGF taken earlier during the cetuximab treatment or pre-treated serum however did not significantly correlate with response nor OS. No correlation of HB-EGF serum expression with response to cetuximab was also observed in another cohort of mCRC patients [213]. However, another study found that HB-EGF expression in plasma samples was higher in SCCHN patients with recurrent disease compared to those from patients with newly diagnosed SCCHN, indicating that HB-EGF may play a role in disease progression [241]. Interestingly, these authors went on to demonstrate that addition of exogenous HB-EGF to 3 cetuximab sensitive SCCHN cell lines (SCC1, SCC25 and SCC15) enhanced the level of resistance to cetuximab in MTT and colony formation assays [241]. Furthermore, these authors then compared HB-EGF expression levels in the SCC1 (cetuximab sensitive) cell line compared to a cetuximab-refractory sub-population of the SCC1 cells called 1Cc8 generated after long-term continuous exposure to cetuximab generated previously from the same group [242]. As expected the 1Cc8 cetuximab refractory cell line displayed greater HB-EGF gene expression and a 27-fold decrease in miR-212 expression (a direct regulator of HB-EGF expression) compared to the cetuximab-sensitive parental SCC1 cell line. Importantly, knockdown of HB-EGF in the 1Cc8 cell line resulted in re-sensitizing these cells to the inhibitory effects of cetuximab suggesting that HB-EGF plays a causative role in promoting resistance to cetuximab in SCCHN cell lines [241]. Interestingly, HB-EGF blockade also resulted in breast cancer cell apoptosis in cells resistant to trastuzumab, an FDA approved anti-HER2 humanised antibody [243].


      




      

        4.5. Betacellulin (BTC) and Epigen (EPGN)




        There have been very few reports describing a potential role for betacellulin (BTC) or epigen (EPGN) in mediating resistance to anti-EGFR therapy. One report found that erlotinib and gefitinib treatment of DU145 cells for 24 hours resulted in a 2-fold increase in BTC mRNA [229]. This increase in BTC (along with an increase in EGF, neuregulin, HER2, HER3 and HER4) led the authors to hypothesise that these increases could allow for continued EGFR signaling and refractory outcomes. However, BTC expression was not increased in the other prostate cancer cell line tested when treated with erlotinib and gefitinib. Furthermore, BTC expression was similar comparing parental DU145 and a sub-population of DU145-erlotinib resistant cells [229]. A study by Cushman et al. failed to find any predictive value in mRNA expression of BTC and EPGN in mCRC patients treated with cetuximab and chemotherapy compared to chemotherapy alone [227].




        Likewise, intratumoral BTC gene expression and serum BTC expression levels did not predict response to cetuximab monotherapy in 2 independent mCRC cohorts [212, 213]. Finally, despite detecting BTC protein expression in 80.8% (21 out of 26) and EPGN in 23.1% (6 out of 26) of mCRC patients by immunohistochemistry, BTC nor EPGN correlated with response to either cetuximab or panitumumab [217].




        Other growth factors outside those that bind the EGFR have also been implicated in providing resistance to EGFR targeted therapy including Neuregulins, IGF, HGF, VEGF and several cytokines. We will discuss these ligands in conjunction with the role their associated receptor(s) may play in EGFR therapy in the next two sections.


      


    




    

      5. BIOMARKERS PREDICTING SENSITIVITY AND RESISTANCE TO ANTI-EGFR THERAPIES - ALTERATIONS IN ERBB RECEPTORS FAMILY MEMBERS




      In this section we will review the extensive current literature examining the changes in expression, mutational status and compensatory cross-talk of the HER receptors as possible predictive markers of tumor sensitivity and resistance to anti-EGFR agents. We will discuss each HER receptor in turn.




      

        5.1. Epidermal Growth Factor Receptor (EGFR)




        

          5.1.1. EGFR Gene and Protein Expression




          Pioneering clinical trials evaluating anti-EGFR monotherapy led to modest overall outcomes due to tumor resistance, drawing researchers to begin the search for potential predicative biomarkers for treatment response. Several lines of evidence aided in the formulation of the hypothesis that levels of EGFR expression itself would act as a predictor of response, and thus was one of the first biomarkers evaluated. This hypothesis was based on the reasoning that the greater level of EGFR expression, the more tumor reliance or addiction towards EGFR signaling would be present and hence the greater anti-tumor effect would be seen when EGFR was blocked. Secondly, as reported in section 4, concurrent evidence was beginning to prove that ligands of the EGFR may predict response to anti-EGFR agents and thus it was fair to speculate that EGFR expression may also. Finally, significant reports published around the same time as these pivotal EGFR targeted clinical trials were on-going, demonstrated that the efficacy of the anti-HER2 mAb trastuzumab was dependent on the level of HER2 expression in metastatic breast cancer [244, 245]. Indeed, more recently, screening for the expression of HER2 is now routinely performed and only metastatic breast cancer patients with high HER2 levels are recommended as suitable candidates for trastuzumab-based therapies [246], although others have shown that patients with low levels of HER2 may also respond to trastuzumab [247]. Thus, similar correlations were anticipated with EGFR expression and response to treatment. A multitude of studies examining EGFR expression in patient tumor tissue have produced inconsistent findings somewhat refuting this hypothesis. A large, randomised, multi-center Phase II trial (IDEAL-1) was published in 2003, assessed single-agent gefitinib in patients with recurrent or refractory NSCLC who failed one or two prior chemotherapy regimens that included a platinum agent [155]. In this study they observed objective tumor responses in approximately 18-19% of patients treated with either 250 or 500mg gefitinib daily. However, analysis of the EGFR status by immunohistochemistry in 157 tumor specimens taken from this trial revealed no consistent correlation between EGFR expression and radiographic or symptomatic response [155, 156].




          A series of similar studies have also shown no correlation between EGFR expression and gefitinib response in other cohort of advanced NSCLC patients [248-250]. High EGFR expression was not a predictive factor in gefitinib response in a small cohort of NSCLC patients [248]. Likewise, there was no significant correlation between response to gefitinib and EGFR staining intensity by immunohistochemistry in two other independent studies by Parra and colleagues and Cappuzzo et al. [249, 250]. However, another study has shown opposing findings to the reports described above [251]. In this study positive EGFR expression in NSCLC tissue from chemotherapy refractory advanced NSCLC did associate with response to gefitinib. Patients with EGFR positive protein expression as detected by immunohistochemistry displayed a 8.2% (13 out of 158) ORR compared to the 1.5% (1 out of 69) ORR of patients who had EGFR negative protein expression [251]. The same group subsequently found that EGFR gene expression as determined by PCR can also predict response to gefitinib in advanced NSCLC patients [252]. Furthermore, a follow up study by Cappuzzo and colleagues published contradictory findings regarding EGFR expression levels in advanced NSCLC patients treated with gefitinib compared to their earlier study [253]. EGFR protein expression levels as detected by immunohistochemistry was determined in 98 NSCLC tumors and grouped into high and low EGFR expression. Patients with high EGFR staining displayed significantly greater ORR to gefitinib (20.7%; 12 out of 58) compared to patients with low EGFR tumors (5.0%; 2 out of 40). Paradoxically, this study did not see a similar association between patient response and EGFR gene expression levels to that observed with patient EGFR protein expression levels. Patients with high EGFR expression also displayed greater TTP, longer survival and lower progression rate compared to patients with negative EGFR expression [253]. The authors speculated as to why a discrepancy was observed in regards to the predictive value of EGFR expression between their earlier study and other studies with this present study. Possible explanations included differences in staining techniques based on variations in antibodies and staining kits used and differences in cut off criteria interpreting or scoring EGFR expression status as high versus low (or positive versus negative) across various studies [253]. In fact, a follow-up report compared antibody kits highlights the importance of standardised techniques and how laboratory and research center differences can lead to varied outcomes [254]. Two often used immunohistochemistry compatible anti-EGFR antibody detection kits were compared against the same set of 296 NSCLC patient tumor tissues. Despite, both showing similar positivity for EGFR staining (69 vs. 72%), 24% of tumors showed a disparity in staining where one antibody system showed positive staining while the other showed negative staining as determined by the cut-off for EGFR positivity set by the authors. Furthermore, adjustable variations for EGFR positivity set by the authors to obtain the best “cut-off” EGFR positivity with respects to correlative power and gefitinib response was also assessed. These authors identified that a lower cut-off point (lower EGFR staining required to be considered a EGFR positive tumor specimen) are better predictors of survival outcomes compared to higher cut-off points [254]. Subsequently, a more recent article used another antibody, 5B7 that detects a region in the intracellular domain of the EGFR [255]. This study by Mascaux and colleagues found that EGFR expression as detected by 5B7 using immuno-histochemistry did indeed predict response to gefitinib monotherapy in 98 patients with recurrent NSCLC [255]. These authors suggest based on their data that the 5B7 antibody that recognised the intracellular region of the EGFR may be a more sensitive and selective antibody for immunohistochemistry compared to current antibodies that detect the extracellular region of the receptor. Until these criteria can be standardised across studies and research groups, (which is highly unlikely) discrepancies will continue to emerge and curtail possible movement of identified predictive markers from translational research to clinical management and practice. Pre-clinical studies have also showed that the efficacy of gefitinib was not related to EGFR expression on a series of human patient derived cells in tissue culture and animal xenograft experiments [85, 256].




          A series of studies assessing the predictive value of EGFR expression in cetuximab-based or erlotinib-based treatment of NSCLC patients also report opposing findings. The EGFR expression levels were assessed in NSCLC patients enrolled in the multicenter randomised Phase III First Line ErbituX (FLEX) trial [257]. This study observed significantly improved OS in patients with advanced NSCLC treated with cetuximab plus cisplatin and vinorelbine compared to patients treated with cisplatin and vinorelbine without cetuximab [258]. Subsequent analysis of EGFR expression by immunohistochemistry allowed for stratification of patients into 2 groups; those that had tumors with high EGFR expression (n = 345) and those that expressed low EGFR expression in their NSCLC tumors (n = 763) [257]. A greater RR and OS was observed in patients treated with cetuximab plus chemotherapy compared to patients treated with chemotherapy only in the high EGFR expressing subgroup. This finding was not observed in patients with low EGFR expressing tumors indicating that high EGFR expression may predict response for this treatment regimen in NSCLC patients. These results led the authors to suggest that prospective identification of high EGFR expression can be used to select advanced NSCLC patients who are most likely to derive a greater survival benefit from the treatment of cetuximab plus chemotherapy. Furthermore, these findings should result in a change in routine clinical practice in the NSCLC setting [257]. Conversely, findings from another study assessing the predictive feasibility of EGFR expression in another large scale randomised Phase III (BMS099) study showed otherwise [259]. This study evaluated the use of first-line taxane/carboplatin treatment with or without cetuximab on stage IIIB or IV NSCLC patients without restriction of validated EGFR expression. No significant differences in overall RR were seen between treatment arms in either patients with EGFR positive staining or EGFR negative staining by immunohistochemistry [259]. Thus unlike the study by Pirker et al. this study showed no significant association between EGFR expression and response to cetuximab.




          Several studies have also assessed the predictive value of EGFR expression in erlotinib based treatment of NSCLC. The important BR.21 phase III trial published a decade ago demonstrated a survival benefit for erlotinib compared to placebo in NSCLC patients who had progressed after standard chemotherapy [181]. Subsequent multivariate analysis revealed that positive EGFR expression, defined as greater than 10% of positive cell staining, was associated with a better RR (11.1%, 12 out of 108) compared to those with low EGFR expression (3.8%, 3 out of 80) [186]. However, other studies have reported opposing findings. A 12.3% ORR was observed in stage IIIB or IV advanced or recurrent metastatic NSCLC patients who had disease progression or relapse to platinum-based therapy when treated with erlotinib [179]. Analysis of EGFR status was found to be not associated to response in this trial of 57 tested patients [179]. Assessment of EGFR expression as a biomarker for erlotinib response have also been performed in two randomized multicenter Phase III trials evaluating the efficacy of erlotinib plus chemotherapy versus chemotherapy only in the NSCLC setting. The first study found that erlotinib with concurrent paclitaxel and carboplatin did not confer a survival advantage with or without erlotinib in chemotherapy-naıve patients with advanced NSCLC [260]. The second study also showed that erlotinib with concurrent cisplatin and gemcitabine did not provide a greater survival benefit compared to cisplatin and gemcitabine alone in chemotherapy-naıve patients with advanced, recurrent or metastatic NSCLC [261]. In addition, there was no correlation between the level of EGFR expression with RR and clinical outcome in either trial [260, 261]. Similarly, comparable RR to erlotinib were seen in bronchioloalveolar carcinoma patients that had tumors that were EGFR positive compared to those with EGFR negative expression [262].




          Two landmark mCRC clinical studies in 2004 by Saltz et al. and Cunningham and colleagues also showed that the level of EGFR expression as assessed by immunohistochemistry scoring had no correlation to response to cetuximab in mCRC patients [111, 113]. Saltz and colleagues enrolled 57 mCRC patients, all of which were positive for EGFR expression and had failed irinotecan or an irinotecan-based treatment, into a phase II trial examining the efficacy of single-agent cetuximab [113]. They examined EGFR expression by immuno-histochemistry grading tumor tissue 1+ to 3+ based on increasing intensity of EGFR expression. Response to cetuximab was found to be 5.9% (1 out of 17) in patients with tumors with weak staining; 13.3% (4 out of 30) in patients with tumors with moderate staining; and 0% (0 out of 10) in patients with strong staining [113]. Similarly, the study by Cunningham et al. found that the degree of EGFR expression either as a percentage of cells with EGFR-positive staining or as the maximal staining intensity per cell did not correlate significantly to the clinical response of cetuximab [111]. Likewise, a large Phase II study by Lenz et al. subsequently confirmed these findings where EGFR expression as measured by immunohistochemistry did not correlate with response to cetuximab in mCRC patients refractory to irinotecan, oxaliplatin, and fluoropyrimidines [263]. Intratumoral EGFR gene expression in mCRC did not correlate to response to cetuximab treatment in another study of 39 mCRC patients refractory to irinotecan and oxaliplatin [264]. In fact, cetuximab achieved response in some mCRC patient despite EGFR being undetectable in their tumors by immuno-histochemistry indicating that very low levels of EGFR expression was adequate for cetuximab to illicit an inhibitory effect [264-266]. Gefitinib has also achieved response in NSCLC patients with little to no intratumoral EGFR expression [267]. However, these initial studies in mCRC were performed prior to stratifying patients into wt and mutated K-RAS groups. Nonetheless, several subsequent reports show EGFR expression has no predictive value in response to cetuximab in wt K-RAS mCRC tumors [212-214, 268]. A similar study assessing the in vitro efficacy of cetuximab against a large panel of colon cancer cell lines also supported the notion that EGFR expression does not correlate with response to anti-EGFR agents [232]. Likewise, EGFR amplification did not significant correlate with tumor response or survival following cetuximab monotherapy in recurrent high-grade glioma patients who had previous surgery, radiotherapy and chemotherapy [269].




          EGFR expression has also provided little predictive value for response to anti-EGFR treatment in the SCCHN setting. Conflicting studies have been reported in regards to EGFR expression and efficacy of anti-EGFR agents in in vitro cell line based assays. The study by Jedlinski and colleagues showed that EGFR copy number, mRNA and protein expression did not correlate with sensitivity to cetuximab treatment in 25 SCCHN primary cell lines [220]. However, EGFR mRNA and protein expression was found to correlate with the IC50 values of gefitinib in a different series of 16 SCCHN cell lines [270]. Furthermore, stable knockdown of the EGFR in another independent set of 4 poorly responding SCCHN cell lines, re-sensitized these cells to the inhibitory effects of cetuximab and panitumumab suggesting that EGFR expression levels may indeed predict response [271]. Clinical studies however show differing outcomes. Psyrri and colleagues determined the EGFR expression level in operable stage III/IV SCCHN samples taken from 42 patients [272]. These patients were treated with carboplatin and paclitaxel followed by cetuximab, carboplatin and paclitaxel concurrently with radiation. EGFR expression did not correlate with clinical outcome in this study [272]. A large study evaluating EGFR expression in 411 recurrent or metastatic SCCHN tissue was performed assessing clinical response to cetuximab in combination with first-line cisplatin or carboplatin and 5-fluorouricil [268]. Similarly to the report by Psyrri, this study showed that clinically meaningful survival benefit was achieved independent of EGFR expression in recurrent and metastatic SCCHN [268]. However, another group reported that high levels of EGFR expression as determined by immunohistochemistry were associated with PFS of SCCHN patients treated with cetuximab [273]. Finally, Moehler et al. found that greater EGFR expression was associated with increased RR to cetuximab based treatment, but not with TTP or OS in advanced gastroesophageal cancer patients [274].


        




        

          5.1.2. EGFR Gene Copy Number (GCN)




          Conflicting findings have also been seen when analysing EGFR gene copy number (GCN) as a predictive marker for response to therapy targeting the EGFR. Nonetheless, EGFR GCN has been proposed by some as a reliable predictor of response. In fact many studies utilising clinical samples have identified an association between EGFR GCN and response to anti-EGFR therapies. EGFR GCN in mCRC tissue as detected by fluorescence in-situ hybridization (FISH) was seen to correlate to response to cetuximab or panitumumab. Increased EGFR GCN was detected in 88.9% (8 out of 9) patients with objective responses compared to only 4.8% (1 out of 21) patients who did not response [275]. Two years later, the same group confirmed these preliminary results in a larger cohort of mCRC patients identifying that non-increased EGFR GCN associated with failure to respond to panitumumab treatment [276]. Lievre et al. also reported that increased EGFR GCN also correlated to response to cetuximab in a smaller cohort of mCRC patients [277], while high EGFR GCN also correlated to response to cetuximab, paclitaxel and carboplatin in chemo-naïve advanced NSCLC patients [278] and increased EGFR GCN was significantly associated with better OS in metastatic gastric and oesophago-gastric junction cancer patients treated with cetuximab, 5-fluorouracil, oxaliplatin and leucovorin (FOLFOX) in first-line therapy [279].




          Others have also seen correlations between EGFR GCN with survival response to gefitinib. An important study by Cappuzzo and colleagues published in 2005 developed an EGFR FISH scoring system which is often currently used to define EGFR FISH positivity in retrospective tumor tissue [253]. This scoring system was established by assessing 102 advanced NSCLC patients treated with gefitinib, classifying 6 FISH groups with increasing EGFR GCN per cell based on the frequency of tumor cells with specific number of gene copies of the EGFR gene and chromosome 7 centromeres [253]. Essentially, patients are considered EGFR FISH positive if they display gene amplification as defined by the presence of tight gene clusters with ratios ≥ 2 genes/chromosome/cell or ≥ 15 gene copies/cell in more than 10% of cells or ≥ 4 gene copies in ≥ 40 of cells. Negative EGFR FISH is defined as no amplification with ≥ 4 gene copies in <40% of cells. Based on this criterion, Cappuzzo et al. found that NSCLC patients who were EGFR FISH positive had significantly higher RR to gefitinib (36.4%, 12 out of 33) compared to FISH negative patients (2.9%, 2 out of 69). These patients also had lower progression rate, longer TTP and longer survival compared to EGFR FISH negative patients [253]. Utilising this scoring system, other studies have observed similar associations with EGFR GCN and response to gefitinib. EGFR FISH positive NSCLC patients (16.4%, 11 out of 67) enrolled in the Phase III ISEL trial had a better ORR to gefitinib compared to patients with negative EGFR FISH (3.2%, 5 out of 155) [251]. Furthermore, this study also showed that gefitinib enhanced survival compared to placebo in the EGFR FISH positive patients only and not the FISH negative patients [251]. Similarly, findings were seen in patients from a randomised Phase II study evaluating gefitinib in chemo-naïve NSCLC patients [280]. EGFR FISH positivity also predicted a better survival outcome in bronchioloalveolar carcinoma patients treated with gefitinib [281]. Response to gefitinib was also associated with EGFR GCN, with disease control was seen in 63.2% (12 out of 19) patients in EGFR FISH positive patients compared to 38.9% (14 out of 36) FISH-negative patients [281]. Another study combining patient data from 2 independent trials for gefitinib also showed similar predictive value of EGFR FISH positivity [282]. Patients who were EGFR FISH positive had a RR of 33% to gefitinib versus patients who were EGFR FISH negative (6%) [282].




          EGFR GCN has also been shown to predict response in trials evaluating erlotinib efficacy. Similarly, to the studies above with gefitinib, FISH positive patients enrolled in the BR-21 study also showed better OS when treated with erlotinib compared to placebo, while no significant difference in survival was seen between erlotinib or placebo treated EGFR FISH negative patients [283]. In addition, the overall RR to erlotinib in these advanced NSCLC patients with EGFR FISH positivity was 21.4% (6 out of 28) compared to 4.8% (3 out of 63) EGFR FISH negative patients [283]. Another study also tested EGFR GCN as a predictive marker for response to erlotinib or gefitinib in patients with squamous cell lung carcinoma (SCLC). In this study, patients with EGFR FISH positivity displayed an ORR of 26.3% (5 out of 19) compared to 2.0% (1 out of 50) seen in patients with EGFR FISH negative tumors [284].




          More recently, systematic review and meta-analyses have proposed a role of EGFR GCN and patient outcomes following treatment with EGFR-targeted agents. One study showed that increased EGFR GCN as detected by FISH or chromogenic in situ hybridization (CISH) was associated with increased OS, progression free survival and TTP in patients with advanced or recurrent NSCLC treated with either gefitinib or erlotinib as monotherapy [285]. Another study also undertook a meta-analysis of 19 independent studies evaluating a potential correlation between EGFR GCN and overall RR to anti-EGFR therapy [286]. Findings from this systematic review supported the initial reports showing that there was a general association between higher overall RRs in patients with increased EGFR GCN. Interestingly, the difference in overall RR between mCRC patients with increase copy number compared to normal or reduced copy number was greater in K-RAS wild-type patients, while in K-RAS mutated patients the difference often did not exist. However, the authors of this report cautioned that although increased EGFR GCN is generally associated with a better outcome to anti-EGFR treatment, the clinical utility of this biomarker for selecting recipients for anti-EGFR treatment would be severely limited for several reasons. These include poor reproducibility of EGFR GCN enumeration due to highly heterogeneous EGFR GCN within a tumor and drastically variable determination of EGFR GCN despite using standardised methodology [286]. Furthermore, another study examining EGFR GCN by PCR showed no association between increased EGFR GCN with objective response to cetuximab in another cohort of mCRC who had failed irinotecan, oxaliplatin, and fluoropyrimidines-based treatments [263]. Likewise, no correlation with EGFR FISH status and PFS and OS was reported by two studies in SCCHN patients treated with cetuximab-based treatment [287, 288].




          Others have also found no correlation. The study by Kim and colleagues reported the findings of a Phase III randomised trial (INTEREST) evaluating gefitinib versus docetaxel in locally advanced or metastatic NSCLC patients who had been pre-treated with platinum-based therapy [289]. This study showed no significant difference in OS of these patients treated with gefitinib versus docetaxel. Further classification of patients showed that patients with high EGFR GCN did not have longer survival when treated with gefitinib compared to docetaxel. However, despite not being discussed at length, the authors tabulated that patients with high EGFR GCN and treated with gefitinib displayed a slightly better median OS rate of 8.4 months compared to the 6.4 months OS seen in patients treated with gefitinib with low EGFR GCN [289]. EGFR copy number as determined by RT-qPCR also showed no correlation to gefitinib response in NSCLC tumor tissue from patients enrolled in the IDEAL and INTACT clinical trials [290]. Two independent studies also assessed the predictive value of EGFR GCN in Japanese patients with NSCLC following gefitinib treatment. In the first study an increase in gefitinib RR was observed between NSCLC patients who were EGFR FISH positive (30.8%, 8 out of 26) and EGFR FISH negative (21.4%; 6 out of 28) [291]. However, this increase was not-significant, and no significant difference was also seen in OS and TTP between EGFR FISH positive and EGFR FISH negative patients [291]. Similarly, the second study showed that EGFR FISH positivity had no significant association with OS and prolonged PFS of advanced or recurrent NSCLC patients treated with gefitinib [292]. Finally, EGFR GCN FISH positivity was not predictive of a survival benefit in advanced pancreatic cancer patients treated with first-line therapy of erlotinib with gemcitabine [293].




          Despite some reports showing significant correlation with EGFR protein expression and EGFR GCN and response to treatment, the utility of these markers clinically are limited for several reasons. Firstly, there are many contradictory reports suggesting that they do not predict patient response or outcome. Secondly, the studies discussed above showing an association between response and EGFR expression or EGFR GCN still only predicts response in no more than 25% of patients and thus the majority of patients do not response despite falling into the “correct” sub-population of patients that should response. Encouragingly, however, the identification of EGFR mutations (summarised schematically in Fig (3) have led to greater predictive value when these mutations are present compared to EGFR expression and GCN, as will be discussed in the next section.




          
[image: ]


Fig. (3))


          Schematic of sensitizing and resistance inducing mutations in the EGFR. The common intrinsic sensitizing or resistance mutations (>5% in prevalence in at least one tumor type; shaded light green) include the EGFRvIII deletion, the Exon 19 deletion E746_A750) and the exon 21 L858R point mutation. *The EGFR T790M mutation has also been identified as a common intrinsic resistance mediator, although there are inconsistent studies presenting opposing views. The rare intrinsic sensitizing or resistance mutations (<5% in prevalence in at least one tumor type; shaded darker green) include P546S, V689M, P699S, N700D, R705G, E709Q, L718P, G719A/C/D/S/X, S720P/F, G721A, G724S, P733L/S, V740A, other deletions between residues 746-753, L747F/P, E749K, N756D, E758G, S761I, E762G, V765A/M, A767T, V769A/L, V774A, R776C/H, G779C/F/S, T783A/I, S784P, L798F/H/, K806E, Q812R, L814P, L861Q and insertion in exon 19 and 20. The common acquired resistance mutations (>5% in prevalence in at least one tumor type; shaded dark blue) include the S492R, T790M, C797S point mutations. The rare acquired resistance mutations (<5% in prevalence in at least one tumor type; shaded light blue) include R451C, K467T, G465R, G465E, E709A, L747S, D761Y, T854 and exon 20 insertions.

        




        

          5.1.3. EGFR Mutations




          

            5.1.3.1. Sensitizing EGFR Mutations




            One of the most significant findings in the EGFR therapeutics field was discovered by 2 independent groups simultaneously and published in The New England Journal of Medicine and Science respectively in 2004 [159, 160]. The first study by Lynch and colleagues discovered heterozygous somatic mutations in the tyrosine kinase domain of the EGFR after sequencing the whole coding region of the EGFR from NSCLC patients. Specifically, these mutations included a range of in-frame deletions from amino acids 746 to 753 and substitutions L858R, L861Q and G719C. Importantly, at least one of these mutations was found in 88.9% (8 out of 9) of patients that showed gefitinib response whereas the mutations were not seen in the tumor tissue of 7 patients that did not respond to gefitinib. Transfection of wt EGFR, EGFR harbouring a deletion of residues 747–753 or L858R point mutation into Cos-7 cells demonstrated that these mutations were activated at least 2-fold greater than the wt EGFR when stimulated with EGF and this activation was far more sustained than that of the wt EGFR [159]. Furthermore, both EGFR mutants were more sensitive to the inhibitory effects of gefitinib compared to the wt receptor as measured by EGFR phosphorylation differences. Lynch and colleagues postulated based on their findings that these mutations (all found near the ATP binding cleave of the tyrosine kinase domain of the receptor) led to a conformational change that subsequently increases stabilisation of ATP binding and an enhanced, activated receptor. In addition, this hypothesised conformational change also led to increased stability of gefitinib binding to the ATP region and hence was proposed to be the mechanism of enhanced gefitinib sensitivity [159]. However, despite several reports aiming to confirm these hypothesis by structural analysis [294-298], there is no clear evidence to explain why gefitinib and erlotinib bind so firmly to the activated mutant receptor [299].




            The second study by Paez and co-workers also identified mutations in the EGFR kinase domain following sequencing of exons 18 to 24 of the EGFR gene from NSCLC tumor tissue [160]. Importantly, these mutations were found in 5 out of 5 patients that responded to gefitinib while EGFR mutations were not seen in 4 patients that progressed on gefitinib. Furthermore, these mutations included the same L858R point mutation and in frame deletions within amino acids 747–753 to those observed by the study by Lynch. In vitro studies subsequently showed that the patient derived lung carcinoma cell line H3255, that also harboured the L858R EGFR mutation was 50 times more sensitive to gefitinib inhibition of growth and inhibition of EGFR, Erk1/2 and Akt phosphorylation compared to 3 other patient-derived lung carcinoma cell lines with wt EGFR expression. The study by Paez also assessed the EGFR mutational status in NSCLC tumor tissue taken from patients who were not treated with gefitinib. Intriguingly, mutations in the kinase domain of the EGFR was far more frequent in adenocarcinomas (21.4%; 15 out of 70 patients) compared to other NSCLC (2.0%; 1 out of 49); observed more in women (20.0%; 9 out of 45) compared to men (9.5%; 7 out of 74) and more frequent in patients from Japan (29.3%, 29 out of 99) versus those from the United States (2.2%; 2 out of 90) [160]. An ensuing study using a larger number of NSCLC patients (n=519) concurred with the findings of Paez et al. observing that EGFR TK domain mutations were statistically significantly more frequent in adenocarcinomas versus cancer of other histologies (39.4%; 114 out of 289 versus 2.6%; 6 out of 230), in patients of East Asian ethnicity versus other ethnicities (29.6%; 107 out of 361 versus 8.2%; 13 out of 158), and in females versus males (42.1%; 72 out of 171 versus 13.8%; 48 out of 348) and also in individuals who had never smoked versus those that had previous or currently smoked (51.2%; 85 out of 166 versus 9.9%; 35 out of 353) [300]. Although not determined by Paez and colleagues nor Shigematsu et al. in their respective studies from the same cohort of patients Paez and co-workers noted that patients with adenocarcinoma, who are female or of East-Asian ethnicity have all been previously shown to be more responsive to EGFR inhibitors [155, 156], and thus postulated that the cause for this increase sensitivity may be due to the presence of these EGFR mutations.




            Following these landmark papers, a large series of subsequent reports confirmed these findings in larger and independent NSCLC patient populations with varying ethnicities as summarised by Table 1. Consistently, patients harbouring these EGFR mutations were significantly better responders to either gefitinib or erlotinib in almost all the studies outlined in Table 1. Combined patient response in all these studies found that RR for patients with mutations was 68.9% (426 out of 618; ranging from 16-100%), while the RR of patients without EGFR mutations was 11.3% (109 out of 965; ranging from 0-59%).




            Cetuximab is also effective against tumors in transgenic mice or xenograft models expressing the L858R EGFR mutation [301-304] and has been proposed as a possible mechanism of the observed response of NSCLC patients to the combined cetuximab and chemotherapy treatment [258, 305]. Panitumumab was also shown to inhibit the proliferation and in vivo tumor growth of cells harbouring the sensitizing EGFR mutations [306]. Due to this important discovery in NSCLC, many groups set out to identify EGFR mutations in other tumor types and decipher if these mutations could also predict response to anti-EGFR therapy. Interestingly, the presence of EGFR mutations have been detected in brain tumor metastases originating from NSCLC [47, 307-310], although other reports have shown no or very low presence of EGFR mutations [311, 312]. Nonetheless, similarly to NSCLC, EGFR tyrosine kinase inhibitors are also effective in treating brain metastasis harbouring EGFR mutations that originated from primary NSCLC tumors [310, 313-316].




            However, the high mutational rates of exons 18-21 of the EGFR appear to be unique to patient tissue in the NSCLC setting. In fact, the original report by Lynch and colleagues describing these EGFR mutations, did not identify any mutations in the tyrosine kinase domain of the EGFR in 95 primary tumors from non-NSCLC patients (15 breast, 20 colon, 16 kidney, 40 pancreatic and 4 brain) and 108 cancer derived cell lines representing diverse histological types [159]. Similarly, a subsequent study by Shigematsu and colleagues using larger sample sizes found comparable EGFR mutational rates to those seen by Lynch et al. [300]. They detected EGFR tyrosine kinase domain mutations in 21.1% (130 out of 617) of NSCLC tumor tissue but did not detect any EGFR mutations in any of the 243 prostate, bladder, breast, colorectal and gallbladder cancers tested [300]. Likewise, mutational analysis of the tyrosine kinase domain of the EGFR from 9 glioblastoma patients also did not reveal the presence of any mutations affecting the amino acid sequence of the EGFR [317]. No EGFR mutations in exon 17-24 were detected in 59 glioblastomas in another study. This study also found only one EGFR mutation (G719S) in 293 colorectal tumors assessed [318]. The presence of any EGFR activating mutations in exon 19 and 21 were also not observed in breast cancer tissue [319] and whole-exome sequencing from patient-matched tumor-normal pairs also found that EGFR mutations were extremely rare in SCCHN [320]. Another report found no mutations in exon 18-24 of the EGFR gene in 82 SCCHN tumors [321], however another group found 7.3% (3 out of 41) of SCCHN tumors contained the exon 19 (del746_A750) commonly seen in NSCLC tumors [322]. Other analysis have shown low levels of EGFR mutations in the tyrosine kinase domain in 12.1% (4 out of 33) of colorectal [323], 12.5% (3 out of 24) of small intestinal adenocarcinoma [324], 10.2-13.0% (9 out of 88 - 13 out of 100) of prostate tumor tissue [325, 326] and 2.0% (1 out of 50) of oesophageal cancer [327]. Introduction of three of these point mutations (E749K, E762G and A767T) into the colorectal cell line LS174T led to differential sensitivity to gefitinib compared to cells with wt EGFR expression [328]. A large study evaluated the presence of EGFR mutations in exons 18-21 from 958 advanced tumors of various origins. Excluding NSCLC tumors, which were found to have EGFR mutations in 16.0% (21 out of 131), only 1.6% (13 out of 827) of non-NSCLC tumors contained an EGFR mutation [329]. Although relatively rare, EGFR point mutations G719S and G724S have been identified in colorectal adenocarcinoma [318, 330, 331]. Introduction of these EGFR mutations into the BaF/3 cell line led to significantly enhanced sensitivity to cetuximab in vitro [330], however one patient found to express the G719S mutation failed to respond to gefitinib treatment [331]. Thus, whether these mutations lead to increased sensitivity to anti-EGFR therapy in cancer patients with tumors other than NSCLC is yet to be fully determined.




            Nonetheless, identifying EGFR mutations in the tyrosine kinase domain of the EGFR as a positive predictor of response to gefitinib and erlotinib in NSCLC led to attempts to screen for these mutations to improve selection of patients that would most benefit from anti-EGFR therapy. In particular, two of these EGFR activating mutations; micro-deletions in exon 19 (del746_A750) which lead to the removal of a leucine-arginine-glutamic acid-alanine motif and the L858R point mutation in exon 21 make up approximately 85-90% of the known EGFR mutations and hence have drawn the most focus for pre-treatment prospective testing [332, 333]. The first prospective trials evaluating gefitinib treatment of NSCLC patient sub-populations specifically harbouring EGFR activating mutations were reported in 2006, only 2 years after the initial discovery of the EGFR tyrosine kinase domain mutations. Eligibility criteria for these initial trials included patients with confirmed stage IIIB and IV, chemo-naïve NSCLC, Eastern Cooperative Oncology Group (ECOG) performance status of 0-2 and the presence of EGFR mutations in exons 18-21. In the first trial by Inoue et al. patients were found to harbour EGFR mutations and were subsequently given first-line gefitinib treatment resulted in a RR and disease control rate of 75.0% (12 out of 16) and 87.5% (14 out of 16) respectively [334]. Another phase II trial enrolled 16 NSCLC patients following positive detection of EGFR mutations and observed identical overall RR of 75.0% (12 out of 16) as that of Inoue and colleagues after first-line gefitinib treatment [335]. In another Phase II trial, 27 patients with confirmed EGFR mutations were given gefitinib as either first (n=4) or second-line (n=23) treatment following chemotherapy resulting in an overall RR of 77.7% (21 out of 27) [336]. A series of trials for NSCLC patients selected for positive EGFR mutation status followed including trials evaluating gefitinib in patients in first, second-line or greater therapy, poorer ECOG performance status, Caucasian patient populations and in elderly patients [337-347]. In all these studies, the overall response rates to gefitinib treatment ranged from 46 - 76%, significantly better than observed in unselected patient populations.




            Erlotinib as monotherapy in prospective studies of patients with NSCLC and EGFR mutations have also been performed. The study by Rosell and colleagues screened 2105 Spanish NSCLC patients and found that 350 were positive for either the exon 19 deletion of L858R EGFR mutation. Of these 350 patients, 217 were enrolled into a trial evaluating erlotinib treatment and 197 were assessed for erlotinib response. Overall, the RR was 70.6% (139 out of 197), median PFS was 14.0 months and OS was 27.0 months [348]. Other prospective studies have also been performed assessing gefitinib and erlotinib in patients with pathologically confirmed NSCLC harbouring activating EGFR mutations and measurable brain metastases. In the open-labelled phase II study evaluating gefitinib or erlotinib as first, second or third-line treatment by Park and colleagues, a RR of 82.1% (23 out of 28) and a disease control rate of 92.9% (26 out of 28) was seen [349].




            Importantly, comparisons between treatment efficacy of chemotherapy and gefitinib have been performed as first-line therapy for EGFR mutation positive NSCLC patients with gefitinib showing more favourable response compared to chemotherapy. Maemondo and colleagues performed a multicenter, randomised Phase III trial comparing first-line gefitinib versus carboplatin/paclitaxel in patients with metastatic NSCLC with EGFR mutations [161]. Patients treated with gefitinib compared to chemotherapy had a better ORR (73.7% vs. 30.7%), PFS (10.8 months vs. 5.4 months) and OS rate (30.5 months vs. 23.6 months) [161]. A similar study also showed greater 12 month PFS in EGFR mutation positive advanced pulmonary adenocarcinoma patients treated with gefitinib (24.9%) versus carboplatin/paclitaxel (6.7%) [350]. Another phase III trial showed that gefitinib treatment resulted in a significantly greater PFS rate in EGFR mutation positive NSCLC patients compared to those treated with cisplatin plus docetaxel as first line therapy [162]. Likewise, a European randomised phase III trial (EURTAC) compared the efficacy of cisplatin plus docetaxel this time versus erlotinib as first-line therapy for Caucasian patients with NSCLC harbouring EGFR mutations [185]. Similarly to the results seen with gefitinib, PFS was enhanced in the erlotinib group versus the chemotherapy treated group (9.7 months vs. 5.2 months) [185]. Finally, another study evaluated erlotinib compared to carboplatin plus gemcitabine in a randomised, open-label phase III trial for Asian NSCLC patients with EGFR mutations and found that PFS was longer in erlotinib treated patients than chemotherapy treated patients (13.1 months vs. 4.6 months) [187]. However, a follow-up article of this study reported that there was no significant difference between OS of patients treated with erlotinib or chemotherapy (22.8 months vs. 27.2 months) [188]. More recently, Yang and colleagues showed that Afatinib produced a better OS compared to cisplatin-based chemotherapy in NSCLC patients with the exon 19 mutation but no significant difference in OS was seen between afatinib and chemotherapy treated patients with L858R mutations [201].




            Further analysis has been performed examining possible differences in response of NSCLC patients based on which EGFR mutation they harbour across exons 18-21. Mitsudomi and colleagues showed that NSCLC patients with the exon 19 deletion are more responsive to gefitinib compared to those with the L858R mutation [351]. Rosell and colleagues observed similar findings with erlotinib [348]. In another study, NSCLC patients with exon 18 mutations showed a 100% (4 out of 4) response and patients with exon 19 mutations showed a 85.7% (6 out of 7) response. This RR was decidedly better than the RR of patients with exon 20 (50%; 2 out of 4) and exon 21 mutations (62.5%; 5 out of 8) [352]. Another more recent report examined exon 18-21 EGFR mutations in a large number of French NSCLC patients and found that patients with exon 18 sensitizing mutations had a worse PFS than those with exon 19 or 21 mutations [353]. Finally, 2 studies from the same group also examined differences in patient outcome stratifying patients into groups based on which EGFR mutations they harboured. In one study, the clinical outcomes of gefitinib treatment in NSCLC patients with either the two most common mutations (exon 19 deletions or L585R) was compared with those with rarer mutations. Interestingly, those patients with the common mutations had a higher response rate (83.3%; 10 out of 12 vs. 28.6%; 2 out of 7), longer median PFS (12.7 vs. 4.9 months) and longer OS (24.7 vs. 12.3 months) compared to those with uncommon mutations [354]. In the other study, the RR, TTF and OS of patients with exon 19 deletion or the exon 21 L858R mutation were 83.7% (36 out of 43), 8.9 months and 24.1 months; while for patients with other EGFR mutations the outcomes were significantly lower (RR= 16.7%; 2 out of 12; TPP = 2.1 months; OS = 6.7 months). Interestingly, the RR and survival rates in these patients with less common EGFR mutations were lower than those patients with wild-type EGFR, suggesting that these mutations may predict less favourable outcomes to gefitinib [355].




            The majority of research and clinical studies have focused on the exon 19 deletions and L858R point-mutation due to being the most common EGFR mutations seen clinically. However, others have assessed the role of the L861Q mutation (originally found by Lynch et al.) in predictive response, although inconclusive data has been reported [353, 355, 356]. Meanwhile, several other mutations may also predict favourable or poorer response to anti-EGFR based therapy as specifically reviewed by Massarelli and colleagues [357]. These mutations include G719A/C/D/S/X [297, 358], V689M, S720P/F, P699S [348, 359], N700D, E709Q [360], G721A, V740A [361], V769A/L [362, 363], L718P [251], P733L/S, L747F/P, N756D, E758G [364, 365], S761I [356, 363, 366, 367], insertion in exon 20 [368-371], V765A/M [332, 364, 372], T783A/I [348, 364], V774A [358], S784P [361], R776C/H, G779C/F/S, L798F/H/, K806E, Q812R, L814P [364]. Another study identified 2 novel point-mutations (R705G and P546S) in the EGFR gene of a patient’s head and neck tumor that had complete regression following cetuximab monotherapy post-surgery and radiotherapy. NIH3T3 cells stably transfected with the EGFR containing the P546S mutation were significantly more sensitive to cetuximab inhibition compared to cells with wildtype EGFR suggesting that this mutation may also provide sensitivity to EGFR inhibitors [373]. Likewise, a polymorphism of EGFR R521K correlated with improved cetuximab and FOLFOX-4 (oxaliplatin, folinic acid and 5-FU) response and associated with a longer PFS period and OS in mCRC patients [374]. However, due to the fact that many of these mutations have only been reported in case studies of one or few patients, they may not have much clinical significance in the treatment of patients as these EGFR mutations are relatively rare.




            Despite these promising findings that several EGFR mutations can predict sensitivity to anti-EGFR therapy, most patients who initially respond commonly and rapidly relapse, presenting with reoccurrence of tumors that are frequently resistant to the original therapy. In our next section we will examine the EGFR mutations that confer resistance to anti-EGFR therapy.


          




          

            5.1.3.2. EGFR Mutations that Lead to Resistance




            The excitement generated by the discovery that specific EGFR mutations could predict enhanced sensitivity to gefitinib in NSCLC patients in 2004 was dampened somewhat by the equally important discovery in 2005 that other EGFR mutations acquired during and post treatment could confer resistance and ultimately lead to a lack of patient response. The initial discovery of an EGFR point-mutation that confers acquired resistance to EGFR tyrosine kinase inhibitors was made in a small set of NSCLC patients who originally responded well to gefitinib or erlotinib but subsequently presented with tumor progression [192]. Examination of pre-treated lung tumor biopsies revealed an EGFR mutation that predicts gefitinib or erlotinib sensitivity including the most common L858R in one patient and the exon 19 delE746-A750 in another patient. Analysis of subsequent biopsies from these patients after treatment and tumor progression also revealed the same patient matched sensitizing EGFR mutations. This suggests that these mutations are maintained during treatment response and acquired tumor resistance and supports the notion that relapsed or metastatic tumors are derived from progenitor cells within the original tumor. However, in addition to these sensitizing mutations, Pao and colleagues sequenced exon 18-24 of the EGFR in the secondary biopsies or from cells in pleural effusion taken after tumor progression, and found that all 3 patients contained a nucleotide change predicting a threonine to methionine change at position 790 (T790M). Importantly, Pao and colleagues did not find the T790M mutation in any of 155 NSCLC tumors resected prior to treatment with EGFR tyrosine kinase inhibitors suggesting that the T790M was a secondary, acquired mutation arising during or post administration of gefitinib or erlotinib into the patient [192]. This notion was supported by other reports [350, 375-377] including a study by Vikis et al. who did not find the T790M mutation in any of the 282 lung and bronchoalveolar tumor tissue their screened [376] and a study by Mok and colleagues who found the T790M mutation in only 2.5% (11 out of 437) of patients prior to gefitinib treatment [350].




            However, the study by Rosell and colleagues report opposing findings to the studies above. In this study, 36.2% (75 out of 207) of NSCLC patients samples prior to anti-EGFR treatment from two independent cohorts contained the T790M suggesting that the T790M mutation is present in relatively high levels in baseline NSCLC tumors and is not an acquired mutation as a result of treatment [378]. Similarly, another study identified the T790M mutation in circulating tumors cells from 38.5% (10 out of 26) of NSCLC patients taken prior to treatment of anti-EGFR agents [379]. Analysis of plasma DNA from patients with advanced stage NSCLC also found that 8.2% (4 out of 49) harboured de novo EGFR T790M mutations in another study [380]. The large discrepancy between the T790M mutational rates in pre-treated NSCLC patient samples across several reports has been explained by the use of differing techniques with varying sensitivity thresholds. Indeed, using the Scorpion Amplification Refractory Mutation System (SARMS) technology test, Maheswaran and colleagues were able to identify rare EGFR mutant alleles below the detection limit of standard sequencing. Furthermore, verifying this point of superior detection techniques, Su and colleagues directly compared the ability of direct sequencing versus matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) in detecting the EGFR T790M mutation in treatment naïve and pre-treated NSCLC tumor tissue [381]. In this report, MALDI-TOF MS was highly sensitive in detecting and quantifying the frequency of EGFR T790M mutations identifying the T790M mutation in 25.2% (27 out of 107) of EGFR TKI-naive patients and 31.5% (23 out of 73) of pre-treated NSCLC patients. In contrast, direct sequencing only detected T790M mutations in 2.8% (3 out of 107) and 2.7% (2 out of 73) of treatment naïve and pre-treated patients respectively [381]. This study clearly highlights the need to use the most sensitive techniques available to truly determine the levels of biomarker expression to form accurate correlative predictions. Importantly, these studies showed that T790M conferred intrinsic resistance to anti-EGFR inhibitors (gefitinib or erlotinib). In each of the reports by Rosell, Maheswaran and Su, the presence of EGFR T790M mutations correlated with reduced PFS in patients with NSCLC who received TKI treatment indicating a possible role of the T90M mutation in mediating intrinsic resistance along with its accepted role in acquired resistance [378, 379, 381]. Furthermore, germline T790M mutations have been reported in familial NSCLC patients and family members of these patients suggesting a greater susceptibility of NSCLC development in individuals with this mutation [382-384].




            In addition, to their initial findings, Pao and colleagues also observed that a patient derived NSCLC cell line (H1975) with both the sensitizing L585R mutation and the T790M mutation was far more resistant to the anti-proliferative effects of gefitinib and erlotinib compared to another NSCLC patient derived cell line (H3255) that harbours only the L858R mutation somewhat proving that the T790M mutation can mediate resistance to EGFR tyrosine kinase inhibitors [192].




            Another study published 2 days after the Pao et al. paper also identified the T790M EGFR point-mutation that confers acquired resistance to gefitinib in a relapsed NSCLC tumor post gefitinib treatment. In this study, Kobayashi and colleagues documented a case study of a NSCLC patient who harboured the EGFR sensitizing deletion del747-S752 in his primary tumor and responded as expected to gefitinib [191]. However, following 24 months of remission, tumor reoccurrence was detected and exon 18-21 of the EGFR gene was sequenced from a biopsy taken from the recurrent tumor. The original EGFR sensitizing deletion (del747-S752) found in his primary biopsy was maintained in the recurrent tumor (as also seen by Pao and colleagues); however a second mutation predicting the T790M mutation was also detected. Interestingly, subsequent reports have assessed the continued presence of EGFR sensitizing mutations in NSCLC patients who developed resistance to gefitinib or erlotinib. One report found that 98.4% (61 out of 62) of these patients maintained their EGFR sensitizing mutation in a follow-up biopsy taken after observed tumor progression [375] while another found that 100% (37 out of 37) of resistant tumors retained their original activating EGFR mutations [385]. Other studies concurred with those of Pao and colleagues and Kobayashi and co-workers finding that approximately 43 - 63% of patients with acquired resistance to EGFR tyrosine kinase inhibitors harbour the T790M mutation in relapsed tumors [375, 377, 385-387].




            In addition, Kobayashi and colleagues went on to show that gefitinib was far less effective in inhibiting EGFR phosphorylation in COS-7 and NIH3T3 cells transfected with EGFR containing the T790M mutation compared to wt EGFR. These authors also speculated that the methionine substitution led to a bulkier side chain compared to threonine and a greater steric hindrance to tyrosine kinase inhibitor binding [191]. Another study however further examined the structural change resulting from the T790M mutation. They concluded that this mutation enhances ATP binding affinity resulting in resistance through a mechanism where ATP successfully competes with either gefitinib or erlotinib for the binding to the Lysine 721 residue and not through steric hindrance [388]. Further supporting this conclusion is evidence showing that irreversible EGFR inhibitors can overcome the presence of the T790M mutation in NSCLC by forming covalent bonds with Cys-797 at the edge of the ATP-binding cleft of the EGFR therefore suggesting that steric hindrance is not the major mechanism of resistance mediated by the T790M mutation [388]. Interestingly, there is also evidence from animal xenograft and patient derived xenograft models that cetuximab and panitumumab can inhibit tumors harbouring the T790M mutation [301, 302, 304, 306, 389].




            Importantly, the observation that other EGFR inhibitors could overcome T790M mediated resistance to gefitinib and erlotinib in cell lines have led to the clinical development and application of second and third-generation EGFR family tyrosine kinase inhibitors in the attempt to specifically treat NSCLC tumors that harbour the T790M mutation. The second-generation agents that specifically inhibit the EGFR and at least one other EGFR family member (HER2, HER3 or HER4) include pelitinib/EKB569 [390, 391], neratinib/HKI-272 [392, 393], cancertinib/CI-1033 [394, 395], lapatinib/GW-572016 [396], decomitinib/ PF00299804 [397, 398], icotinib/BPI-2009H [399, 400] and afatinib/ BIBW2992 [401]. All of these inhibitors have entered clinical trials for NSCLC, often after disease progression following gefitinib or erlotinib treatment and have shown some level of clinical efficacy. Lapatinib, which is approved for the treatment of HER2-positive metastatic breast cancer patients, produced a lack of response in 8 patients with EGFR mutations in patients with recurrent or metastatic NSCLC [396]. Afatinib is the only second-generation agent approved in the NSCLC setting (as outlined in section 3.6 of this review). Cetuximab in combination with vinorelbine was also effective in one NSCLC patient following the acquisition of resistance to second-line erlotinib and fourth-line gefitinib therapy [402].




            Several adverse effects of agents that target the wt EGFR have been reported include diarrhoea, nausea and skin toxicities and as such third generation anti-EGFR inhibitors have been developed to alleviate these effects by only inhibiting EGFR mutations and not wild-type EGFR expressed on normal tissue. Two of these agents, AZD9291 and Rociletinib/CO1686 have shown encouraging pre-clinical evaluation specifically inhibiting tumors with either EGFR activating and acquired resistance mutations and showing reduced efficacy for tumors with wildtype EGFR only [403-406]. Currently three agents AZD9291, Rociletinib/ CO-16886 and HM61713 are under clinical evaluation for the treatment of NSCLC patients with T790M mutations [407, 408]. Based on data from these trials both AZD9291 and Rociletinib have been granted breakthrough therapy designation by the US FDA for the treatment of patients with EGFR T790M positive NSCLC whose disease has progressed during treatment with a previous EGFR tyrosine kinase inhibitor [407]. Whether these inhibitors will provide greater response and OS rates in NSCLC patients harbouring EGFR mutations in either first-line treatment or after resistance has been acquired is yet to be fully determined.




            Similarly to that seen with EGFR sensitizing mutations, a small percentage of NSCLC tumors express EGFR mutations, other than the T790M mutation, which correlate with acquired resistance. These mutations include E709A [409, 410], L747S [411], D761Y [387], exon 20 insertions [361, 370], [392, 397], [412-415] and T854A [416]. Despite the emergence of second and third line EGFR tyrosine kinase inhibitors that may overcome the resistance observed to gefitinib and erlotinib many researchers speculate that treatment of patients with these inhibitors may also eventually yield acquired EGFR mutations that lead to refractory long-term outcomes, similar to that currently observed when treated with currently approved anti-EGFR therapies. As such, cell-based mutagenesis screens and crystallography studies have identified predicted mutations that promote resistance by blocking covalent biding of irreversible second and third-generation EGFR tyrosine kinase inhibitors [417-421]. These mutations included E931G, H773L, L658P, L655H, C797S, L718Q, G796X and L844V. Importantly, one of these mutation, C797S, was recently discovered in 40.0% (6 out of 15) of cell-free plasma samples from NSCLC patients taken after they developed resistance to the third-generation EGFR inhibitor AZD9291 [422]. This point-mutation was not seen in pre-treatment samples indicating that the C797S mutation had been acquired during AZD9291 treatment. Ba/F3 and NSCLC cells expressing the C797S-mutant were more resistant to AZD9291-mediated cell growth inhibition compared to parental cells [421, 422].




            A study by Montagut and colleagues also identified another point-mutation, S492R, (not seen in resistant NSCLC tumors) in the ectodomain of the EGFR in biopsies from two out of 10 mCRC patients taken following disease progression after a prior response to cetuximab with chemotherapy [423]. This mutation was not seen in the pre-treatment tumor samples of these 2 patients or in 156 mCRC tumors from chemotherapy-naive and cetuximab–naive patients [423]. A subsequent study analysing 37 mCRC patient matched samples pre-cetuximab treatment and post acquired resistance to cetuximab revealed EGFR mutations in the post cetuximab treated tumors. These included the same mutation (S492R) in 3 patient samples as previously identified by Montagut and colleagues and 2 novel mutations, R451C identified in one patient and K467T seen in another patient [424]. Analysis of EGFR mutations in 5 colon cancer cell lines with acquired resistance to cetuximab after long-term culturing in the presence of cetuximab also identified 3 EGFR mutations (S464L, G465R and I491M). The resistant cell lines did not however acquire the 3 mutations Arena and colleagues identified in patient tumor tissue while the mutations seen in patient tissue were not replicated in the resistant cell lines [424]. However, more recently, one of these mutations (G465R) identified in the acquired cetuximab resistant cell lines by Arena et al. was identified in the post cetuximab treated biopsy of one that was not present in the pre-treated patient matched specimens. A novel EGFR G465E mutation was also observed in the post but not the pre-treated mCRC biopsy of another patient [425]. Interestingly, the study by Montagut and colleagues also created cetuximab-refractory DIFI colon cancer cells (similarly to Arena et al.) and found that the EGFR mutation status in there resistant clones did in fact contain the EGFR S492R mutation observed in patients. Further experiments showed that this mutation leads to a confirmation that blocks cetuximab binding and thus it was speculated that acquired resistance to cetuximab occurs in some patients by the S492R mutation blocking cetuximab-EGFR association. However, this mechanism of acquired resistance is only seen in a small percentage of patients (11-20%) [423, 424] and was not seen in another recent study examining 16 mCRC patients with matched pre and post cetuximab or panitumumab treated tumors [426]. Furthermore, the acquired cetuximab-refractory DIFI cell line models emphasises that acquired resistance can occur by several mechanisms and mutational heterogeneity readily occurs to provide resistance as seen in the reports by Arena and Montagut and another study by Yu and colleagues. In this study, examination of EGFR mutations was not performed however they observed that acquired cetuximab-refractory DIFI cells expressed significantly less EGFR potentially through enhanced receptor ubiquitination [427]. Most recently, next-generation sequencing was performed on mCRC tumor tissue from patients’ pre and post cetuximab or panitumumab treated to identify EGFR ectodomain mutations [426]. None of the pre-treatment or control samples showed EGFR ectodomain mutations, however a sample from one patient treated with panitumumab contained an acquired EGFR G465R mutation (the same point mutation identified by Arena et al. and Bertotti et al.) [424, 425]. Further analysis showed that this mutation is located in the binding epitope of both panitumumab and cetuximab and thus could block biding of both antibodies providing cross-resistance to both anti-EGFR agents [426]. This is in contrast to the S492R mutation that inhibits cetuximab binding but does not significantly alter the binding of panitumumab [423]. In accordance with the notion that these mutations are acquired, another study found that only 1.5% (1 out of 65) of EGFR inhibitor treatment naïve mCRC patients were positive to point-mutations in the EGFR binding region (L2 domain) and thus these mutations may only be predictive of acquired resistance [428].




            However, besides the T790M mutation seen in approximately 50% of EGFR tyrosine kinase inhibitor refractory NSCLC tumors these other mutations that predict or confer resistance to anti-EGFR therapy may not be of substantial abundance to provide changes in clinical management of patients and thus do not provide high clinical significance.


          




          

            5.1.3.3. EGFRvIII




            The EGFRvIII (also known as ΔEGFR and Δ2-7EGFR) is formed from the loss of exons 2 to 7 of the EGFR gene, resulting in an in-frame deletion of 267 amino acids in the extracellular domain and a truncated protein similar to the v-erb-B transforming protein of avian erythroblastosis virus [54, 429]. Although the truncated EGFRvIII is unable to bind any known EGFR ligand [430, 431] the receptor shows constitutive tyrosine kinase activity which is believed to confer enhanced downstream pro-oncogenic signaling [65, 432, 433]. Although most studies focused on EGFRvIII are in glioblastoma, where it is expressed in approximately 30-40% of primary glioblastoma tissue [65, 68, 434], others have identified EGFRvIII expression in a number of cancer types including SCCHN, lung and breast [435-438].




            The EGFRvIII expression has been associated with resistance to anti-EGFR therapy due to its constitutively active pro-proliferative and pro-survival/anti-apoptotic signaling characteristics, although many contradictory studies show no correlation or the opposite findings. Cetuximab treatment of glioblastoma cell lines stably expressing EGFRvIII produced mixed results with some studies showing little to no effect while others observed significant inhibitory effects in vitro and in animal xenograft models [439-444]. Gefitinib and erlotinib also exhibit a range of inhibitory effects against EGFRvIII expressing glioblastoma cells [445-451]. Interestingly, panitumumab however, could significantly reduce the in vivo subcutaneous growth of EGFRvIII positive glioblastoma cells [452, 453]. EGFRvIII expression was also determined as a potential predictive marker in a study evaluating cetuximab in patients with recurrent glioblastoma [454]. In this study, although not statistically significant patients with EGFRvIII positive tumors (n=11) had worst PFS (1.6 vs. 1.9 months) and OS (3.3 vs. 4.9 months) compared to patients without EGFRvIII (n=24) following cetuximab treatment. However, further analysis of a subpopulation of patients with amplification of the EGFR gene found that patients with EGFR amplification and EGFRvIII expression (n=11) had significantly worst PFS (1.6 vs. 3.0 months) and OS (3.3 vs. 5.6 months) compared to patients with EGFR amplification without EGFRvIII expression (n=8) following cetuximab treatment [454].




            Other studies have examined the tumor expression levels of EGFRvIII expression as a predictive biomarker in gefitinib or erlotinib based glioblastoma therapy in clinical samples with inconsistent findings. Mellinghoff and colleagues determined the EGFRvIII expression in recurrent high-grade glioma patients treated with either gefitinib or erlotinib [455]. Combined data from independent test and validation set of tumor tissue found that 86.7% (13 out of 15) patients who responded to gefitinib or erlotinib expressed EGFRvIII, whereas only 38.6% (17 out of 44) of non-responders expressed EGFRvIII, suggesting that EGFRvIII expression may somewhat predict positive response. Further molecular analysis of these tumors revealed that expression of both EGFRvIII and PTEN expression correlated significantly to response to either gefitinib or erlotinib. Specifically, of the 15 patients who responded, 13 were positive for both EGFRvIII and PTEN, while of the 44 patients who did not respond, only 3 patients expressed both markers [455]. Several studies have subsequently failed to recapitulate these findings in other retrospective studies involving anti-EGFR therapy in the glioma patient setting. In a phase I/II study, Brown and colleagues evaluated erlotinib and temozolomide treatment in newly diagnosed glioblastoma patients who had recently had maximal surgical resection. In this study neither EGFRvIII expression alone nor EGFRvIII and PTEN co-expression significantly correlated with PFS and OS [456]. In another study, the presence of EGFRvIII expression was in fact correlated to poor PFS in patients with progressive glioblastoma who were treated with erlotinib [457]. Patients with co-expression of EGFRvIII and PTEN also showed poorer PFS and RR. In addition, a phase II trial evaluating gefitinib in recurrent glioblastoma patients found that EGFRvIII protein expression did not predict either disease control or survival [317]. Others have also observed no correlation with EGFRvIII expression and response to gefitinib or erlotinib and patient outcome, however some of these studies report only small numbers of EGFRvIII positive samples and thus statistical analysis is limited [458-460].




            EGFRvIII expression has also been associated with refractory outcomes in the SCCHN setting. SCCHN cells stably transfected with EGFRvIII were more resistant to cetuximab inhibition compared with control cells in both cell culture and animal xenograft models [436]. Likewise, patients with recurrent or metastatic SCCHN treated with cetuximab and docetaxel and displaying high EGFRvIII expression correlated with a worst disease control rates (12.5; 1 out of 8 vs. 64.9%; 24 out of 37) and shorter PFS (2.0 vs. 5.4 months) compared to low EGFRvIII expression [221]. Although EGFRvIII expression did not significantly associate with OS in this study [221] and EGFRvIII gene expression did not correlate with cetuximab response in another cohort of loco-regional advanced SCCHN patients [461]. Conversely, another study by Chau and colleagues found that EGFRvIII expression was associated with better disease control in recurrent and metastatic SCCHN patients who had been treated with erlotinib or other non EGFR inhibitors in separate trials [462].




            Finally, lung cancer models expressing EGFRvIII are also refractory to cetuximab, gefitinib and erlotinib but may be inhibited by new generation anti-EGFR inhibitors such as HKI-272 [438, 463]. However, as EGFRvIII expression in lung cancer is relatively rare (approximately 5%), screening or selecting patients based on EGFRvIII expression may not be clinically feasible and useful for selective treatment. The EGFRvIII has been associated with clinical response to anti-EGFR inhibitors. However, until a clearer understanding of the exact role this mutant receptor plays in tumor resistance (or sensitivity) is established, the detection of its expression in patient tumor tissue may not be of much clinical benefit in patient management and treatment selection.


          


        


      




      

        5.2. HER2 (ErbB2)




        The development of targeted therapies that could successfully inhibit EGFR activation subsequently led to the now common discovery that other tyrosine receptor kinases could trigger compensatory downstream signals ultimately leading to continued proliferation and resistance to anti-EGFR therapeutic agents. Naturally, it was discovered that each of the EGFR family members could provide these compensatory signal transduction. In the next sections of this review we will focus on the role of HER2, HER3 and HER4 in mediating resistance to anti-EGFR therapy.




        Several clinical and laboratory based studies have identified HER2 as a potential initiator of resistance to anti-EGFR therapy. The study by Bertotti and colleagues examined potential resistance mediators to cetuximab in 85 independent patient-derived xenograft (PDX) lines originally resected from the liver metastases of mCRC patients [464]. Of these PDX models, 22.9% (11 out of 48) were resistant to cetuximab in a sub-population of samples that contained only wt K-RAS, N-RAS, B-RAF and PIK3CA (4 known markers of resistance when mutated in mCRC) indicating other resistance drivers in these tumors. Importantly, genomic amplification of HER2 was identified in 4 of the 11 resistant PDX. Furthermore, analysis of K-RAS wild-type mCRC tumor tissue from patients who did not respond to cetuximab or panitumumab revealed 17.6% (3 out of 17) expressed high HER2 expression whereas in the contrary 0% (0 out of 14) expressed high HER2 expression in K-RAS wildtype mCRC from patients who did response to anti-EGFR therapy [464]. Furthermore, introduction of HER2 mutations found in mCRC patient tissue, into colon cancer cell lines resulted in enhanced resistance to cetuximab and panitumumab [465]. Similarly, another study evaluated HER2 amplification in a cohort of 233 mCRC tissue taken from patients prior to their treatment with cetuximab monotherapy or in combination with chemotherapy [466]. In agreement with the study by Bertotti et al. a small number of tumors contained HER2 amplification (5.6%; 13 out of 233) however the median PFS (149 vs. 89 days) and OS (515 vs. 307 days) was significantly longer in the non-HER2 amplification group versus the HER2 amplified group. Parallel significant results were obtained when only K-RAS wildtype tumors were reassessed [466] suggesting that HER2 amplification may provide an alternative resistance mechanism to cetuximab to that of K-RAS mutation (and perhaps N-RAS, B-RAF and PIK3CA mutations).




        In addition, Yonesaka and colleagues observed that HER2 amplification may also play a role in acquired resistance to cetuximab. Assessment of HER2 amplification in mCRC tumor tissue was significantly increased in post-cetuximab treated tissue compared to pre-cetuximab treated tissue from 2 mCRC patients. Likewise, levels of HER2 extracellular domain was increased in the post-cetuximab treated serum taken at the time of disease progression compared the levels detected in serum taken from the same patients prior to treatment. Finally, continuous co-culturing of cetuximab-sensitive cell lines to cetuximab led to the acquisition of resistant clones. Many of these resistant clones contained enhanced HER2 or phosphorylated HER2 expression compared to the cetuximab-sensitive parental cell lines [466]. Wheeler and colleagues had previously observed similar findings when generating cetuximab resistant NSCLC and SCCHN cell lines. HER2 phosphorylation was increased in both resistant cell lines compared to the cetuximab-sensitive parental cell lines [242].




        HER2 expression has also been shown to play a role in an acquired resistance to gefitinib and erlotinib. In one study HER2 amplification was observed in 11.5% (3 out of 26) of NSCLC tumor tissue taken after patients had developed acquired resistance to either gefitinib or erlotinib [467]. HER2 amplification was detected in only 1.0% (1 out of 99) of lung adenocarcinoma of untreated patients suggesting that HER2 amplification may be acquired during or after treatment or that cells containing HER2 amplification be enriched by treatment up to detectable levels [467]. However, in complete contrast to the above data, some studies suggest that HER2 amplification is a positive biomarker for response to anti-EGFR therapy. Cappuzzo and colleagues evaluated HER2 GCN by FISH in tumors from NSCLC patients treated with gefitinib [468]. Patients with HER2 FISH positive tumors displayed an overall RR of 34.8% (8 out of 23), median TTP of 9 months and median OS of 21 months. These outcomes were significantly better than patients with HER2 FISH negative tumors where this group displayed an overall RR of only 6.4% (5 out of 78), median TTP of 3 months and median OS of 8 months [468]. Other study also correlated HER2 GCN with response to gefitinib using either FISH or CISH [282, 469]. Similarly, patients with HER2 FISH positive expression in K-RAS wildtype mCRC tumors who were treated with either cetuximab or panitumumab had significantly greater PFS and OS versus patients with HER2 FISH negative tumors [470]. High HER2 gene expression also correlated with better PFS of mCRC patients treated with cetuximab and chemotherapy [227].




        However, several other reports have shown that HER2 amplification or high levels of gene expression have no significant positive or negative correlation with response to anti-EGFR treatment in several tumor types clinically [155, 212, 249, 471-474]. The lack of consistency in determining whether HER2 expression correlates with response suggests that it is not a reliable biomarker for at least EGFR-based therapies. Further assessment and greater understanding elucidating the reasons behind how such contradictory findings arise are required before HER2 expression status can become a dependable predictive biomarker clinically.




        Somatic mutations of the HER2 gene have also been proposed to influence tumor response to anti-EGFR inhibitors. A point mutation in HER2 (A773V) was also identified in 25.0% (1 out of 4) SCCHN tumors from patients who responded to gefitinib. This mutation was not seen in any of the tumor tissue from 9 non-responders [321]. A series of somatic mutations in HER2 have also been isolated in breast cancer, some of which enhance sensitivity and other confers resistance to lapatinib [475-477]. Whether these mutations also affect efficacy of inhibitors that specifically inhibit the EGFR (unlike lapatinib that inhibits both EGFR and HER2) is unclear. Likewise, whether low levels of somatic HER2 mutations found in lung, hepatocellular, gastric and colorectal cancers [478-
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